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Core tip: Screening with computed tomography (CT)
recently demonstrated a mortality reduction in selected
patients with lung cancer, but there are several shortcomings of screening with CT (false positive findings,
high costs, radiation burden, shortage of capacity). In
contrast, chest radiography could be an ideal screening
tool in the early detection of lung cancer. It is widely
available, its radiation burden is negligible and there
is only a low rate of false positive findings. In contrast
to randomized controlled trials different large population- based cohort studies have shown a lung cancer
mortality reduction using chest radiography. In conclusion, early detection of lung cancer is also possible with
chest radiography.

Abstract
Lung cancer is a major health burden and early detection only bears the possibility of curative treatment.
Screening with computed tomography (CT) recently
demonstrated a mortality reduction in selected patients and has been incorporated in clinical guidelines. Problems of screening with CT are the excessive number of false positive findings, costs, radiation
burden and from a global point of view shortage of
CT capacity. In contrast, chest radiography could be
an ideal screening tool in the early detection of lung
cancer. It is widely available, easy to perform, cheap,
the radiation burden is negligible and there is only a
low rate of false positive findings. Large randomized
controlled trials could not show a mortality reduction,
but different large population-based cohort studies
have shown a lung cancer mortality reduction. It has
been argued that community-based cohort studies are
more closely reflecting the “real world” of everyday
medicine. Radiologists should be aware of the found
mortality reduction and realize that early detection of
lung cancer is possible when reading their daily chest
radiographs. Offering a chest radiograph in selected
scenarios for the early detection of lung cancer is
therefore still justified.

Original sources: Gossner J. Lung cancer screening-don’t
forget the chest radiograph. World J Radiol 2014; 6(4): 116-118
Available from: URL: http://www.wjgnet.com/1949-8470/full/v6/
i4/116.htm DOI: http://dx.doi.org/10.4329/wjr.v6.i4.116

Lung cancer is a major health burden and early detection
only bears the possibility of curative treatment. Therefore
a screening test would be desirable. A number of older
studies have tested chest radiography and sputum cytology and most of them showed no reduction in mortality
compared to randomized control groups[1]. The publication of the results of the National Lung Screening Trial
(NLST), showing mortality reduction of 20% in patients
undergoing screening with low-dose chest computed
tomography (CT) in comparison to patients undergoing
chest radiography, renewed the interest in screening for
lung cancer[2]. Based on these results screening with CT
for selected patient groups has recently been incorporated in different clinical guidelines. For example the American Association of Thoracic Surgery advocates screening
with annual low-dose chest CT for smokers or former

© 2015 Baishideng Publishing Group Inc. All rights reserved.
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smokers with a 30-pack year history beginning at the
age of 55[3]. The main problem with CT screening is the
excessive number of false positive findings. In the first
two screening rounds of the NLST 27.3% and 27.8% of
participants showed suspect findings (i.e., a nodule measuring at least 4 mm). Of these nodules only 3.8% turned
out to be lung cancers (230 out of 7731 positive results).
This leads to high costs with further diagnostics and
causes considerable anxiety in affected individuals with
a suspect nodule. CT is also expensive per se and from
a global point of view not readily available everywhere.
Most health care systems will not be able to finance such
a CT-based screening program. The radiation burden due
to repeated CT scans should also be taken into account.
In contrast, chest radiography could be an ideal
screening tool in the early detection of lung cancer. It is
widely available, easy to perform, cheap, its radiation burden is negligible and there is only a low rate of false positive findings. As randomized controlled trials (RCT) have
shown no reduction in lung cancer mortality compared
to control groups it has been concluded by most investigators that screening with chest radiography is ineffective[1]. This view has been repeatedly challenged: most
RCT have shown a survival advantage for screened individuals because of a stage shift in diagnosed cancers[4,5].
Because RCT are prone to selection bias (selection of
highly motivated individuals and problem of generating
two comparable groups) population based cohort studies
may give a more realistic view of the situation in medical
care[5,6]. Recently, a group of Italian investigators presented their follow-up data of a large population based
cohort study[7]. Participation in this trial was offered to
all patients at risk for lung cancer (smokers with more
than 10 pack years between 45 and 75 years of age) by
their general practitioner. The trial consisted of a baseline
two view chest radiography and an annually repeated examination (single view) for the following four years. Five
thousand eight hundred and fifteen subjects participated
and follow up was 8 years. Compared to a statistical control population derived from the national health services
data there was a lung cancer mortality reduction of 18%
(172 deaths to lung cancer instead of 210 expected). Interestingly, there where only 3.4% false positive findings
and only 0.16% unnecessary invasive procedures[7]. There
are also several case-control studies from Japan showing
a reduction of lung cancer mortality between 40% and
60% using screening with chest radiography and sputum
cytology[8]. One population based case-control study
from Japan used X-ray screening only and found a lung
cancer mortality reduction of more than 20%[9]. Newer
technologies like digital radiography, bone suppression or
computer-aided nodule detection may further enhance
the sensitivity of chest radiography in the detection of
early lung cancer, but have not been adopted in the studies mentioned above[10]. Caro et al[11] calculated cost-effectiveness of lung cancer screening with chest radiography.
They concluded that even an achieved mortality reduction of 6% could be cost-effective.
In conclusion, radiologists should realize that screen-

WCR|www.wjgnet.com

ing with chest radiography leads to reduced lung cancer
mortality in population-based cohort studies. Radiologists
should be aware that early detection of lung cancer is
possible when reading their daily chest radiographs. And
in the clinically common scenario of a worried middle
aged smoker asking for lung cancer “screening” a chest
radiograph is still justified.
Despite the exiting results of the NLST there are
many unresolved issues with CT-based screening for lung
cancer (how to reduce false-positive findings, optimal
patient selection, long term outcome of screened patients, transferability of the results of the NLST to other
populations)[12]. Until more data from ongoing trials is
available, CT-based screening should therefore not be advocated and used cautiously only.
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Core tip: With the development of technical aspects of
coronary computed tomography angiography (CTA),
clinical practice and research are increasingly shifting
toward defining the clinical implication of plaque morphology and patients outcomes by coronary CTA. In
this review we discuss the coronary plaque morphology
estimated by CTA beyond coronary angiography including the comparison to the currently available other imaging modalities used to examine morphological characteristics of the atherosclerotic plaque. We hope that
an integrated, multi-modality imaging approach will
become the gold standard for noninvasive evaluation of
coronary plaque morphology and outcome data in clinical practice.

Abstract
Coronary computed tomography angiography (CTA)
has become the useful noninvasive imaging modality alternative to the invasive coronary angiography
for detecting coronary artery stenoses in patients with
suspected coronary artery disease (CAD). With the development of technical aspects of coronary CTA, clinical
practice and research are increasingly shifting toward
defining the clinical implication of plaque morphology
and patients outcomes by coronary CTA. In this review
we discuss the coronary plaque morphology estimated
by CTA beyond coronary angiography including the
comparison to the currently available other imaging
modalities used to examine morphological characteristics of the atherosclerotic plaque. Furthermore, this review underlies the value of a combined assessment of
coronary anatomy and myocardial perfusion in patients
with CAD, and adds to an increasing body of evidence
suggesting an added diagnostic value when combining
both modalities. We hope that an integrated, multi-modality imaging approach will become the gold standard
for noninvasive evaluation of coronary plaque morphology and outcome data in clinical practice.

Original sources: Sato A. Coronary plaque imaging by coronary
computed tomography angiography. World J Radiol 2014; 6(5):
148-159 Available from: URL: http://www.wjgnet.com/1949-8470/
full/v6/i5/148.htm DOI: http://dx.doi.org/10.4329/wjr.v6.i5.148

INTRODUCTION
For the past decade, invasive coronary angiography (ICA)
has been used as the gold standard for the diagnosis of
coronary narrowing and clinical decision making for coronary interventions. However, coronary angiography has
several limitations, including the substantial interpretation
variability of visual estimates and assessment of lesion
severity for diffuse atherosclerotic lesions and intermediate-severity lesions[1-3]. The recent advent of multidetector
computed tomography (MDCT) has greatly improved the
image quality, and may therefore allow more precise evaluation of coronary stenosis[4-6]. Multicenter studies have
confirmed the accuracy of 64-slice MDCT for directly

© 2015 Baishideng Publishing Group Inc. All rights reserved.
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Table 1 Respective pros and cons of multi-detector computed tomography and coronary angiogram for analysis of coronary artery
disease
Pros
MDCT

CAG

Cons

It can be performed with short examination times, and is
generally available and easily performed
It is a noninvasive character, and contributes important
information of plaque morphology and characterization in the
arterial wall
Calcium score

Study population was limited to selected patients chosen for good CTA
image quality with absence of motion artifacts or severe calcification
Quantitative measurement of plaque morphology is slightly limited

Radiation exposure, which is currently between 9 and 1 mSv for a
retrospectively gated MDCT coronary angiogram
Serial MDCT plaque imaging
Contrast medium is used
Excellent image quality can be observed with absence of artifacts It is an invasive character, and contributes no plaque morphologic
information
Degree of luminal stenosis can be measured by QCA
Substantial interpretation variability of visual estimates and assessment
of lesion severity for diffuse atherosclerotic lesions and intermediateseverity lesions
Gold standard for the diagnosis of coronary narrowing and
Catheterization costs are expensive. Contrast medium is used
clinical decision making for coronary interventions

MDCT: Multi-detector computed tomography; CTA: Computed tomography angiography; CAG: Coronary angiogram; QCA: Quantitative coronary angiography.

visualizing and detecting coronary artery stenoses in patients with suspected coronary artery disease (CAD)[7-10].
Furthermore, the introduction of 256-slice, 320-detector
scanner, and dual-source computed tomography (DSCT)
developed to significantly improve faster scan times, wider volume coverage, and high spatial resolution[11]. With
the improvement of technical aspects of coronary computed tomography angiography (CTA), clinical practice
and research are increasingly shifting toward defining the
clinical implication of plaque morphology and patients
outcomes by coronary CTA (Table 1). In this review, we
discuss the coronary plaque morphology estimated by
CTA beyond coronary angiography including the comparison to the currently available other imaging modalities used to examine morphological characteristics of the
atherosclerotic plaque.

as the accuracy of computed tomography (CT) to detect
any plaque compared with IVUS. This meta-analysis confirmed that coronary CTA slightly overestimated luminal
area, presumably because of partial volume effects that
lead to overestimation of the size of very bright structures (such as the contrast-enhanced lumen), whereas
plaque area volume, and area stenosis measurements are
similar between CT and IVUS. For plaque characterization, it has been shown that CT-derived attenuation values
are different in calcified and noncalcified plaques. They
also demonstrated that low-density noncalcified plaques,
the presumed lipid-rich plaques on CT, correlated best
with the sum of necrotic core plus fibro-fatty tissue by
IVUS/virtual histology[17]. Kashiwagi et al[13] revealed that
plaque with vascular remodeling and low CT attenuation
values had the MDCT morphological features of thin
cap fibroatheroma (TCFA) observed by OCT, and a ringlike enhancement observed by MDCT was one important
sign of TCFA. Motoyama et al[18] showed that the CT
characteristics of plaques associated with acute coronary
syndrome (ACS) include positive vascular remodeling,
low plaque density, and spotty calcification. Presence of
all 3 [i.e., positive remodeling (PR), non-calcified plaque
measuring < 30 Hounsfield units (HU), and spotty calcification] showed a high positive predictive value, and
absence of all 3 showed a high negative predictive value,
for the culprit plaques associated with ACS. Coronary
CTA is able to successfully characterize ruptured plaques
as low-attenuation plaque with PR. However, Ozaki et
al[19] demonstrated that CTA fails to characterize lesions
at risk of intact fibrous cap-ACS which are often referred
to as plaque erosions and responsible for up to one-third
of culprit lesions in ACS patients.
The introduction of DSCT marked another technological improvement of MDCT in cardiac imaging, as the
temporal resolution was further increased from 165 ms to
83 ms, thus eliminating the need to control the heart rate
during the scan by use of β-blockers. Studies comparing

Coronary plaque imaging
With the development of MDCT, it is possible not only
to detect coronary artery stenosis but also to evaluate
coronary plaque quality and quantity such as can be done
with intravascular ultrasound (IVUS) and optical coherence tomography (OCT)[12,13]. Leber et al[14] demonstrated
that 64-slice CTA-derived measurements showed good
correlations with IVUS for lumen and plaque area determinations using individually adapted window settings,
although their ability to quantify the grade of a luminal
obstruction was limited by the significant trends toward
overestimation of the lumen area and underestimation
of the plaque area. Our group published that the lumen
cross-sectional area (CSA) and percent area stenosis of
32 de novo coronary lesions measured by CTA were
closely correlated to those obtained by IVUS (Figure 1);
however the lumen CSA measured by CTA was systematically overestimated and percent area stenosis was slightly
underestimated [15]. Voros et al [16] conducted a metaanalysis to assess the accuracy of coronary CTA against
IVUS regarding coronary vessel and plaque sizes, as well

WCR|www.wjgnet.com
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A

Figure 1 The window settings for the lumen and outer vessel
boundary by computed tomography angiography are the same as
those for intravascular ultrasound imaging[15]. A: A curved multiplanar reconstructed CTA image reveals a significant stenosis in the left
anterior descending artery (arrow); B: An IVUS cross-section reveals a
lumen area of 2.1 mm2 and a vessel area of 15.4 mm2; C: The crosssectional CTA images show the luminal CSA of 2.1 mm2; D: Vessel
CSA of 15.4 mm2. CTA: Computed tomography angiography; IVUS:
Intravascular ultrasound; CSA: Cross-sectional area.

B

D

C

r2

r2

DSCT with single-source CT demonstrated that DSCT
maintains high diagnostic accuracy in the diagnostic examination of a wide range of patient subsets, e.g., patients
with higher and even irregular heart rates[20]. Westwood
et al[21] showed the systematic review of the accuracy of
dual-source cardiac CT for detection of arterial stenosis
in some or all difficult to image patients. The pooled,
per-patient estimates of sensitivity were 97.7% (95%CI:
88.0%, 99.9%) and 97.7% (95%CI: 93.2%, 99.3%) for
patients with arrhythmias and high heart rates, respectively. The corresponding pooled estimates of specificity
were 81.7% (95%CI: 71.6%, 89.4%) and 86.3% (95%CI:
80.2%, 90.7%), respectively. In patients with high coronary calcium scores, previous bypass grafts, or obesity,
only per-segment or per-artery data were available. Sensitivity estimates remained high (> 90% in all but one
study), and specificities ranged from 79.1% to 100%. We
showed the table summarizing various studies reporting
analysis of coronary plaque by MDCT (Table 2).

that the number of coronary plaques in non-culprit lesions on CTA images was more significantly observed in
acute myocardial infarction (AMI) patients than in stable
angina pectoris patients with normal myocardial perfusion imaging (MPI)[24]. Specifically, non-calcified, mixed,
and vulnerable plaques were more significantly observed
in AMI patients than in SAP patients (Figure 2). Leber
et al[25] found that non-calcified plaques contribute to a
higher degree to the total plaque burden in AMI than in
SAP. In addition, 64-slice CTA enabled the visualization
of lipid cores and spotty calcifications that are frequently
associated with plaque ruptures[14]. We suggested that
all three major coronary arteries in patients with AMI
were extensively diseased and have multiple vulnerable
plaques that could potentially cause another occurrence
of ACS, although the natural course of vulnerable plaque
development and disruption has not yet been clearly established[24]. Recent studies have demonstrated that metabolic syndrome was associated with an increasing risk
of cardiovascular disease[26]. Furthermore, IVUS study
has shown that metabolic syndrome is associated with
lipid-rich plaques that contribute to the increasing risk of
plaque vulnerability[27]. Within the AMI group, the number of PR and low attenuation plaque was significantly
higher in patients with metabolic syndrome than in those
without the syndrome. This finding might explain the
mechanism of metabolic syndrome contributing to the
increased risk of cardiovascular events[24]. We showed the
table comparing various imaging for analysis of coronary
vulnerable plaque (Table 3).

Non-culprit coronary plaques imaging
Approximately 6% of PCI patients will have clinical
plaque progression requiring non-target lesion percutaneous coronary intervention (PCI) by 1 year, and greater
CAD burden confers a significantly higher risk for clinical plaque progression[22]. The prospect study showed
that on multivariate analysis, nonculprit lesions associated
with recurrent events were more likely than those not
associated with recurrent events to be characterized by
a plaque burden of 70% or greater (HR = 5.03; 95%CI:
2.51-10.11; P < 0.001) or a minimal luminal area of 4.0
mm2 or less (HR = 3.21; 95%CI: 1.61-6.42; P = 0.001) or
to be classified on the basis of radiofrequency intravascular ultrasonography as thin-cap fibroatheromas (HR =
3.35; 95%CI: 1.77-6.36; P < 0.001)[23]. Our group showed
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Coronary plaque characteristics on MDCT and slow-flow
phenomenon/cardiac troponin T elevation
Cardiac biomarker troponin T (cTnT) is sensitive and
specific for detection of myocardial damage. Porto et al[36]
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Table 2 Various studies reporting analysis of coronary plaque by multi-detector computed tomography
Ref.

n

Imaging techniques

Major findings

Leber et al[12]

59

64-detector

Kashiwagi et al[13]

105

64-detector

Leber et al[14]

46

16-detector

Sato et al[15]

102

64-detector

Voros et al[17]

60

64-detector

Motoyama et al[18]

71

16, 64-detector

Ozaki et al[19]

66

16, 64-detector

Sato et al[24]

226

64-detector

Leber et al[25]
Schroeder et al[41]
Pohle et al[43]

15
32

4-detector
16-detector

Pundziute et al[44]

100

64-detector

Pundziute et al[45]

50

64-detector

The mean plaque areas and the percentage of vessel obstruction measured by IVUS and
64-slice CT were 8.1 mm2 vs 7.3 mm2 (P < 0.03, r = 0.73) and 50.4% vs 41.1% (P < 0.001, r = 0.61),
respectively
Vascular remodeling and low CT attenuation values had the MDCT morphological features of
TCFA observed by OCT, and a ring-like enhancement was one important sign of TCFA
The MDCT-derived density measurements within coronary lesions revealed significantly different
values for hypoechoic (49 HU ± 22), hyperechoic (91 HU ± 22), and calcified plaques (391 HU ±
156, P < 0.02)
Lumen CSA and percent area stenosis of coronary lesions were closely correlated to those
obtained by IVUS, however the lumen CSA measured by CTA was systematically overestimated
and percent area stenosis was slightly underestimated
Low-density noncalcified plaques, the presumed lipid-rich plaques on CT, correlated best with the
sum of necrotic core plus fibro-fatty tissue by IVUS/virtual histology
Presence of positive remodeling, non-calcified plaque < 30 HU, and spotty calcification showed a
high positive predictive value for with ACS
CTA fails to characterize lesions at risk of intact fibrous cap-ACS which are often referred to as
plaque erosions
Number of coronary plaques in non-culprit lesions was more significantly observed in AMI
patients than in SAP patients with normal MPI. Non-calcified, mixed, and vulnerable plaques
were more significantly observed in AMI patients than in SAP patients
Non-calcified plaques contribute to a higher degree to the total plaque burden in AMI than in SAP
Mean CT density of 14-47 HU was found in lipid-rich plaque
The mean CT attenuation within plaque that corresponded to hyper-echogenic appearance in
IVUS was 121 ± 34 HU (n = 76). The mean CT attenuation within plaque that corresponded to
hypo-echogenic appearance was 58 ± 43 HU (n = 176, P < 0.001)
In multivariate analysis, significant predictors of events were the presence of CAD, obstructive
CAD, obstructive CAD in LM/LAD, number of segments with plaques, number of segments with
obstructive plaques, and number of segments with mixed plaques
TCFA on virtual histology IVUS were most prevalent in mixed plaques, suggesting a higher
degree of vulnerability of these mixed plaques

IVUS: Intravascular ultrasound; CT: Computed tomography; MDCT: Multi-detector computed tomography; OCT: Optical coherence tomography; CTA:
Computed tomography angiography; HU: Hounsfield units; CSA: Cross-sectional area; AMI: Acute myocardial infarction; SAP: Stable angina pectoris;
MPI: Myocardial perfusion imaging; TCFA: Thin-cap fibroatheromas; CAD: Coronary artery disease; LAD: Left anterior descending artery.

Table 4 Coronary plaque characteristics on multi-detector
computed tomography and slow-flow phenomenon/cardiac
troponin T elevation

Table 3 Characteristics of various imaging modalities for
analysis of coronary vulnerable plaque
Modalities

Characteristics of vulnerable plaque
Ref.

MDCT

Low-attenuation, positive remodeling, spotty
calcification[18]
Ring-like enhancement[13], napkin-ring sign[28,29]
IVUS
Low echoic, positive remodeling, spotty calcification[30]
Echo signal attenuation[31]
OCT
Lipid-rich plaque by a signal-poor region with a diffuse
border[32]
TCFA (large lipid core and a thin fibrous cap < 65 μm)[33]
Macrophages imaging[34]
Angioscopy Intensive yellow plaque, presence of thrombus[35]

value (HU)
Nakazawa et al[37] 67.0 ± 10.1
Uetani et al[38]
< 50
Watabe et al[39]
43 (26.5-75.7)
Kodama et al[40] 23.5 (9.5-40)

deling index
N/A
1.10 ± 0.21
1.20 ± 0.18
1.5 (1.3-1.8)

Ring-like
appearance

N/A
37.70%
Spotty (50%)
CPC (63%)

55.60%
N/A
31.00%
10.00%

CT: Computed tomography; HU: Hounsfield units; CPC: Circumferential
plaque calcification; N/A: Not available.

Nakazawa et al[37] reported that patients who experienced
transient no-reflow during PCI had lower plaque CT density values in culprit lesions. Uetani et al[38] demonstrated
that post-procedural myocardial injury was associated
with the volume and fraction of low-attenuation plaques
by MDCT. Our group showed that CT attenuation value
of < 55 HU was associated with post-PCI cTnT elevation[39]. While in earlier studies, a mean CT density of
14-47 HU was found in lipid-rich plaque[41,42], Pohle et al[43]
showed a mean density of 58 HU (median 53) and Leber
et al[14] reported that a low CT density value (49 ± 22 HU)
is considered to correspond to soft plaque identified on

MDCT: Multi-detector computed tomography; IVUS: Intravascular ultrasound; OCT: Optical coherence tomography; TCFA: Thin-cap fibroatheroma.

found that the cause of periprocedural myocardial necrosis after PCI was the impairment of flow in coronary
side branches and distal embolization of atheromatous or
thrombotic materials. Therefore, pre-PCI plaque composition may have an impact on myocardial injury/infarction
during PCI. However, there are few published data regarding the relation between pre-PCI plaque composition
by MDCT and post-PCI cardiac biomarker levels (Table 4).
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Mean number of plaques (n )

8

P = 0.15

AMI

P < 0.01

SAP abnormal MPI

P < 0.01

6

P < 0.01

P = 0.03

P = 0.66
P < 0.01

P < 0.01

4

P = 0.02

P = 0.24
P < 0.01

2

0

SAP normal MPI

Total plaques

Non-calcified
plaques

Mixed plaques

P < 0.01

PR and LAP

Calcified
plaques

> 50%
stenosis

Figure 2 Mean number of the coronary plaques in the non-culprit segments of the acute myocardial infarction and stable angina pectoris patients[24]. AMI:
Acute myocardial infarction; SAP: Stable angina pectoris; MPI: Myocardial perfusion imaging; PR: Positive remodeling; LAP: Low-attenuation plaques.

B

A

E

D
C

D

C

E

Figure 3 The computed tomography characteristics of a culprit lesion in the 52-year-old male patient with post-percutaneous coronary intervention troponin T elevation ≥ 3 × the upper limit of normal[31]. Coronary angiogram (A) and multiplanar reconstructed image (B) show severe stenosis in the mid right coronary
artery. Cross-sectional images show the proximal reference (C), culprit lesion (D), and distal reference (E). The lesion has positive remodeling (remodeling index 1.28),
spotty calcification, and low CT density (16 HU). Red circle indicates area of spotty calcification. CT: computed tomography; HU: Hounsfield units.

IVUS. This difference most likely results from the natural
course of atherosclerotic plaque or slice thickness and
contrast medium concentration that affect plaque density
measurements. It will be possible to use our cutoff point
of CT attenuation value < 55 HU for prediction of postPCI cTnT elevation clinically. PR and spotty calcification
were also significant predictors of post-PCI cTnT elevation. Furthermore, presence of all 3 CT characteristics
(CT attenuation value < 55 HU, remodeling index > 1.05,
and spotty calcification) showed a high positive predictive
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value (PPV) of 94%, and their absence showed a high
negative predictive value (NPV) of 90% (Figure 3). Kodama et al[40] demonstrated that CTA-verified circumferential plaque calcification (CPC) with low-attenuation plaque
and PR were determinants of slow-flow phenomenon (SF)
during PCI. The conditional logistic regression analysis revealed that CPC, plaque density, and dyslipidemia were the
predictors of SF, with CPC being the strongest (OR = 79;
95%CI: 8-783, P < 0.0001). A previous study exploring
potential prognostic predictors of cardiovascular events
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Prevalence of reversible defects (%)

tion. All nonevaluable arteries were considered positive.
The sensitivity, specificity, PPV and NPV were 95%,
80%, 69%, and 97%, respectively, for CTA alone and
94%, 92%, 85%, 97%, respectively, for CTA with stress
nuclear MPI for all nonevaluable arteries on CTA. Perpatient analysis showed a significant increase in specificity
and PPV[49]. The results of hybrid SPECT/CTA imaging
have provided a marked increase in specificity and PPV
to detect hemodynamically significant coronary lesions
compared to those of 16-slice CTA alone[50]. Cardiac 3D
SPECT/CT fusion imaging has been shown to provide
additional information about hemodynamic relevance
and facilitates lesion interpretation by allowing exact allocation of perfusion defects to the subtending coronary
artery[51]. Pazhenkottil et al[52] demonstrated that the impact of hybrid SPECT/CT imaging in 318 consecutive
patients. Referral to revascularization was higher in patients with matched abnormalities (41%), compared with
those with unmatched abnormalities (11%) or those with
normal studies (0%).
Available clinical experience points toward tailoring
the initial diagnostic approach according to the pretest
probability of the patient[53]. In low-to-intermediate likelihood patients, CTA may well be the best initial test due
to its high NPV; however, in intermediate-to-high probability patients, CTA’s low PPV may result in unnecessary
radiation exposure, and stress nuclear MPI might be a
better first-line test. In fact, the high diagnostic accuracy of stress nuclear MPI may argue in favor of stress
nuclear MPI as the initial test. From the present study, we
cannot definitely conclude which is the better first-line
test, and we acknowledge that further head-to-head comparisons between the two modalities are required.
Recently, the addition of physiologic measures of coronary flow by fractional flow reserve (FFR) to anatomicbased assessment of stenosis severity by ICA to guide
decisions of coronary revascularization improves eventfree survival in a manner that is long-lived and cost-effective[54,55]. Ko et al[56] demonstrated that FFR compared
with combinations of coronary CTA and CT myocardial
perfusion imaging findings in 86 myocardial perfusion
territories. The FFR is lowest in patients who have both
stenosis ≥ 50% on coronary CTA and myocardial perfusion abnormalities and highest in patients with no
significant stenosis and no myocardial perfusion defects.
Among patients with discrepant results, FFR correlates
better with myocardial perfusion abnormalities then with
angiographic stenosis.
Min et al[57] demonstrated that use of noninvasive
FFRCT plus CT among stable patients with suspected or
known CAD was associated with improved diagnostic
accuracy and discrimination vs CT alone for the diagnosis
of hemodynamically significant CAD when FFR determined at the time of ICA was the reference standard
(Figure 5). On a per-patient basis, diagnostic accuracy,
sensitivity, specificity, PPV, and NPV of FFRCT plus CT
were 73% (95%CI: 67%-78%), 90% (95%CI, 84%-95%),
54% (95%CI: 46%-83%), 67% (95%CI: 60%-74%), and

b
86%

100
80
b
54%

60
a
33%

40
20
5%
0

0%
(n = 180)

0%-60%
(n = 20)

60%-70%
(n = 27)

70%-80%
(n = 37)

≥ 80%
(n = 21)

Percentage stenosis

Figure 4 Prevalence of reversible defects evaluated by single-photon
emission tomography in the study groups defined according to the percentage stenosis obtained by computed tomography angiography[15].
Numbers under the bars represent the number of vessels. aP = 0.018, bP <
0.0001 vs percentage stenosis of 0%-60%.

on MDCT showed that mixed lesions were associated
with adverse events on follow-up[44]. Thin-cap fibroatheromas on virtual histology IVUS were most prevalent in
mixed plaques, suggesting a higher degree of vulnerability
of these mixed plaques on MDCT[45]. These data suggest
that it would be worthwhile to consider the identification
of these vulnerable plaques by MDCT before PCI. If the
plaque has the characteristics of low plaque density, PR,
and spotty calcification, a plan for prevention of post-PCI
cTnT elevation can be made before the PCI procedure.
Coronary CTA and nuclear MPI
Stress nuclear MPI using single-photon emission tomography (SPECT) is an established method for assessment
of the functional significance of coronary stenosis and
delivers valuable information for risk stratification[46]. Disagreement between CTA ≥ 50% stenosis and reversible
MPI defects is common[47]. CTA and MPI are measuring two different things, vessel patency and perfusion,
respectively. Only 50% of obstructed vessels with ≥
50% luminal narrowing by CTA show abnormal MPI[48].
We previously indicated that 64-slice CTA alone was not
always sufficient to assess the functional significance of
anatomic stenoses, especially stenoses of intermediate
grade (Figure 4). When stenosis severity by CTA was <
60%, ischemia was seldom observed, and when stenosis
severity was ≥ 80%, ischemia was common. For intermediate stenosis severity values of 60%-80%, the prevalence of reversible defects was difficult to determine,
given CTA’s current spatial resolution[15]. We also demonstrated that combined CTA and stress nuclear MPI
provide improved diagnostic accuracy for the noninvasive
detection of CAD in comparison with that of 64-slice
CTA alone. One hundred thirty symptomatic patients
with suspected CAD underwent both 64-slice CTA and
stress thallium-201 MPI before ICA. Of 390 arteries in
130 patients, 54 (14%) were nonevaluable by CTA due to
severe calcifications, motion artifacts, and poor opacifica-
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Study patient with ischemia

Multiplanar reformat of CT angiogram

Fractional flow reserve computed from CT (FFRCT) Invasive coronary angiogram
Stenosis

Stenosis

Stenosis

Left anterior
descending artery
FFRCT
1.00
Left anterior
descending artery

0.62

Left anterior
descending artery

0.90

0.65

0.80
0.70

B

Study patient without ischemia

Multiplanar reformat of CT angiogram

Fractional flow reserve computed from CT (FFRCT) Invasive coronary angiogram

Stenosis
Stenosis
 ight coronary
R
artery

FFRCT
1.00

Stenosis
Right coronary
artery

0.90

0.87

0.80

0.88
 ight coronary
R
artery

0.70

Figure 5 One patient (A) has ischemia and the other patient (B) does not have ischemia[49]. A: Multiplanar reformat of a computed tomography (CT) angiogram
demonstrating obstructive stenosis of the proximal portion of the left anterior descending artery (LAD) and a computed fractional flow reserve (FFRCT) value of 0.62,
indicating vessel ischemia. Invasive coronary angiogram demonstrates obstructive stenosis of the proximal portion of the LAD and measured fractional flow reserve
(FFR) values of 0.65, indicating vessel ischemia; B: CT angiogram demonstrating obstructive stenosis of the mid portion of the right coronary artery (RCA) and an
FFRCT value of 0.87, indicating no vessel ischemia. Invasive coronary angiogram demonstrates obstructive stenosis of the mid portion of the RCA and a measured
FFR value of 0.88, indicating no vessel ischemia.

84% (95%CI: 74%-90%), respectively. Compared with
obstructive CAD diagnosed by CT alone [area under
the receiver operating characteristic curve (AUC), 0.68;
95%CI: 0.62-0.74], FFRCT was associated with improved
discrimination (AUC, 0.81; 95%CI: 0.75-0.86; P < 0.001).
The CORE320 study compared the combination
of CT perfusion (CTP) and coronary artery assessment
with SPECT imaging and conventional coronary angiography[58]. Sixteen centers enrolled 381 patients who
underwent combined CTA-CTP and SPECT/MPI prior
to conventional coronary angiography. The patient-based
diagnostic accuracy defined by the AUC of integrated
CTA-CTP for detecting or excluding flow-limiting
CAD was 0.87 (95%CI: 0.84-0.91). In patients without
prior myocardial infarction, the AUC was 0.90 (95%CI,
0.87-0.94) and in patients without prior CAD the AUC
for combined CTA-CTP was 0.93 (95%CI: 0.89-0.97).
For the combination of a CTA stenosis ≥ 50% stenosis
and a CTP perfusion deficit, the sensitivity, specificity, positive predictive, and negative predicative values
(95%CI) were 80% (72%-86%), 74% (68%-80%), 65%
(58%-72%), and 86% (80%-90%), respectively. For flowlimiting disease defined by ICA-SPECT/MPI, the accuracy of CTA was significantly increased by the addition
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of CTP at both the patient and vessel levels (Figure 6).
Recent advances in the development of noninvasive
imaging techniques have enabled quantification of vessel
wall inflammation with 18F-fluorodeoxyglucose positron
emission tomography/computed tomography (18F-FDG
PET/CT). The post hoc analysis in the dal-PLAQUE
study demonstrated the possible role of FDG-PET especially in relationship of serum inflammatory biomarkers
with plaque inflammation assessed by FDG PET/CT.
They showed a positive correlation between baseline serum myeloperoxidase (MPO) and baseline carotid arterial
wall (target) to background (blood) of the most diseased
segment (TBRmds). This relation remained present at
3-mo follow-up and was independent of traditional risk
factors. This study is the first to investigate the relationship between MPO and vessel wall 18F-FDG uptake[59].
Longitudinal studies will be needed to investigate whether
vessel wall inflammation measured by 18F-FDG PET/CT
is predictive for future cardiovascular events.
Prognostic value of CTA in symptomatic and
asymptomatic individuals
Currently, the main clinical advantage of CTA appears
to be related to its high NPV. The ability to rule out sig-
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Figure 6 A complete CORE320 imaging data set for a 64-year-old male without prior history of coronary artery disease with chest pain symptoms[50]. The left
anterior descending coronary artery revealed a 96% diameter stenosis by computed tomography angiography (CTA) (row A) and an 85% diameter stenosis by invasive
coronary angiography (ICA) (row B). The computed tomography myocardial perfusion (CTP) (row C) study revealed a mild defect in the distal anteroseptal wall, and
moderate defects in the basal anteroseptal, the basal anterior, the distal anterior, and apical walls, while the single photon emission computed tomography (SPECT)
(row D) study revealed moderate defects in the distal anterior, the distal anteroseptal, the basal anteroseptal and apical walls. The left circumflex artery revealed an
87% diameter stenosis by CTA, a 79% diameter stenosis by ICA, mild defects in the distal inferoseptal and distal inferolateral walls, and moderate defects in the distal
anterolateral and distal anterior walls by CTP, and a moderate defect in the distal anterior wall by SPECT. The right coronary artery revealed a 60% diameter stenosis
by CTA, a 77% diameter stenosis by ICA, a mild defect in the distal inferoseptal wall by CTP, and no myocardial perfusion defects by SPECT.
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nificant CAD in symptomatic patients with a low pre-test
likelihood of disease makes CT a useful tool to diagnose
many patients with acute chest pain who are often at a
low risk of actually ACS. Recently, several randomized
large trials have evaluated clinical value of coronary CTA
for chest pain triage in the emergency department. Litt et
al[60] demonstrated that among the 908 of 1370 patients
with acute chest pain to undergo coronary CT angiography, 640 could be immediately discharged after negative
findings on a CT scan, and none died or had a myocardial infarction within 30 d. As compared with patients
receiving traditional care, patients in the coronary CTA
group had a higher rate of discharge from the emergency
department (49.6% vs 22.7%), a shorter length of stay
(median, 18.0 h vs 24.8 h; P < 0.001), and a higher rate of
detection of coronary disease (9.0% vs 3.5%). Hoffmann
et al[61] demonstrated that among the randomized 1000
low-risk acute chest pain patients in a multicenter trial,
501 patients underwent coronary CTA as a first triage
test. After early coronary CTA, as compared with standard evaluation, the mean length of stay in the hospital
was reduced by 7.6 h (P < 0.001) and more patients were
discharged directly from the emergency department (47%
vs 12%, P < 0.001). No patient with negative findings on
CT experienced AMI, and only 23 MI occurred in the
entire patient cohort (plus 52 cases of unstable angina).
The use of coronary CTA has been advocated as a
potentially valuable atherosclerotic imaging tool for risk
stratification[62,63]. Several studies have explored the prognostic value of coronary CTA, primarily limited to symptomatic populations[64,65]. Recent article by Hadamitzky
et al[66] add a new data on CCTA that predict both death
and myocardial infarction as well as need for subsequent
revascularizations out to 5 years. CCTA imaging may be
a valuable tool in the assessment of long-term prognosis
in patients with suspected CAD. Atherosclerosis imaging
such as coronary artery calcium scoring (CACS) or carotid intimal-medial thickness for individuals without chest
pain syndrome has been advocated recently for use by
professional consensus guidelines[67]. Furthermore, CACS
has been demonstrated to improve risk re-stratification
above and beyond global risk scores that combine traditional CAD risk factors[68,69]. However, in a large international multicenter study of individuals without chest pain
syndrome, the additional risk-predictive advantage by
coronary CTA is not clinically meaningful compared with
a risk model based on CACS. At present, the application
of coronary CTA for risk assessment of individuals without chest pain syndrome should not be justified[70].

the best initial test due to its high NPV; however, in
intermediate-to-high probability patients, CTA’s low PPV
may result in unnecessary radiation exposure, and stress
nuclear MPI might be a better first-line test. The choice
of the optimal first line-test remains a question that is not
answered in this review. This review underlies the value
of a combined assessment of coronary anatomy and
myocardial perfusion in patients with CAD, and adds to
an increasing body of evidence suggesting an added diagnostic value when combining both modalities. We hope
that an integrated, multi-modality imaging approach will
become the gold standard for noninvasive evaluation of
coronary plaque morphology and outcome data in clinical practice.
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Unusual fistulas and connections in the cardiovascular
system: A pictorial review
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determining the type and demonstrating the anatomy
of these fistulas, which is essential for surgical/interventional planning. Careful analysis in multiple planes
and three-dimensional reconstruction is required for
comprehensive evaluation of fistulas. Treatment depends on the symptoms and the anatomy.
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INTRODUCTION

Abstract

An arteriovenous (AV) fistula is an abnormal communication between an artery and vein, which results in the
shunting of blood from the high-resistance arterial circuit
to the low-resistance venous circuits. AV fistulas involving
the coronary arteries and the aorta are rare. AV fistulas
can be either congenital or acquired secondary to surgeries or interventions. In this article, we review the imaging,
particularly computed tomography (CT) and magnetic
resonance imaging (MRI) of unusual fistulas and connections involving the cardiovascular system, particularly the
coronary arteries and the aorta.

A fistula is an abnormal vascular connection leading to
diversion of blood from a high resistance arterial circuit
to low resistance venous circuit. Coronary artery fistulas are abnormal communications of the coronary artery with a chamber of the heart, or with any segment
of systemic or pulmonary circulation, bypassing the
myocardial capillaries. Other unusual fistulas include
connection between aorta and the right atrium/superior
vena cava, aorta and the inferior vena cava or between
a coronary artery bypass graft and a cardiac vein. Abnormal connections also include origin of the coronary
artery from the pulmonary artery. In this article, we
review the imaging, particularly computed tomography
and magnetic resonance imaging of unusual fistulas
and connections involving the cardiovascular system,
particularly the coronary arteries and the aorta.

PATHOPHYSIOLOGY
AV fistula leads to decreased peripheral resistance and
increased venous resistance, venous pressure and volume.
This results in higher heart rate, stroke volume, cardiac
output and cardiac work in order to compensate for the
lack of perfusion. If left untreated, this may be followed
by myocardial hypertrophy, dilation, and then hyperdynamic cardiac failure. Also, the decreased arterial perfusion distal to fistula may raise the renal venous pressure
and decrease the arterial perfusion pressure resulting in

© 2015 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Computed tomography and magnetic resonance imaging are very useful imaging modalities in
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activation of the renin-angiotensin system, increasing aldosterone and causing plasma expansion. This creates an
abnormal low-resistance circuit that steals from the highresistance normal capillary bed circuit which can cause
tissue ischemia.

bright blood (cine SSFP) sequences. Flow can be quantified using phase contrast velocity encoded sequences,
through the pulmonary artery and aorta, thus giving an
estimate of the Qp:Qs ratio (pulmonary to systemic
flow). Presence of myocardial ischemia can be identified
using stress perfusion imaging and infarcts can be identified using delayed enhancement MRI sequences[3].

ROLE OF IMAGING
Imaging plays an important role in the diagnosis and
management of these fistulas. Coronary angiography is
the traditional technique used in the evaluation of coronary fistulas, although identification of the exact site of
drainage is often difficult, since it is usually into a low
pressure chambers, with significant dilution of radiographic contrast[1]. Coronary angiography is an invasive
procedure and does not provide three-dimensional (3D)
information, particularly the exact anatomy and relationship to adjacent structures, which is vital in surgical planning. Echocardiography has a limited role in the evaluation of coronary fistulas, especially in demonstration of
the anatomy and drainage. Transesophageal echocardiography has higher accuracy than transthoracic echocardiography. Color-flow Doppler demonstrates flow abnormalities within the fistula.
Cross sectional modalities such as CT and MRI are
the most useful imaging modalities in diagnosis and accurate characterization of cardiovascular fistulas. Both these
modalities have high spatial and temporal resolutions,
multi-planar imaging/reconstruction capabilities and
wide field of view. CT is more widely available in many
centers and can be performed rapidly, often without the
need for any sedation/anesthesia even in children. CT
angiography has high spatial and temporal resolution and
is performed with intravenous contrast and with ECG
gating to avoid motion artifacts. Radiation dose can be
minimized by using several techniques such as prospective ECG triggering, retrospective ECG gating with tube
current modulation, automatic tube current modulation,
low kilovoltage, and iterative reconstruction algorithms.
Multi-planar reformats and 3D reconstruction techniques
such as volume rendering and surface shading enable
exquisite demonstration of the anatomy of the fistulas,
which is essential for surgical/interventional planning.
CT scan has been shown to have high sensitivity of up to
87% compared to coronary angiography in the detection
of coronary artery fistulas, with a lower sensitivity of
58% for fistulas draining in cardiac chambers[2]. Disadvantages of CT include the use of ionizing radiation and
use of potentially nephrotoxic contrast media.
MRI does not involve the use of ionizing radiation
or potentially nephrotoxic contrast medium. Anatomic
information of the vasculature is obtained with MR angiography, which typically requires the use of Gadoliniumbased contrast agent but equivalent information can be
obtained without the use of contrast medium through
navigator gated 3D whole-heart steady state free precession (SSFP) sequences. Anatomical information can be
obtained using black blood (double inversion recovery) or

WCR|www.wjgnet.com

CORONARY ARTERY FISTULA
Coronary artery fistula is an abnormal communication
between the coronary artery with a chamber of the heart
(coronary cameral) or with any segment of systemic or
pulmonary circulation (coronary AV fistula) close to the
heart, bypassing the myocardial capillaries. Coronary
artery fistulas are typically congenital but may also be
acquired following trauma or invasive cardiac procedures (pacemaker, endomyocardial biopsy, coronary
angiography, septal myomectomy). Congenital coronary
artery fistulas are very rare, accounting for 0.2%-0.4% of
congenital cardiac abnormalities[4]. It has been reported
in 0.05%-0.25% of patients undergoing coronary angiography, with an estimated prevalence of 0.002% in the
general population[5]. Pathologically, it is characterized by
dilation of involved vessel, thinned fistulous wall, thrombosis, atherosclerotic changes, myocardial hypertrophy
and fibrosis[6].
As discussed above, the communication of the coronary artery could be with the lumen of a cardiac chamber
(right ventricle -41%, right atrium -26%, left atrium -5%,
left ventricle -3%), coronary sinus (7%), superior vena
cava (SVC) (1%), pulmonary artery (17%) or the pulmonary vein. 90% of venous drainage is seen into the systemic venous side[7]. The right coronary artery is the most
common artery involved in fistulous formation (50% of
cases) and is often symptomatic. Left coronary artery
accounts for 42% of fistulas and is often asymptomatic.
Both right coronary artery (RCA) and left coronary artery (LCA) are involved in 5% of cases[5]. Majority of
fistulas are single, but multiple and complex fistulas have
been reported. Cardiovascular anomalies are associated in
5%-30% of cases[6].
Left-to-right shunt is seen in 90% of cases[7]; however, the shunt ratio is not large, as a result of which most
patients are asymptomatic, especially in the adult population. Pediatric patients are usually symptomatic[7]. Clinical
presentations include-continuous heart murmur, dyspnea,
orthopnea, right ventricular dysfunction/failure, fatigue,
chest pain, endocarditis, stroke, arrhythmias, myocardial
ischemia/infarction due to coronary steal, pericardial effusion or sudden death. Larger shunts are complicated
by cardiac failure, pulmonary hypertension, thrombosis,
rupture, or aneurysm.
Coronary artery fistulas are conservatively treated with
imaging follow up in asymptomatic patients. Spontaneous
thrombosis has been reported in few patients (1%-2%)[5].
Medical treatment includes anti platelet therapy and
antibiotic prophylaxis for infective endocarditis. Some
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A

large vascular branches. Embolization is performed in
single drainage, proximal fistulous vessel, termination
away from coronary arteries, absence of associated disorders requiring surgery, and older age. Imaging is used for
follow up after surgery/intervention to ensure there is
complete closure of fistula and no recanalization[5].

B

PA

AO
PA

LAD

Coronary artery-cameral fistula
This is the most common type of coronary artery fistula,
resulting in communication between a coronary artery
and a cardiac chamber. This is mostly congenital and believed to be persistent embryonic intratrabecular spaces
and sinusoids[8]. As discussed above, the most frequent
chamber involved in this fistula is the right ventricle, followed by right atrium, then left atrium and finally the left
ventricle.

Figure 1 Coronary to pulmonary artery fistula. A: Axial contrast enhanced
coronary computed tomography angiography shows left anterior descending
(LAD) artery (long arrow) and right coronary artery (arrowhead) fistulas draining
into the pulmonary artery. A jet of contrast (short arrow) is seen emptying into
the pulmonary artery; B: Three-dimensional volume rendered computed tomography image shows the LAD coronary artery crossing anterior to the pulmonary
artery (PA) to drain into it. AO: Aorta.

Coronary artery to pulmonary artery fistula
A fistulous communication between the coronary artery
and the pulmonary artery is the second most common
type of coronary artery fistula, accounting for 17%
of these cases. Some studies have shown this to be as
high as 30% of all fistulas[9]. The RCA is more often
involved than the LCA as a site of origin. This fistula is
often asymptomatic and is only incidentally discovered
in imaging. CT and MRI show the coronary artery or its
branches draining into the pulmonary artery (Figure 1).
On CT, demonstration of this fistula requires good contrast opacification of the coronary arteries and non-contrast opacification of the pulmonary artery. Evaluation
might be challenging due to low pressure circulation of
these fistula causing low blood flow and small caliber of
fistula[10,11]. Asymptomatic fistulas are managed conservatively by follow up whereas symptomatic fistulas require
surgery or transcatheter closure.

A
AO
LAD

B
LAD

Coronary artery-coronary sinus fistula
Fistulous communication between the coronary artery
and the coronary sinus is the third commonest type of
coronary artery fistula, accounting for 7% of cases (Figures 2-4). On CT and MRI, the coronary artery or arteries are dilated and tortuous and a communication with
the coronary sinus which is dilated can be demonstrated
(Figure 5). When there is a severely dilated coronary sinus, coronary artery fistula should be in the differential
diagnosis. Other causes of coronary sinus dilation include
tricuspid regurgitation, tricuspid stenosis, pulmonary hypertension and right heart dysfunction. Coronary sinus
is also dilated in the presence of a persistent left superior
vena cava (LSVC) draining into the coronary sinus, interrupted inferior vena cava (IVC) with hemiazygos connection to LSVC or hepatic veins to coronary sinus (CS)
connection, all of which are not associated with a left-toright shunt or unroofed coronary sinus (partial or complete) or total anomalous pulmonary venous connection,
both of which are associated with left-to-right shunt[12].
In symptomatic patients, fistulas are repaired by surgery
or percutaneous technique, since spontaneous closure is
rare[5].

Fist
Fist
CS

Figure 2 Left anterior descending to coronary sinus fistula. A: Axial coronary computed tomography angiography (CTA) shows dilated, tortuous left
anterior descending coronary artery (LAD); B: Sagittal reconstructed coronary
CTA shows a LAD fistula draining into the coronary sinus. Fist: Fistula; CS:
Coronary sinus; AO: Aorta.

centers perform closure even in asymptomatic patients
to avoid long term morbidity and mortality[2]. Definitive
repair can be performed using surgical ligation or percutaneous techniques such as transcatheter embolization of
the fistulous connection using detachable platinum coils
or polytetrafluoroehylene-covered coronary artery stent
grafts, both of which have been shown to have similar
outcomes[8]. Surgery is performed in larger fistulas, larger
flow, multiple fistulas, complex fistulas, aneurysm, or
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Figure 3 Left circumflex coronary artery to coronary sinus fistula. A: Axial coronary computed tomography angiography (CTA) shows dilated, tortuous left circumflex coronary artery (LCX) due to a LCX fistula (Fist); B: Axial coronary CTA shows the LCX Fist drains into the coronary sinus (CS). PA: Pulmonary artery; AO:
Aorta; LA: Left atrium; RA: Right atrium; SVC: Superior vena cava.

RCA
SVC

CS

Figure 6 Right coronary artery to superior vena cava fistula. Axial maximum intensity projection reconstruction of coronary computed tomography
angiography shows a fistula (arrow) between the right coronary artery and the
superior vena cava (SVC).

Figure 4 Right coronary artery to coronary sinus fistula. Three-dimensional
volume rendered computed tomography angiography image shows a coronary
artery fistula between the right coronary artery (RCA) and the coronary sinus
(CS).

Occasionally, these fistulas drain into a persistent left
SVC (Figure 7). Majority of these fistulas originate from
the left circumflex artery[14]. CT and MRI are ideal imaging modalities in the demonstration of these rare fistulas.
Complex coronary fistula
Occasionally coronary artery fistulas can be complex,
with multiple sites of origin and drainage, which may be
challenging to diagnose. Multiple fistulas can be seen in
11%-16% of cases[9]. One such case is shown in Figure
8, which is an arterial- arterial fistula originating from the
proximal right coronary artery and 1st diagonal branch,
which terminates in the pulmonary artery. CT and MRI
with multi-planar and 3D reconstructions are vital in
precise characterization of the fistula anatomy, which is
essential for surgical planning.

Figure 5 Magnetic resonance imaging appearances of coronary artery
fistula. Short axis steady state free precession magnetic resonance imaging
image shows dilated, tortuous left anterior descending artery draining into the
coronary sinus. There is also a small circumferential pericardial effusion.

ANOMALOUS ORIGIN OF THE
CORONARY ARTERY FROM PULMONARY
ARTERY

Coronary artery-SVC fistula
Fistulous communication between coronary artery and
the SVC is rare, accounting for 1% of these fistulas[13].
Majority of these fistulas drain into a normal right sided
SVC (Figure 6), typically originating from the right coronary artery and less commonly the left circumflex artery.

WCR|www.wjgnet.com
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19

March 28, 2015|First Edition|

Ghandour A et al . Unusual fistulas and connections

A

B
RV
LV

AO

LS
LA

F

LS

F

Figure 7 Left circumflex coronary artery to persistent left superior vena cava fistula. A: Axial coronary computed tomography angiography (CTA) image shows
a fistulous connection (F) between left circumflex artery and a persistent left left circumflex coronary artery (LS) which eventually drained into the coronary sinus; B:
Sagittal coronary CTA reconstructed images shows fistula (arrow) between the left circumflex artery and persistent left superior vena cava (LS). AO: Aorta; LA: Left
atrium.
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B
PA
AO

Figure 8 Complex coronary artery fistula. A and B: 3D volume rendered
coronary computed tomography angiography shows an arterial-arterial fistula
originating from the proximal right coronary artery and 1st diagonal branch,
which terminates in the pulmonary artery. The plexus has an aneurysmal segment that wraps around the anterior aspect of the main pulmonary artery. There
is direct communication between the aneurysmal segment and the leftward
aspect of the proximal MPA. Also, there are multiple smaller branches around
the aortic root, MPA, ascending aorta, and transverse arch. A branch originating
from the aortic arch continuous with a small 1.8-cm contrast-filled cavity adjacent to the aortic arch, between the trachea and aortic arch.

Figure 9 Anomalous origin of the left coronary artery from the pulmonary
artery. Axial MIP image shows origin of the left coronary artery (arrow) from the
main pulmonary artery. PA: Pulmonary artery; AO: Aorta.

death in 90% within one year. Adult type is less common
and is characterized by extensive collateral vessel formation between RCA and the LCA, resulting in dilation and
tortuosity of these vessels. The anomalous vessel acts as
a vein diverting flow from the normal coronary artery to
the pulmonary artery, the so called “steal” phenomenon.
This often results in chronic myocardial ischemia, LV
dysfunction, mitral regurgitation and arrhythmias, which
may cause sudden death, seen in 80%-90% of these
cases[16].
CT and MRI demonstrate the origin of the left coronary artery from the main pulmonary artery, usually from
its left inferolateral aspect just beyond the valvular level.
In addition, reverse flow from the left coronary artery to
the pulmonary artery can be demonstrated using phase
contrast velocity encoded MRI image or with SSFP sequence. In neonates, the coronary arteries are of normal
size, but in adults the coronary arteries are dilated and
tortuous due to shunting of blood from RCA to LCA
and into pulmonary artery. Prominent intercoronary
collateral vessels may also be seen. Myocardial damage
can be evaluated using delayed enhancement sequences,
which will estimate the extent of viable myocardium,
especially in adult patients. Presence of scarring is also

cardiac anomaly[15], with the most common form being
Bland White Garland syndrome (LCA from pulmonary
artery) (Figure 9). There are two types of ALCAPA, the
infant and adult types. Physiologically, ALCAPA is not a
major problem during fetal and early neonatal life since
during this period; the pulmonary artery pressure is similar to systemic arterial pressure, resulting in antegrade
coronary flow. However, after birth, the pulmonary arterial pressure decreases resulting in retrograde flow from
the LCA to the pulmonary artery. Presentation and hemodynamics depends on the artery involved, myocardial
distribution, pulmonary resistance, and number and size
of collaterals. In the more common infant type, there is
no development of collaterals between the RCA and the
LCA, as a result of which these vessels are of normal caliber. Retrograde flow from the LCA to the low pressure
pulmonary artery is maintained, producing a left-to-right
shunt. The myocardial hypoperfusion results in myocardial infarction and congestive cardiac failure, leading to
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Figure 10 Anomalous origin of the right coronary artery from the pulmonary artery. A: reconstructed computed tomography angiography (CTA) image shows
origin of the right coronary artery (RCA) from the main pulmonary artery (PA); B: Axial coronary CTA shows the origin of the RCA from the pulmonary artery. To compensate for this there is dilated left coronary artery (LCA), which provides collateral supply to the RCA circulation. AO: Aorta.
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Figure 11 Coronary artery bypass graft to cardiac vein fistula. A: Coronal coronary computed tomography angiography image shows a fistulous communication (arrow) between the left internal mammary artery (LIMA) graft and the great cardiac vein (CV); B: 3D volume rendered computed tomography (CT) image shows
fistulous communication (arrow) between the LIMA graft and the great CV; C: Axial oblique reconstructed 3D volume rendered CT image demonstrates the fistulous
communication (arrow).

a substrate for arrhythmias. Other MRI findings include
LV hypertrophy/dilation, wall motion abnormalities and
mitral regurgitation. Dilated bronchial arteries may also
be seen. Ideal treatment is reestablishment of a two coronary artery system, either using coronary button transfer
(preferred in infants), Takeuchi procedure, or placement
of coronary artery bypass graft (CABG) after ligation of
LCA origin (preferred in adults). Single-coronary system
repair such as ligation of LCA is not preferred due to
higher complications. Percutaneous closure and cardiac
transplantation are other options[13].
In ARCAPA, there is anomalous origin of the right
coronary artery from the pulmonary artery (Figure 10).
This has an incidence of 0.002% in general population
compared to 0.008% for ALCAPA[17]. Occasionally, a left
anterior descending or left circumflex coronary arterial
branch may originate from the pulmonary artery. Very
rarely, both coronary arteries may originate from the pulmonary artery.

vein is extremely rare, with less than 25 cases reported in
the literature[18]. It happens more frequently with aortocoronary venous bypass grafts than with arterial grafts.
The fistulous communication can occur either in the immediate post-operative period or may manifest after several months or even years[18,19]. This may be asymptomatic
or present with heart failure, angina, or continuous precordial murmur. CT or MRI demonstrates the communication between a coronary artery bypass graft and the
cardiac vein (Figure 11). Careful analysis is required since
the communication may be subtle and may be confused
for a normal anastomosis with a coronary artery. Treatment for small shunts is medical management, whereas
large shunts which are usually symptomatic require a repeat CABG or embolization of the fistula.

AORTA TO RIGHT ATRIUM FISTULA
A fistulous communication between the aorta and the
right atrium is rare. This often results from an intimal tear
near the aortic root, especially in patients with prior cardiac surgery (1/3 rd of all cases). Dense pericardial adhesions resulting from the previous surgery contain the free
rupture and contribute to the formation of the aorto-

BYPASS GRAFT TO CARDIAC VEIN
FISTULA
A fistulous communication between a CABG and cardiac
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Figure 12 Aorta to right atrium fistula. A: Coronal state free precession (SSFP) magnetic resonance imaging (MRI) image in a patient with bicuspid aortic valve and
infective endocarditis shows a fistulous communication between the aorta (AO) and the right atrium (RA), with a jet of abnormal flow (arrow) demonstrated between
the aorta and the right atrium; B: Sagittal short axis SSFP MRI image in the same patient shows the fistulous connection (arrow) between the aorta and the right
atrium. LA: Left atrium.
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Figure 13 Aorta to inferior vena cava fistula. A: Axial contrast computed tomography (CT) of the abdomen in a patient with history of abdominal aortic aneurysm
(AO) shows similar contrast opacification of the inferior vena cava (IVC). There is a communication demonstrated (arrow) between the aorta and IVC; B: Coronal
contrast CT of the abdomen demonstrates the site of fistulous communication between the aorta and the distal IVC adjacent to the right common iliac vein; C: Volume
rendered 3D computed tomography angiography shows fistulous communication (arrow) between the abdominal aorta and IVC.

right atrial fistula. Also, this may be associated with right
coronary artery disruption. Rarely, it occurs in patients
with infective endocarditis (native or prosthetic valve),
causing rapid bacterial invasion with tissue destruction.
High intra-aortic pressure promotes progression of the
tear towards the outer side of aortic wall draining into
the right atrium. This type of fistula may be seen in any
of the sinuses, but less common in the non-coronary
sinus[20]. It has been reported after transcatheter closure
of septal defect[20] and aortic dissection repair[21]. Sixty
percent of patients develop heart failure and 40% eventually die. On CT, a defect can be demonstrated between
the aorta and the right atrium. MRI is the ideal modality
for demonstration of this fistula, with a dark jet of flow
demonstrated on cine SSFP or GRE images (Figure 12).
The fistula can be closed either by surgery or by transcatheter technique.

tissue disorders (Marfans, Ehler Danlos), or neoplasms.
80% of these fistulas are secondary to ruptured abdominal aortic aneurysm. This fistula is seen in 3%-6% of
ruptured abdominal aortic aneurysms[22] and may or may
not be associated with retroperitoneal hemorrhage. Clinical features include tachycardia, congestive cardiac failure,
leg swelling, abdominal thrill, machinery type bruit, renal
failure, or peripheral ischemia. CT and MRI demonstrate
early contrast opacification of a dilated IVC, at the same
time and with similar attenuation to that of abdominal
aorta. Loss of normal anatomic plane between the aorta
and IVC is also shown (Figure 13). Occasionally, a direct
communication can be demonstrated between the aorta
and IVC[23]. The most common site is the distal posterolateral aorta and adjacent IVC. Other sites are the aorta
and iliac veins and aorta and renal vein. Identification of
the exact site of the fistulous communication is essential
for pre-surgical planning and to avoid massive blood loss.
Surgery is performed immediately, with closure of fistula
done from the aneurismal sac or ligation of infrarenal
IVC/iliac veins. Complications include dislodgement of
atheromatous debri or embolization across the fistula
leading to pulmonary embolism[24]. Endovascular treat-

AORTA TO IVC FISTULA
A fistula between the aorta and the IVC is very rare. It
can be due to trauma, post-surgery (laminectomy), ruptured abdominal aortic aneurysm, infection, connective
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ment of these fistulas has also been reported[25].

CONCLUSION

11

In this review, we have discussed several unusual types of
cardiovascular fistulas and abnormal connections involving the coronary arteries and the aorta. CT and MRI are
very useful imaging modalities in determining the type
and demonstrating the anatomy of these fistulas, which
is essential for surgical/interventional planning. Careful analysis in multiple planes and 3D reconstruction is
required for comprehensive evaluation of fistulas. Treatment depends on the symptoms and the anatomy.
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Effectiveness of chest radiography, lung ultrasound
and thoracic computed tomography in the diagnosis of
congestive heart failure
Luciano Cardinale, Adriano Massimiliano Priola, Federica Moretti, Giovanni Volpicelli
extravascular lung water. The number, diffusion and intensity of B lines correlates with both the radiologic and
invasive estimate of extravascular lung water. The integration of conventional chest radiograph with LUS can
be very helpful to obtain the correct diagnosis. Computed tomography (CT) is of limited use in the work up
of cardiogenic pulmonary edema, due to its high cost,
little use in the emergencies and radiation exposure.
However, a deep knowledge of CT signs of pulmonary
edema is crucial when other similar pulmonary conditions may occasionally be in the differential diagnosis.
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Core tip: Acute decompensated heart failure (ADHF) is
a frequent emergency condition that represents a diagnostic challenge for the emergency physicians. Imaging
has a fundamental role in the diagnosis of heart failure,
but the efficacy of the diagnostic process is highly dependent from the ability to integrate information drawn
from lung ultrasound (LUS), chest radiography and
computed tomography (CT). Chest radiography and
LUS are the most used diagnostic tools: the first one
combining relative low cost with the panoramic view
that allows exclusion of many pulmonary conditions
that comes into the differential diagnosis; otherwise
the second one has higher sensitivity in the diagnosis
of the early signs of pulmonary congestion and permit
to perform the examination at bedside during the first
clinical approach. CT scan is the best method to have
a panoramic thoracic view and CT scan is a powerful method but it has many limitations due to costs,
availability in emergency situations and relatively high

Abstract
Hydrostatic pulmonary edema is as an abnormal increase in extravascular water secondary to elevated
pressure in the pulmonary circulation, due to congestive heart failure or intravascular volume overload.
Diagnosis of hydrostatic pulmonary edema is usually
based on clinical signs associated to conventional radiography findings. Interpretation of radiologic signs
of cardiogenic pulmonary edema are often questionable and subject. For a bedside prompt evaluation,
lung ultrasound (LUS) may assess pulmonary congestion through the evaluation of vertical reverberation
artifacts, known as B-lines. These artifacts are related
to multiple minimal acoustic interfaces between small
water-rich structures and alveolar air, as it happens in
case of thickened interlobular septa due to increase of
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radiation exposure. The modern clinician and radiologist should be aware of the potential and limitations
of these diagnostic tools and be prepared to integrate
information derived from a correct use of ultrasound,
conventional radiology and CT.

an unexpected condition on patients investigated for
other diseases[7].
This review describes the specific signs of cardiogenic
pulmonary edema of these three main imaging techniques and discuss their role in the diagnostic process.

Original sources: Cardinale L, Priola AM, Moretti F, Volpicelli
G. Effectiveness of chest radiography, lung ultrasound and thoracic computed tomography in the diagnosis of congestive heart
failure. World J Radiol 2014; 6(6): 230-237 Available from:
URL: http://www.wjgnet.com/1949-8470/full/v6/i6/230.htm
DOI: http://dx.doi.org/10.4329/wjr.v6.i6.230

CHEST X-RAY
In the acute phase of decompensated heart failure, the
early pulmonary alteration is congestion of the vascular
bed due to progressive increase of capillary hydrostatic
pressure. When pressure increases further and the lymphatic vessels become congested, fluids begin to accumulate in the interstitium around arteries, veins, and
airways, and particularly in the interlobular septa. In the
early phase, this mechanism protects the lung against the
final stage of congestion, that is leakage of fluids into the
alveolar spaces, the alveolar edema. The radiologic findings at chest radiography reflect the anatomo-pathologic
alterations.
As severity of congestion increases, the sequence of
signs visible on chest radiographs are: (1) vascular opacity “redistribution” towards the upper lobes and distention of the upper pulmonary veins; (2) enlargement and
loss of definition of hilar structures; (3) septal lines in
the lower lung, indicated as Kerley A and B lines; (4)
peribronchial and perivascular cuffing with widening and
blurring of the margins; and (5) thickening of interlobar
fissures with subpleural fluid accumulation (Figure 1)[8,9].
Redistribution, known also as cephalization, occurs
only in the setting of chronic pulmonary venous hypertension, very often encountered in mitral stenosis (Figure
2). Cardiomegaly and pleural effusions are adjunctive radiologic findings quite frequently detected in cardiogenic
pulmonary congestion. When congestion increases and
becomes alveolar edema, chest radiography shows bilateral and usually symmetric parenchymal opacities, with a
central or basilar distribution, without air bronchogram[10]
(Figure 3).
The distribution of alveolar edema may be influenced
by gravity. In this case performing the examination in
supine or orthostatic position and right or left decubitus,
may consistently change the radiologic pattern. Moreover,
a coexistent condition of chronic obstructive lung disease
may influence irregular distribution of edema as fluids
tend to leak in the area of the lung where the structure
of the organ is less subverted.
In the emphysematous lung, edema of the alveolar
spaces will not be imaged because of alveolar destruction
in over-inflated areas, while accentuation of interstitial
signs of congestion may still being detected at CXR.
In case of large, acute myocardial infarction (MI) that
involves the function of the mitral valve, a regional asymmetric distribution of pulmonary edema may produce
atypical radiologic patterns that mimic non-cardiogenic
edema or, in some cases, even pneumonia (Figure 4).
This pattern is caused by the flow vector due to mitral
regurgitation, which may be massively directed toward
the right superior pulmonary vein[11]. However, opacities

INTRODUCTION
Acute decompensated heart failure (ADHF) is a frequent
emergency condition that, often represents a diagnostic
challenge for the emergency physicians. Accurate assessment of effectiveness of medical treatment on reducing
pulmonary congestion, which is the consequence of
elevated cardiac filling pressure, is a basic step for a correct management of patients with ADHF. Most patients
hospitalized for ADHF are not submitted to invasive
hemodynamic measurements, and clinical improvement
relies on change in physical findings, radiologic imaging,
and hormone levels. Physical findings of elevated filling
pressure are often inadequate and rarely decisive to assess
real clinical improvement when considered alone[1-3].
Chest X-ray (CXR) is the traditional first line procedure to assess pulmonary congestion, but interpretation
of radiologic signs, such as vascular opacity redistribution
and interstitial edema, are often questionable and subjective, while different levels of expertize of the readers may
cause high inter-observer variability.
In doubtful cases, lung ultrasound (LUS) has been
shown to be of value in assessing pulmonary congestion
by the evaluation of vertical comet tail artifacts, named
B-lines. These artifacts represent easy-to-acquire and
highly reproducible bedside signs of diffuse interstitial
syndrome, but their limitation is the low specificity[4,5].
B-lines are caused by a change of the normal balance
between the air and fluid pulmonary content, when air is
lost and fluid are increased. The multiple and small air-fluid interfaces due to small water-rich structures surrounded
by air presenting in the lung periphery, create a reverberation phenomenon represented on the screen by multiple
B-lines[6]. However, this phenomenon is irrespective of
the cardiogenic or pulmonary origin of the condition.
Concerning thoracic computed tomography (CT)
scan, it is rarely used for diagnosing pulmonary congestion, unless highly selected cases where other pulmonary
interstitial conditions come into the differential. Signs
of hydrostatic pulmonary edema on high-resolution CT
should always be recognized, even if edema may sometimes be misdiagnosed and the differential diagnosis not
always is easily read by the radiologist. Indeed, sometimes
signs of pulmonary congestion on CT imaging represent
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Figure 1 Posterior-anterior chest X-ray in a patient with congestive heart
failure and interstitial pulmonary edema. In the figure are shown radiographic signs that suggest interstitial pulmonary edema including enlarged and loss
of definition of large pulmonary vessels, both Kerley's A and Kerley's B lines
associated with cardiomegaly.

Figure 3 Supine radiogram in a patient with cardiogenic alveolar edema.
Note that the vascular perihilar structures are not defined because of the presence of confluent peripheral and gravitational consolidations, with large pleural
effusion. Cardiomegaly is also present.

A

B

Figure 4 Antero-posterior chest radiograph with asymmetric pulmonary
edema with grade 3 mitral insufficiency shows pulmonary edema predominantly within the right upper lobe.

complaining of acute dyspnea. The possibility of correct
diagnosis at CXR is greater the more severe and prolonged will be pulmonary congestion, because the radiologic signs are more accurate and clearly visible. Relating
the diagnosis of cardiogenic pulmonary congestion, CXR
is moderately specific (specificity 76%, 83%), but not very
sensitive (50%-68%)[13].
Therefore, CXR does not have a direct role in the
pathway for the diagnosis of heart failure, where the
standard of care is cardiac and LUS. The main reason
of this limitation is that CXR is not sensitive enough,
because heart failure cannot be ruled out with certainty
in the presence of a normal radiologic pattern. However,
our opinion is that CXR is highly useful to diagnose alternative diagnoses when they are, together with decompensated heart failure in the differential.

Figure 2 Posterior-anterior chest X-ray demonstrating enlargement of
atrial and left ventricles, with redistribution of lung circulation from bases
to apex suggestive to pulmonary congestion (A), note the blood vessels
are more prominent in the upper lung fields compared to the lung bases,
just the opposite of normal (B).

due to alveolar edema may rapidly change their dimension and even dissolve on the effect of treatment. Thus,
radiologic follow-up may sometimes contribute to resolve
the diagnostic dilemma.
Signs of pulmonary congestion at chest radiography
may even precede clinical symptoms. Conversely, pulmonary edema may be still visible radiographically for hours
or even days after hemodynamic recovery[12].
To date, CXR represents the first line imaging exam
in patients presenting to the emergency department (ED)
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LUNG ULTRASOUND
Quite recently, LUS opened new perspectives in the bedside evaluation of pulmonary congestion. Many authors
produced a growing number of papers showing the
power of LUS in diagnosing pulmonary diseases[14-20].
Rather than from technologic progress, development
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syndrome from cardiogenic and non-cardiogenic causes.
These includes evaluation of pleural sliding and irregularities, distribution of B-lines and sub-pleural consolidations. Some studies showed the reliability of these signs
in differentiating signs of cardiogenic pulmonary edema
from ARDS and pulmonary fibrosis[25].
The primary diagnosis of pulmonary interstitial fluid
in the emergency setting is crucial for the differential
diagnosis between a cardiogenic and non-cardiogenic
respiratory failure. Some studies showed the usefulness
of B-lines as a primary diagnostic test in acute respiratory
failure patients[20,26]. Lung ultrasound appears to be particularly useful in differentiating between exacerbation of
chronic obstructive pulmonary disease (COPD), a condition that does not show B-lines, and decompensated
heart failure. In a study performed in dyspneic patients in
the emergency department, diffuse B-lines were detected
in 100% of patients with cardiogenic pulmonary oedema
but was absent in 92% of cases with exacerbation of
COPD and 98.75% of those with normal lungs[26]. Conclusion of the study was that sonographic detection of
B-lines might help distinguish pulmonary edema from
exacerbation of COPD.
Other studies showed the correlation between B-lines
and natriuretic peptides in the primary evaluation of
acute decompensated heart failure in the Emergency
department[27]. Pulmonary interstitial fluid, sonographically demonstrated by B-lines, was strictly correlated with
natriuretic hormones level. Conclusions of these studies
was that LUS can be used alone or can provide additional
predictive power to natriuretic peptides in the immediate
evaluation of dyspneic patients to diagnose the cardiac
origin of the symptom.
Another great potential of LUS is that B-lines are
highly sensitive to the resolution of lung congestion in
patients admitted to the hospital for acute decompensated heart failure. Clearance of B-lines represents a direct sign of effective treatment, but also may be useful to
specify the diagnosis in cases where the origin of B-lines
cannot be differentiated at a first examination[28].
Finally, LUS may be also useful to diagnose unsuspected conditions when it is performed in combination with
other tools, showing similar performances as compared to
other more panoramic chest diagnostic imaging tools[29-32].

Figure 5 Lung ultrasound scan showing multiple B-lines from a case of
cardiogenic pulmonary oedema. When a similar pattern is visualised on multiple locations in the anterior and lateral chest, it is diagnostic of the interstitial
syndrome.

of modern LUS is mainly based on discovering the significance of sonographic artifacts[21]. Particularly, some
vertical echogenic linear artifacts, known as B-lines, are
simple, noninvasive signs of pulmonary interstitial fluid
that can be easily evaluated at bedside. B-lines originate
from multiple small subpleural air/fluid acoustic interfaces, due to the fact that air and water are two elements
with opposite values of acoustic impedance [22]. This
phenomenon is related to the contrast between air-filled
and water-rich structures, which generate multiple reverberation of the ultrasound beam that is visualized on the
screen as linear vertical artifacts, the B-lines (Figure 5).
In the normally aerated lung, only a very few B-lines
can be detected by sonography[23].
When the water content increases and air decreases
due to disease, the thickened interlobular septa and fluid
into the alveolar spaces cause the appearance of multiple
and diffuse B-lines (Figure 6)[4,5].
Any condition of the lung where alveolar air is partially lost and interstitial fluids or cellularity are diffusely
increased, causes the appearance of B-lines at LUS.
B-lines underlines the so called interstitial syndrome.
The fundamental technique for diagnosing interstitial
syndrome consists of examining the anterior and lateral
chest using four intercostal scans per side, corresponding
to the upper and inferior areas anteriorly and the upper
and basal areas laterally. A positive scan is characterized
by a minimum of three B-lines, whereas a positive examination is defined by at least two positive areas per side[5,17]
(Figure 6).
Simple detection of B-lines does not allow differentiation of the disease involving the lung interstitium, but
other organ ultrasound signs can be used to confirm the
diagnosis of pulmonary congestion in decompensated
heart failure. For convenience a focused cardiac sonography can be performed using the same probe used for
lung examination, looking for global left ventricle function impairment, which will be detected in about 50% of
cases with acute decompensated heart failure[24].
Regarding LUS, other signs than B-lines may be
evaluated for differentiating similar patterns of interstitial
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COMPUTED TOMOGRAPHY
On high resolution computed tomography (HRCT), signs
of hydrostatic edema generally results in a combination
of septal thickening and ground-glass opacities. Incidence and predominance of these signs is individually
variable[33-39] (Figure 7).
Crazy paving and consolidation are also frequently
imaged. In some patients, ill-deﬁned perivascular and
centrilobular opacities may also be detected, or groundglass opacity may appear lobular and patchy with a tendency to have a parahilar and gravitational distribution
(Figure 8)[40].
There is some evidence that a parahilar or bat wing
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Figure 6 A typical sonographic pattern of diffuse alveolar-interstitial syndrome (left side) and corresponding chest radiograph (right side) in a case of
acute cardiogenic pulmonary oedema. In the sonographic images on either side of the radiogram, the presence of multiple adjacent comet-tail artefacts (at least
three per scan and in all chest areas examined) can be easily distinguished. The images illustrate the sonographic B+ pattern corresponding to the radiological finding
of pulmonary oedema.

al emphysema[29]. In studies on hydrostatic edema in dog
lungs, high resolution CT patterns showed predominantly
central, peribronchovascular, and posterior distribution
of edema, associated with an apparent increased thickness of bronchial walls[30,31].

distribution of edema is typically found in patients who
have a rapid accumulation of ﬂuid[40]. Occasionally edema
may have unilateral distribution, as may happen in patients with a prolonged lateral decubitus, or asymmetric
and even with bizarre distribution in patients with region-
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B

A

Figure 7 Computed tomography scan through lower lobes shows, limited areas of ground-glass opacity, with thickening of major fissures reflecting subpleural interstitial edema. Is also present interlobular septal and peribronchovascular interstitial thickening.

B

A

Figure 8 Computed tomography scan through aortic arch and pulmonary arteries planes shows ground-glass opacity with geographic distribution and
partial sparing of the lung periphery. Thickening of interlobular septa and sub-pleural edema and bilateral pleural effusion with passive atelectasis of lower lobes is
also present.

Table 2 Diagnostic accuracy of chest X-ray and ultrasound in
patients with heart failure

Table 1 A proposed diagnostic alghoritm for the diagnosis of
pulmonary edema
Lung ultrasound

Chest X-ray

Sensitivity

Chest CT
X-ray
US

First line in emergency and
Second line to conThird step differcritically ill monitoring and firm doubtful cases in ential diagnosis
to assess pulmonary con- emergency or critically
of Pulmonary
gestion in typical clinical ill after haemodynamic
Embolism
presentation
recovery

Difference of patients showing radiologic and ultrasound (US) signs of
congestive heart faliure (personal data not pubblished).

CT: Computed tomography.

have a panoramic thoracic view, and much more sensitive
than chest radiography for the first diagnosis of many
conditions, like pulmonary embolism and early phase
of cardiogenic pulmonary edema. However, it has many
limitations due to costs, availability in emergency situations and relatively high radiation exposure. However, in
recent years technological advances have made it possible
to improve the modulation of dose exposure to follow
the principles of radiological protection. Besides radiation exposure, low availability and feasibility are other
fundamental limitations. CT scan cannot be performed
as routine technique in heart failure because of the high
prevalence of this disease and high costs of use.
However, while LUS and chest radiography are the
first choice imaging technique in most cases, in selected
cases where multiple conditions are in the differential, CT

STRENGTHS AND WEAKNESSES OF
INTEGRATED USE OF LUS, CHEST X-RAY
AND CT FOR THE DIAGNOSIS OF
CARDIOGENIC PULMONARY EDEMA
Imaging has a fundamental role in the diagnosis of heart
failure, but the efficacy of the diagnostic process is highly
dependent from the ability to integrate information
drawn from LUS, chest radiography and CT (Table 1).
Chest radiography has the great advantage of combining relative low cost with the panoramic view that allows
exclusion of many pulmonary conditions that comes into
the differential diagnosis. CT scan is the best method to
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scan may become the method of reference. This is the
case in acutely dyspneic patients when the differential diagnosis with pulmonary embolism is a challenge. In other
cases, when the differential diagnosis includes diffuse
parenchymal lung diseases, the high-resolution CT of the
chest may be useful to rule-out or confirm pulmonary
congestion.
Lung ultrasound has the limitation of being a surface
imaging technique far less panoramic than chest radiography and CT scan. However, the great advantages of LUS
are a higher sensitivity than chest radiography in the diagnosis of the early signs of interstitial thickening due to
pulmonary congestion, and the possibility to perform the
examination at bedside during the first clinical approach
(Table 2).

of Radiology Unit, AOUS Luigi Gonzaga, Orbassano
(TO)/IT.
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Core tip: Acute aortic syndrome (AAS) is a spectrum of
conditions, which may ultimately progress to potentially
life-threatening aortic rupture. This syndrome
encompasses aortic dissection (AD), intramural
haematoma, penetrating atherosclerotic ulcer and
unstable thoracic aortic aneurysms. Multidetector
computed tomography (MDCT) is crucial in the
diagnosis of AAS in the emergency setting due to its
speed, accuracy and ready availability. This review will
focus on the use of MDCT in AAS including the imaging
protocols, spectrum of radiological findings, implications
for planning and follow-up of endovascular and surgical
treatment, and potential diagnostic pitfalls.

Abstract
Acute aortic syndrome (AAS) is a spectrum of
conditions, which may ultimately progress to potentially
life-threatening aortic rupture. This syndrome
encompasses aortic dissection (AD), intramural
haematoma, penetrating atherosclerotic ulcer and
unstable thoracic aortic aneurysms. Multi-detector CT
(MDCT) is crucial for the diagnosis of AAS, especially in
the emergency setting due to its speed, accuracy and
ready availability. This review attends to the value of
appropriate imaging protocols in obtaining good quality
images that can permit a confident diagnosis of AAS.
AD is the most commonly encountered AAS and also
the one with maximum potential to cause catastrophic
outcome if not diagnosed and managed promptly.
Hence, this review briefly addresses certain relevant
clinical perspectives on this condition. Differentiating
the false from the true lumen in AD is often essential;
a spectrum of CT findings, e.g. , “beak sign”, aortic
“cobwebs” that allows such differentiation have been
described with explicit illustrations. The value of non
enhanced CT scans, especially useful in the diagnosis
of an intramural hematoma has also been illustrated.
Overlap in the clinical and imaging features of the
various conditions presenting as AAS is not unusual.
However, on most instances MDCT enables the right
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INTRODUCTION
Acute aortic syndrome (AAS) is a term used to describe
a constellation of emergency aortic conditions requiring prompt diagnosis and treatment. These inter-related
conditions include aortic dissection (AD), intramural
haematoma (IMH) and penetrating atherosclerotic ulcer
(PAU)[1]. In addition, unstable thoracic aortic aneurysm
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at high risk for rupture may also be considered an
AAS. This syndrome has an estimated incidence of
(2-3.5)/100000 per year [2]. The most common risk
factors are hypertension and genetic conditions of
the connective tissue such as Marfan’s syndrome. The
clinical presentations of the various entities of AAS
are essentially indistinguishable from each other with
severe chest or abdominal pain being the most common
symptom. Clinical suspicion of AAS should herald
prompt diagnostic imaging as mortality from AAS
increases by approximately 1%-2% per hour[3]. MDCT
typically with electrocardiographic gating (ECG-gated
MDCT) is the technique of choice for diagnosis of AAS
due to the rapid acquisition times and ready availability in
the emergency department[4]. Other diagnostic imaging
modalities include conventional and transoesophageal
echocardiography and magnetic resonance imaging (MRI),
that are usually reserved for problem solving or if there
is contraindication to the use of iodinated contrast[1,2,5].
This review will focus on MDCT in the diagnosis of
AAS. MDCT protocols will be discussed along with the
discriminating and overlapping radiological diagnostic
features of AAS.

A

Figure 1 Cardiac-gated computed tomography aortogram in a 55-year-old
with chest pain and suspected acute aortic syndrome. A: Axial oblique; B:
Coronal reconstructions. No dissection or aneurysm was detected. Retrospective reconstruction at 78% of the cardiac cycle allowed for accurate evaluation
of the aortic root and valve cusps in both axial oblique and coronal reconstructions with no pulsation artefacts.

nous contrast (Iohexol 300 mg/mL, Nycomed) is injected at a rate of 3-4 mL a second. Bolus tracking is used to
trigger scanning when the attenuation of the descending
aorta reaches 150 HU. Retrospective gating is typically
used with images reconstructed at 78% of the R-R interval. The section thickness is 0.6 mm with 3 mm reconstructions in the axial, coronal and sagittal oblique planes
sent to the PACS for reporting. Additional post processing is performed by the reporting radiologist when clinically indicated for three-dimensional reconstructions to
obtain volume rendered images, maximum intensity projections and shaded surface display. Delayed phase images
are useful in selected cases of suspected aortic rupture
or in cases of dissection to determine the opacification
of both the lumina. Although a contrast enhanced CT
angiogram is the standard of care, a non-enhanced CT
that precedes the angiogram is useful in AAS to evaluate
for IMH, which can progress to frank dissection. NECT
can also be useful to assess for secondary signs of aortic
rupture such as hyperdense, haemorrhagic pericardial,
pleural or mediastinal fluid collections. In patients with
known allergy to iodinated contrast medium or at high
risk of contrast induced nephropathy, the preliminary
information obtained through a non-enhanced CT scan
may sometimes suffice to make the further clinical decision.

MDCT PROTOCOL FOR AAS
MDCT angiography with electrocardiographic (ECG)
gating enables the evaluation of AAS with reduced
pulsation artefacts (Figure 1) in the ascending aorta
compared to non-gated MDCT angiography[6]. The ECGgating can either be performed prospectively (scanning
performed at a specified segment of the cardiac cycle),
or retrospectively (scanning performed throughout the
cardiac cycle but data gathered in a specified segment of
the cardiac cycle is selected retrospectively for generating
images). A retrospective acquisition allows increased
scope for correction of artefacts from dysrhythmias or
motion, but comes at the cost of increased radiation
exposure [1,6]. ECG-gating with motion-free images
allows for improved assessment of the ascending
aorta, aortic annulus, sinuses of Valsalva and coronary
arteries[6,7]. There is also improved depiction of the site
of primary intimal tear, extent of the intimomedial flap
and involvement of the aortic branches. Studies have
also shown a reduction in radiation dose of as much as
45%-50% using ECG-gated high pitch CT compared to
non-ECG-synchronised standard-pitch CT[8,9]. Although
ECG-gating is preferred, its absence rarely precludes the
diagnosis of clinically significant acute aortic conditions
if an experienced reader is interpreting the non-gated CT
aortogram.
The details of the scan protocol vary according to the
scanner system being used. As an illustration we have described here the protocol of ECG-gated CT angiography
on a 64-section helical CT system (Somatom Sensation,
Siemens, Erlangen, Germany) performed in our department. Z-axis coverage is determined on a planning topogram from the root of the neck to the common femoral
artery bifurcation. A 100 mL bolus injection of intrave-
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B

AD
The most common pathology in AAS is AD that begins
as a tear or ulcer in the aortic intima allowing blood to
penetrate and disrupt the aortic media[2]. Haemorrhage
may also occur de novo within the media due to rupture of
the vasa vasorum leading to dissection. Irrespective of
the initiating cause AD involves separation of the aortic
layers and formation of a false lumen[10]. The false lumen
is separated from the true lumen by an intimomedial flap
(Figures 2-7). The dissection may then propagate in an
antegrade and/or less likely retrograde fashion with a po-
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A

B

C

Figure 2 A 47-year-old gentleman with Stanford type B aortic dissection. The dissection flap is flat in all the computed tomography angiographic images. The
ascending aorta is not involved and the true lumen is smaller in calibre and shows early and more intense enhancement than the false lumen at the level of the right
pulmonary artery (A). The small calibre true lumen gives rise to the coeliac axis (B) and is outlined by atherosclerotic calcifications (C).

A

B

D

C

Figure 3 Axial contrast enhanced magnetic resonance aortogram of the same patient as in Figure 2 with type B aortic dissection. In the arterial phase image
(A: Axial; B: Coronal 3D reconstruction; 30 s post injection) the true lumen is of small calibre and shows early intense contrast enhancement compared to the larger
false lumen. In the second delayed phase (70 s post injection) the enhancement between the lumens becomes more similar (C: Axial; D: Coronal 3D reconstruction).

A

B

Figure 4 A 35-year-old gentleman with Marfan’s syndrome and a type B aortic dissection. Axial images (A and B) from a computed tomography aortogram reveals an intimomedial flap (arrows) with strands of incompletely sheared aortic media or “cobwebs” seen in the descending thoracic aorta (dashed arrows).

tential to fenestrate back into the aortic lumen or rupture
out through the adventitia with life threatening consequences[11]. Dissection can extend into aortic branches and
when it involves major visceral arteries, it can lead to cata-
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strophic consequences such as a cerebrovascular event,
bowel ischemia, acute renal failure, limb gangrene etc.
Risk factors for dissection include hypertension,
smoking, trauma (typically road traffic accidents), vas-
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A

B

Figure 5 A 59-year-old lady with a type B aortic dissection. Axial images from a computed tomography aortogram show atherosclerotic calcifications outlining the
true lumen at the lower thoracic aorta (A). The true lumen is of smaller calibre and shows early and more intense enhancement than the false lumen at this level. More
inferiorly at the level of the left renal vein (B), eccentric intimomedial flap calcification (note the calcification along the true luminal aspect of the flap) is exquisitely
demonstrated.

cardial infarction. Type B constitutes all those dissections
that do not involve the ascending aorta. It more often
involves the descending aorta and is typically treated
medically with anti-hypertensive medications. Without
adequate management, uncomplicated type B dissections
have an estimated 10% mortality at 1 mo in comparison
to 50% for type A dissections[2,12]. Type B dissections
can be complicated by branch disruption and end organ
malperfusion, progression to type A dissection and rupture. The role of endovascular repair is well established
in Stanford type B lesions while in select situations it
may be performed even in type A lesions[14]. The aim of
endovascular intervention is to occlude the intimal tear
allowing for false lumen thrombosis and regression, typically by placing an aortic endograft. End-organ ischaemia
and malperfusion may also be improved by placement
of branch stents and the use of aortic fenestrations to
relieve compression of the true by a distended false lumen[1,14,15].
MDCT angiography has a sensitivity and specificity
of close to 100% for diagnosis of acute AD[16,17]. Cardiac
synchronisation should be performed to limit pulsation
artefacts in the ascending aorta, which on non-gated
MDCT are often the cause of false-positive findings of
a thoracic dissection. In AD, the role of MDCT angiography can be summarized as to identify[1,14,18]: (1) Sites of
primary entry and re-entry; (2) Intimomedial flap, false
and true lumen morphology along with the presence of
calcifications and thrombus; (3) Extent of the dissection
and involvement of the ascending and descending aorta;
(4) Evidence of rupture; (5) Involvement of the aortic
valve, coronary and aortic arch branches; (6) Abdominal
aortic branch patency and evidence of end-organ malperfusion; and (7) Morphology and diameter of the aorta
along with the patency, size and tortuosity of the iliac and
femoral arteries (useful for endovascular treatment planning).
The intimomedial flap forms a double-barrelled aorta
and separates the true from the false lumen[4]. This is seen
in approximately 70% of cases on MDCT angiography
and with three dimensional reconstructs the complex,

Figure 6 A 45-year-old with a type B aortic dissection. An axial image from
a computed tomography aortogram at the upper abdominal aorta shows the
“beak” sign (arrow): note the acute angle between the dissection flap and the
outer wall of the larger calibre false lumen. The “beak” or space formed by the
acute angle is filled with high-attenuation contrast-enhanced blood in this case
but it may stay unopacified when filled with clots.

cular inflammation (e.g., Takayasu’s arteritis) or infection
(e.g., syphilis) and genetic connective tissue disorders (e.g.,
Marfan’s and Ehlers-Danlos syndromes). Propagation of
the blood within the media to form a dissection requires
pre-existing medial degeneration or cystic medial necrosis, which leads to a weakened aortic wall and represents
the end point of many of the risk factors listed above[2,10].
Two anatomical classification systems exist for AD:
De Bakey and Stanford. The Stanford classification is
most commonly used as it has a direct bearing on the
subsequent therapy. Stanford type A dissections involve
the ascending aorta (proximal to the origin of the brachiocephalic artery origin) with or without aortic arch
or descending aorta (distal to the left subclavian artery
origin) involvement[2]. Type A dissections are typically
treated as a surgical emergency. Mortality is estimated at
20% in the first 24 h without immediate surgical management and approximately 40% in the first week[12,13].
Complications of type A dissection include aortic regurgitation, aortic rupture, tamponade and compromise of
the arch branches or coronary arteries leading to myo-
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A

B

Figure 7 A 37-year-old gentleman with Marfan’s syndrome and a type A aortic dissection. The axial image at the level of the left atrium shows an intimointimal
intussusception type dissection in the descending thoracic aorta with the true lumen surrounded by the false lumen (A and B; intimomedial flap highlighted by the arrows).

often spiralling nature of the dissection can be seen in
better detail[19]. Other appearances include a circumferential intimomedial flap due to complete dissection of the
intima. The true lumen takes on a cylindrical or filiform
shape and this may result in an intimointimal intussusception producing a “windsock” appearance (Figure 7).
Differentiation between the false and true lumen is useful for endovascular treatment planning as an endograft
should be placed within the true lumen[1,15].
The true lumen can usually be identified by tracing back or forth from an uninvolved portion of the
aorta; this may be difficult if the aortic root is involved
proximally or the dissection extends into the iliac vessels
distally[1,20]. In these cases the most useful imaging signs
include a false lumen that is larger in calibre than the
true lumen and the “beak”sign[20]. In most cases of acute
dissections the false lumen is larger in calibre than the
true lumen. This is likely due to sustained systolic pressure in the false lumen exceeding that of the true lumen
leading to compression. The “beak” sign (Figure 6) is
only seen in the false lumen and is often present in most
patients with dissection. It is usually noted both in acute
and chronic dissection and is defined as the presence
of an acute angle between the dissection flap and the
outer wall of the false lumen; the space formed by the
acute angle could be filled with high-attenuation material
(contrast-enhanced blood) or low-attenuation material
(hematoma)[21,22]. Other less common and less reliable
signs for differentiation between the true and false lumen
have been documented in the literature. The false lumen
may contain thrombus and fine ribbons of low attenuation (“cobwebs”), which likely represent strands of incompletely sheared aortic media (Figure 4)[22]. Differential
contrast enhancement between the true and false lumen
is not unusual with the true lumen often showing early
opacification with contrast in the arterial phase, while the
false lumen starts opacifying later in the portovenous and
delayed phase (Figure 3)[23]. The surface of the dissection
flap that is calcified generally involves the intimal surface
of the true lumen; this is described as eccentric flap calcification. The side of the flap subtending the false lumen
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will have soft tissue attenuation (Figure 5). In acute dissections the lumen with outer wall calcification tends to
be the true lumen. Along with eccentric flap calcification
this is due to the presence of atherosclerotic calcified
plaque in the aortic intima of the true lumen (Figures
2 and 5). A less useful sign is the curvature of the intimomedial dissection flap. Researchers have found equal
incidence of curvature of the flap towards or away from
the false lumen. However, in chronic dissections the dissection flap is more likely to be flat. This is likely due to
interval healing and development of fibrosis and thickening leading to reduced flap mobility[19,24].
A thrombosed dissection and an aneurysm with mural
thrombus may have a similar appearance. The following
features will aid the differentiation: (1) Mural thrombus
would not have a spiralling pattern like a dissection; (2)
Mural thrombus tends to have an irregular surface rather
than the smooth surface of the dissection flap; and (3)
in an aneurysm with mural thrombus, the calcium will be
along the outer wall while in the thrombosed false lumen
it would be along the flap. A thrombosed dissection can
be indistinguishable from intramural hematoma; however
the differentiation is of only academic interest since management stays the same in both conditions.

AORTIC IMH
Aortic IMH is considered a variant of dissection and is
characterised by bleeding of the vasa vasorum in the aortic media without intimal tear (Figure 8). It accounted for
5.7% of AAS in the International Registry of Acute Aortic Dissection (IRAD)[12,25]. The vasa vasorum may spontaneously rupture or haemorrhage may occur due to an
intimal defect/PAU[1]. IMH may progress to aneurysmal
dilatation and rupture (20%-45%), provoke a secondary
intimal tear that can progress to dissection (28%-47%),
or may regress (10%)[26]. The most common site of IMH
is in the descending aorta (approximately 2/3rds) and
risk factors are similar to those for dissection with hypertension being the most prevalent one[2,25]. The clinical
presentation of IMH is also similar to aortic dissection;
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Figure 8 A 61-year-old lady with severe chest pain, breathlessness and a prior history of atrial flutter. Computed tomography aortogram in the emergency
department shows hyperdense, eccentric wall thickening of the aortic wall consistent with an intramural haematoma (A, white arrow). A concurrent contrast enhanced
axial image at the same level shows no leakage of contrast into this thickened aortic wall (B). The intramural haematoma shows partial resolution at 1 mo (C) and
complete resolution at 6 mo (D).

A

B

Figure 9 Computed tomography aortogram in a 75-year-old man shows an intramural hematoma (note the eccentric wall thickening in the descending
aorta) with intimal surface defect (A: arrow). At one year follow up it has progressed into a frank penetrating ulcer (B: arrow).

chest pain is the usual symptom in ascending aortic IMH
while back pain accompanies descending aortic IMH[27].
IMH is classified along the lines of dissection into Stanford type A and B categories[1]. Stanford type A IMH is
typically treated surgically, with 30 d mortality of 14%
vs 36% for those treated medically[28]. In contrast, type B
IMH is initially treated medically with antihypertensive
medications with a 30-d mortality of 8%[27]. However,
close CT follow-up is recommended in these patients as
aneurysmal dilatation or progression to frank dissection
of the aorta will require emergency open surgical or endovascular repair[1,27].
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On MDCT, IMH is seen as a hyperdense, crescent
shaped region within the aortic wall on non-enhanced
CT[1,4,29]. No enhancement is seen and by definition no
intimomedial flap or tear should be visualized[30]. Unlike
a dissection that spirals down, IMH tends to have constant circumferential relationship with the aortic lumen.
With the higher resolution of modern imaging technologies, small projections or ulcerations can sometimes be
seen communicating between the aortic lumen and the
IMH[4,31]. Studies based on non-cardiac gated CT showed a
sensitivity of greater than 96% for the detection of IMH
using both unenhanced and contrast enhanced CT[1,32].
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Figure 10 A 62-year-old with acute chest pain. A computed tomography aortogram (A-coronal) shows a penetrating atherosclerotic ulcer at the proximal descending aorta with contrast seen within the aortic media (black arrows) and non-opacifying hyperdensity throughout the rest of the descending thoracic aortic wall compatible with intramural haematoma (white arrow). The axial image (B) shows the contrast extending within the aortic wall and splitting the same. The sagittal oblique reconstruction (C) gives a better demonstration of the penetrating atherosclerotic ulcer at the distal aortic arch (black arrow) with intramural hematoma and progressing
into an aortic dissection (white arrow).

patients[42]. Open surgical repair, typically with a synthetic
graft is performed in patients with ascending aortic PAU
(these are rare) and in patients with haemodynamic instability and high risk of rupture, e.g., rapid enlargement of
the lesion[1,18]. Endovascular graft placement in patients
with symptomatic PAU is an alternative with potentially
lower morbidity and mortality[43-45]. Sometimes, conservative management with antihypertensive therapy may be
adequate or may be the best option in PAU especially in
asymptomatic patients with involvement of the descending aorta and in those who are poor candidates for any
form of invasive treatment. The medically treated patients need at least an annual follow-up to assess for disease progression, which has a strong likelihood in initially
symptomatic patients[19,44,46,47].

PAU
This entity is a manifestation of advanced, severe atherosclerotic disease that leads to disruption of the aortic intima with extension of blood into the aortic media (Figure
9)[1,2,4]. This is in contrast to the underlying pathological
process in AD, which usually results from disease of the
media without any underlying atherosclerotic intimal
plaque[33,34]. Disruption of the media by the deep ulceration may lead to vasa vasorum haemorrhage and IMH
producing acute chest or back pain with risk of progression to aortic dissection[25,35]. PAU can also penetrate
beyond the aortic media leading to focal outpouching of
the adventitia, producing a pseudoaneurysm with risk of
frank rupture[4,29]. Saccular aortic aneurysms may represent the end point of such PAU[36].
PAU most commonly occurs in the descending thoracic aorta (90%) and is associated with type B IMH
in the majority of cases. It is seen as a focal contrastfilled outpouching into the aortic wall on MDCT (Figure
10) [37,38]. Other MDCT features include overhanging
edges with a focal bulge of the external aortic contour. It
can be differentiated from a benign atherosclerotic ulcer
as the latter would not have contrast extending into the
aortic media and would not be associated with an IMH[39].
Given the relationship with IMH the use of unenhanced
images can improve visualisation of crescentic high attenuation haemorrhage in the aortic wall along with displacement of intimal calcifications[1,22].
The natural history and management of patients with
PAU remains controversial. PAU tends to have a worse
prognosis than dissection with increased incidence of
rupture even if the ulcer is limited to the descending thoracic or abdominal aorta[25]. Most patients are symptomatic although in approximately a quarter of cases PAU
may present incidentally[1,40]. The condition typically occurs in elderly patients with multiple co-morbidities and
risk factors for atherosclerosis[41]. These factors, especially
underlying coronary and peripheral arterial atherosclerosis, may preclude open surgical repair in this group of
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UNSTABLE THORACIC AORTIC
ANEURYSM
Thoracic aortic aneurysms are relatively uncommon and
defined as the permanent dilatation of the aorta to more
than 150% of its usual diameter or greater than 5 cm.
True aneurysms tend to be fusiform and involve all three
layers of the aortic wall[48]. False or pseudoaneurysms are
typically saccular and often limited by the adventitia alone
(Figure 11). The most common cause for both types is
atherosclerosis (approximately 70%), although false saccular aneurysms often arise following surgery, trauma or
due to an infective/inflammatory aetiology[1,19,49].
Thoracic aortic aneurysms are often clinically asymptomatic but they are considered unstable when showing rapid increase in size or evidence of contained or
impending rupture on MDCT. Unstable thoracic aortic
aneurysms may be considered an AAS, especially when
symptomatic as they are clinically indistinguishable from
dissection, IMH or PAU[4]. The risk of rupture is related
to the diameter of the aneurysm sac, with a significantly
higher risk for those in the ascending aorta measuring
greater than 6 cm, and 7.2 cm in the descending aorta[50].
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Figure 11 A 68-year-old with chest pain and long standing hypertension. A saccular aneurysm is seen arising from the lateral aortic arch just distal to the origin
of the left subclavian artery on this computed tomography aortogram. Atherosclerotic calcifications are seen at the periphery of the aneurysm (A) and there is heterogeneous contrast opacification secondary to turbulent flow on the arterial phase (B). No evidence of rupture is apparent. The aneurysm was excluded using an aortic
stent graft as seen in the sagittal plane (C). The excluded sac has completely thrombosed with no endoleak as seen on an axial image (D).

On serial CT scans an annual increase in diameter of
the thoracic aortic aneurysm of at least 1 cm is also considered a sign of increased likelihood of rupture[19,51].
Other morphological MDCT signs of impending rupture
should also be taken into account for therapeutic decision
making. These include associated IMH with a high attenuating crescent in the aortic wall, discontinuity of circumferential intimal atherosclerotic calcifications within
a fusiform aneurysm, a “draped” aortic appearance conforming to the anterolateral contour of an adjacent vertebral body, eccentric or nipple like contour to the aorta,
and poor visualisation of the posterior aortic wall[1,19,52,53].
Frank rupture of a thoracic aortic aneurysm on MDCT
is suggested by peri aneurysmal fat stranding, mediastinal
haematoma, haemothorax most commonly on the left,
hemopericardium or pericardial effusion and evidence of
haemodynamic compromise, e.g., collapsed IVC[1,19].
Therapy should be considered for all symptomatic
aneurysms regardless of size due to the high risk of rupture. Otherwise surgical or endovascular therapy should
be considered for ascending thoracic aortic aneurysms
measuring greater than 5.5 cm, and those in the descending thoracic aorta measuring greater than 6 cm. Similar to
dissection open surgical or hybrid surgical and endovascular techniques are the mainstay of ascending thoracic
aortic aneurysm therapy[13]. Smaller aneurysms, typically
less than 5.5 cm in diameter can be followed up with serial CT or MRI on an annual basis. However those with
underlying genetic connective tissue predispositions to
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aneurysm formation such as Marfan’s syndrome should
be considered for therapy at smaller diameters. Overall
decision on when to intervene should be tailored to the
individual clinical scenario and involve an experienced
multidisciplinary team[1,19,54,55].

OTHER IMAGING MODALITIES AND
TECHNIQUES
This article has focused on the use of MDCT in the diagnosis and management of AASs while other imaging
modalities including conventional angiography, transoesophageal or transthoracic echocardiography and MRI
have a complimentary/alternative role in dealing with this
clinical problem. MDCT also has some disadvantages including radiation exposure and potential risk of contrast
induced nephropathy, which can be overcome by using
alternative methods. Conventional angiography is historically the gold standard for evaluation of AASs. However
it is invasive, unable to assess for IMH, and can lead
to false negative exclusion of dissection. Transthoracic
echocardiography can be used in the initial evaluation
of suspected AASs in the emergency department. The
technique can sometimes visualise the proximal extent
of an aortic dissection but can provide vital secondary
evidence of aortic root/valve dysfunction and pericardial
effusions or tamponade. Invasive transoesophageal echocardiography can then be considered for further detailed
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evaluation, and is especially valuable in unstable patients
as it can be performed at the bedside. In experienced
hands the technique has high sensitivity and specificity for ascending aortic dissection. It has the ability to
detect the entry and re-entry site of dissection and can
evaluate for the direction of flow within the false lumen.
Additional evaluation of the aortic valvular and left ventricular function is useful to exclude proximal extension
of the dissection into the aortic root and left coronary
artery respectively. Transoesophageal echocardiography is
of limited use at the proximal aortic arch since artefacts
from air in the adjacent right main bronchus interferes
with echocardiographic imaging. Other limitations of the
technique include inability to visualise surrounding structures in the mediastinum, and inadequate assessment of
anatomical detail required for planning endovascular or
hybrid therapy[1-3].
MRI is a useful modality in the assessment of AASs
but has limited scope in the emergency setting due to the
longer acquisition times and potentially limited availability[1,2]. In stable patients it has a role in confirming IMH,
when CT is indeterminate. It can provide high resolution
multiphasic images of the aorta without the use of ionising radiation[56]. Real time examination of the aortic root
and valve function can also be performed with MRI. This
modality is likely to play an increasing role in the followup of patients with AASs allowing for a comprehensive
assessment. MRI is also the modality of choice for patients with contraindications to CT and iodinated contrast[57].
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CONCLUSION
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MDCT is the modality of choice for the evaluation of
suspected AAS in the emergency setting. High sensitivity,
rapid acquisitions and easy access to the technique are its
major advantages over transoesophageal echocardiography and MRI. There is a wide base of expertise available
in interpreting MDCT with limited interpersonal variability in the inference. Most radiologists and vascular
surgeons are comfortable and confident of using this
modality in diagnosing and treating AAS. Detailed assessment of the morphology of the aorta using MDCT
allows for the classification of the interlinked AASs and
helps in determining the treatment. It permits assessment
of life-threatening complications associated with acute
aortic conditions. It is also useful in identifying some of
the other conditions such as acute pulmonary embolism
and pneumothorax that can mimic AAS.
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Coronary venous system in cardiac computer tomography:
Visualization, classification and role
Rafal Mlynarski, Agnieszka Mlynarska, Maciej Sosnowski
guidelines, it can be recommended that the visualization of the coronary venous system be performed in
certain patients before cardiac resynchronization. The
best option is to use tomography with retrospective
gating with the optimal reconstruction of cardiac veins
that occurs during the diastolic phases.
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Core tip: In the article role of the analysis of coronary
venous system in cardiac computed tomography (CT)
was presented. In the last 20 years, a few percutaneous cardiology techniques in which the anatomy of the
coronary venous system was significant were developed and are in use. The description of the selected
anatomical structures in CT is useful in selected cases
such as, for example, the obstruction of selected coronary veins, a huge Thebesian valve, etc.

Abstract
The role of the coronary venous system was underestimated for many years. In the last 20 years, a few percutaneous cardiology techniques in which the anatomy
of the coronary venous system was significant were
developed and are in use. The most important seems
to be cardiac resynchronization therapy, which is an
invasive method for the treatment of heart failure. Unfortunately, one of the major problems is the significant
anatomical variability of the coronary venous system.
The description of the selected anatomical structures
is only useful in selected cases such as, for example,
the obstruction of selected vessels, a huge Thebesian
valve, etc. The 3D images can add significant value;
however, their usefulness is limited due to the different
points of view that are obtained during intra-operational fluoroscopy. After summarizing all of the articles and
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INTRODUCTION
The role of the coronary venous system was not appreciated for many years. In the last 20 years, the number of
percutaneous cardiology techniques in which the anatomy of the coronary venous system was significant were
developed and are in use. The most important seems to
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Figure 1 Example of the three-dimensional (3D) anatomy of coronary vessels (arteries and veins). Posterior, lateral antero-lateral view of the heart; 3D volume
rendering projections. CS: Coronary sinus; MCV: Middle cardiac vein; PLV: Postero-lateral vein; ALV: Antero-lateral vein; AntV: Anterior vein; LAD: Left anterior descending artery; LCx: Circumfles branch of the left coronary artery; OM: Obtuse marginal artery; Diag: Diagonal branches of LAD.

be cardiac resynchronization therapy (CRT), which is an
invasive method for the treatment of heart failure[1-5].
The most recent European guidelines for this method
were published in 2012 and 2013[6,7]. In this method, an
additional left ventricle (LV) lead is placed in the target
coronary vein on the surface of the left ventricle. Proper
implantation provides the possibility of pacing the left
ventricle together with the classic pacing of the right
ventricle and usually the right atrium The most important
challenge of left ventricle lead implantation is the precise
placement in the area where the electrical parameters are
assumed to be optimal[8-10]. The lead is implanted via the
right atrium by the cannulation of the coronary sinus
(CS) ostium to the coronary sinus and the great cardiac
vein to the lateral or posterolateral veins (typically), which
are called the target veins[11,12]. Unfortunately, one of the
major problems is the significant anatomical variability of
the coronary venous system[13,14].

them together; it collects blood from the myocardium
and delivers deoxygenated blood to the right atrium. The
coronary sinus runs transversely in the right atrioventricular groove on the posterior side of the heart close to
the distal part of circumflex branch of the left coronary
artery[21-24]. The first branch, which is the beginning of
the great cardiac vein is the anterior vein, is sometimes
called the anterior interventricular vein and runs parallel
to the left descending artery[25].
The area between the anterior vein and the middle
cardiac vein is a place where more veins occur in different
variants. Depending on the area of drainage, they are called
the anterolateral, lateral, posterolateral and posterior veins.
There are no strict borders on the left ventricle in the nomenclature of veins. Their number and locations depends
on many factors (this will be the subject of a separate paragraph in this article due to its important function in many
invasive cardiovascular procedures). Another border of the
coronary venous system is the middle cardiac vein. The
middle cardiac vein begins close to the apex of the heart
and goes into the posterior interventricular groove and finally enters the coronary sinus close to the coronary sinus
ostium[15,26,27]. A three-dimensional (3D)/2D reconstructions of the coronary venous system in cardiac computed
tomography (CT) are presented in Figures 1 and 2.

ANATOMY OF THE CORONARY VENOUS
SYSTEM
The coronary sinus ostium is located in the posteroseptal area of the right atrium and is the final part of the
coronary venous system. The coronary sinus usually
begins in the place where the vein of Marshall (which is
sometimes called the oblique vein of the left atrium) is
typically connected to the great cardiac vein[9,15-18]. The
vein of Marshall is a small vein that courses on the surface of the right atrium with the ligament of the left vena
cava. Sometimes, the valve of Vieussens also occurs[19,20].
The role of the coronary sinus is to collect veins and join
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COMPUTED TOMOGRAPHY
Since the beginning of cardiac CT, different authors have
tried to examine the coronary venous system. At the very
beginning, the papers usually had only anatomical merit.
One of the first was Christiaens et al[25]. The authors
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Figure 2 Example of anatomy of coronary vessels in twodimensional (2D)/3D with reference to the coronary sinus.
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examined 50 consecutive patients using 16-row MDCT
(Siemens, Sensation 16). They were able to measure the
coronary sinus in two directions, which were 12.2 ± 3.6
in the antero-posterior and 15.3 ± 3.7 in supero-inferior
direction with a detailed analysis of the profile of the
coronary sinus branches. The first paper that described
the anatomical variants was the paper of Jongbloed
et al[28]. They examined 38 patients using 16-slice CT
(Toshiba, Aquilion 16) in which the insertion and continuity of the main tributaries, the number of antero and
posterolateral tributaries and the distances between the
main tributaries were evaluated. Another study using a
16-slice scanner was the study of Abbara et al[29]. The
authors used a 16-slice scanner (Siemens, Sensation 16).
The authors concluded the feasibility of CT coronary
venous imaging especially in the planning of transvenous
procedures where the cannulation of the coronary sinus
is necessary. In this paper, the authors used an imagequality scale using both conspicuity and contrast-to-noise
ratio (CNR), which is very precise; however, this was seldom used in papers that described the coronary venous
system. The paper of Tada et al[30] discussed the examination of 70 patients using an 8-slice detector. The authors
stressed that the venous flow shows an aphasic pattern
during the cardiac cycle. This can be a crucial element for
the image quality of the coronary venous system. In the
paper of Tada, the CVS was greater on the reconstructions that were performed during systole. It can be seen
that the images reconstructed in the diastolic phases can
cause an underestimate CVS and its tributaries that is
similar to the coronary arteries. Another paper describing the coronary venous system in cardiac CT using the
latest generation scanner is a paper by Genc et al[31]. The
authors prospectively examined 357 subjects who had undergone a cardiac CT due to coronary artery disease using a 128-slice Dual Source ECG-gated MDCT (Siemens).
All of the veins were visualized in all of the included
patients including at least one target vein for cardiac
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resynchronization. The posterior cardiac vein and the
left marginal vein were visualized in approximately 87%,
and the small cardiac vein in 20%. The results obtained
by Genc et al[31] suggested more detailed images when
compared to the older scanners (16-64 slices); however,
for a pre-procedural clinical analysis/visualization any of
the cardiac CT scanners should be acceptable; however, a
more detailed post-processing and analysis of the images
is recommended.
The above-mentioned papers influenced the evolution
of the imaging the coronary veins and were a prelude to
later papers.
The challenge is how to visualize the coronary venous
system in cardiac CT. In our earlier research, we documented that the optimal phases for reconstruction should
be performed during diastolic phases 30%-50% RR. It
can be easily performed on scanners with retrospective
gating despite the higher dose of radiation[32]. In Figures
3 and 4 we present the influence of the phase of reconstruction on the visualization of heart vessels-veins and
arteries.

IMAGES AND CARDIAC
RESYNCHRONISATION
A description of the selected anatomical structures is
only useful in selected cases such as, for example, the
obstruction of selected vessels, a huge Thebesian valve,
etc. The images do have added value; however, their
usefulness is limited due to the different points of view
that are obtained during intra-operational fluoroscopy in
comparison with 3D visualizations that are performed
using cardiac CT. We attempted to resolve this problem
in 2009. The results of our research were published in
the PACE journal[33]. We determined that the key features
that images must have are: (1) that they be similar in
quality to intra-operative fluoroscopy; (2) that they give a
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Figure 5 Proposed scheme of reconstruction necessary to fulfill cardiac resynchronization therapy requirements[15]. RA: Right atrium; CS: Coronary sinus;.

agent in the right heart. We were also able to visualize the
coronary venous system with the vein of Marshall (23%)
and the Thebesian valve in 41% of the patients. After
seven years of experience with this method, in most
cases we are able to obtain proper images. One prospective randomized trial in which Girsky et al[34] examined
the usefulness of venous cardiac CT angiography for the
facilitation of CRT implantation was also published. The
authors included 26 patients who had full qualification
for CRT-D implantation. The images of eight patients
were analyzed using electron-beam CT and 18 patients
using 64-slice CT. According to the methods described,
the authors used prospective gating to reduce the radiation. They also used a two-second delay for imaging the
coronary veins as a modification of routine coronary
arteries visualization. According to their results, the CT
images helped to decrease the time required for the cannulation of the coronary sinus and the total length of the
procedures. A significant reduction in the utilization of a
contrast agent, fluoroscopy and some of the equipment
that was used was also observed.
There are a few technical-anatomical challenges during the implantation of a left ventricle lead. According to
the Blendea and Singh[35], these can include: (1) Lack of
successful coronary sinus cannulation caused by the Thebesian valve or a strange (narrow) angle of entrance from
the right atrium; (2) Valve of Vieussens on the border
of the coronary sinus and the great cardiac vein; (3) Accidental placement of the LV lead into the vein of Marshall, which is unacceptable for LV pacing; (4) Coronary
sinus spasm or stenosis; and (5) Lack of target veinsposterolateral, lateral or sometimes anterolateral.
Images generated by cardiac CT can facilitate placement preparation of the procedure, shorten the time of
implantation or lower the exposure to X-ray.

Figure 3 Influence of the phase of reconstruction on the quality of reconstructions of the coronary arteries and veins. Posterior and antero-lateral
view of the heart; three-dimensional Volume rendering.
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Figure 4 Influence of the phase of reconstruction on the quality of reconstructions of the coronary arteries and veins. LAD: Left anterior descending
artery; Cx: Circumfles

semitransparent view of the heart; (3) that they show the
semitransparent bones, sternum and vertebral column
as a position reference for the implanting physician; (4)
that they provide the anterior-posterior (AP), left anterior
oblique (LAO) and right anterior oblique (RAO) views;
and (5) that they show 3D views in order to evaluate all
of the important anatomical aspects.
The cardiac veins are indicated using markers (3D arrows) that are added to the image during post-processing.
Finally, the heart is corrected in order to fulfill AP, LAO
and RAO-Figure 5[33]. By using this solution in 83 patients (74%), it was possible to obtain very similar images
to those that were obtained during the CRT implantation
procedure within all three views. In 24% patients, it was
not possible to obtain the AP view with the coronary
sinus and its ostium due to the large amount of contrast
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THEBESIAN VALVE
The Thebesian valve is the part of the cardiac anatomy
that can present problems during coronary sinus cannulation. It is a semicircular fold membrane of the right
atrium at the orifice of the coronary sinus, and it is a cau-
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Thebesian valve

Figure 6 Examples of thebesian valves in cardiac computed tomography; two-dimensional multi-planar reformatting projections.

dal remnant of the embryonic sinoatrial valve. It is situated at the base of the superior vena cava and sometimes
is called the coronary sinus guard dog[36,37]. The valve
may have a different size, shape or structure or it can
be completely absent[38-43]. One of the largest researches
that evaluated the Thebesian valve in autopsied hearts
was presented in the paper by Mak et al[36]. A wide variety
of Thebesian valve morphologies were observed in the
75 hearts that were examined, ranging from the absence
of the valve to cases in which the valve completely occluded the CS ostium. A Thebesian valve was present
in the majority of the hearts that were examined (55/75
hearts-73%). In a study of 50 human CSs of the heart,
Silver and Rowley showed that the Thebesian valve covered the ostium in 41% of the cases, including 20% that
were totally covered and in 26% of hearts that had an
increased weight[44]. In contrast, El-Maasarany et al[45] obtained different results. In their study, the valve was present in 87.5% (35/40)-in those cases it was a thin semilunar fold. In four of the 40 patients (10%), the valve had
the form of a narrow circular rim surrounding the ostium. The valve was absent in only one case. These differences between the researches indicate the huge anatomical variability of the coronary venous system. Based on
our research we proposed a tomographic classification of
the Thebesian valve[46]. Our paper was the first in which
a heart failure subgroup (EF < 40%) was examined. This
might be of special significance since this group is a po-
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tential target for cardiac resynchronization. In this group,
the prevalence of the Thebesian valve appeared to be significantly lower as compared to groups with a preserved
(41%-60%) or normal (approximately 60%) ejection
fraction. However, there were no significant differences
in the angle of entrance or in the CS diameter between
the groups. The prevalence of the valve in heart failure
patients is probably caused by atrial enlargement and the
stretching of the CS as well as the Thebesian valve. In
fact, the Thebesian valve can be relatively well described
in MSCT. None of the authors have suggested that any
special techniques are required for performing MSCT
to visualize the Thebesian valve. A precise evaluation of
a standard cardiac scan should be enough to describe
this valve. An example of the visualization of Thebesian
valve is presented in Figure 6.

INFLUENCE OF CARDIAC PATHOLOGIES
ON THE CORONARY VENOUS SYSTEM
Most percutaneous cardiological procedures are performed in patients with different pathologies of the heart.
The question of whether those pathologies significantly
influence the coronary venous system is interesting. Computed tomography of the heart is an ideal tool to perform
such research. In 2007 Chen et al[47] examined 23 consecutive patients with chronic systolic heart failure and an ejec-
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Figure 8 Mutual relations between coronary sinus/great cardiac vein and
circumflex branch of left coronary artery-twisted variant which is very risky
for LCx compression by PMA device; three-dimensional Volume rendering.
CS: Coronary sinus; GCV: Great cardiac vein; LCx: Circumflex branch.

Figure 7 Example of coronary venous system in patients after CABG;
three-dimensional Volume rendering.

tion fraction < 40%. The authors concluded that heart
failure extends the total length between the PIV and AIV
as compared to the control group. Similar results were
also obtained by our team[48]. During MSCT of patients
with heart failure, the average number of visible veins per
case was 3.44 in the HF group and 2.72 in patients with a
normal ejection fraction (P = 0.0246). The statistical correlation between a reduction in ejection fraction and an
increase in the number of veins was found (r = -0.2446,
P < 0.05). We also examined the influence of heart failure
on the variants of the coronary venous system and found
that for two of the seven common variants of the coronary venous system at least two target veins (posterolateral
and lateral) were presented for cardiac resynchronization.
We concluded that an association possibly exists between
a failing heart and cardiac venous retention.
Another important question is whether there are
some problems with performing MSCT in heart failure
patients. First of all, we have to look at the volume of
contrast agent because renal impairment often coexists
in HF patients, secondly because the use of beta blockers to stabilize the heart rhythm are often contraindicated
in these patients and finally these patients often have a
problem holding their breath, which is necessary in order
to avoid any motion artifacts[49]. Another important observation is the coronary venous system in patients after
bypass grafts[50]. We documented that the average number
of visible coronary veins in the CABG group was significantly higher (5.3 ± 1.3), while in the control group, it
was 3.1 ± 1.1 (P = 0.001). An example of such an image
is presented in Figure 7.

ies such as the AMADEUS trial[56,57]. Why is knowledge
about the anatomy so important? In selected patients,
a close relationship between the left circumflex artery
(LCx) and the coronary sinus can cause the LCx to be
accidently occluded during the placement of a device-an
example is presented in Figure 8. Computed tomography
allows the visualization of the relationships between the
mitral valve (MV), the LCx and CS and therefore the risk
of occluding the LCx can be minimized[58-60]. Mutual relations between coronary sinus / great cardiac vein and the
circumflex branch of left coronary artery-potential role
before percutaneous mitral annuloplasty are presented
in Figure 9. Several studies have confirmed the considerable anatomical variability in the relative positions of
the LCx, the CS and the MV. For example, Maselli et
al[61] examined the hearts of 61 patients who had died
of non-cardiological causes. In the era of non-invasive
procedures, visualization using MSCT can play a vital
role. One of the earliest studies was that of Maselli et al[61]
in 2007. The authors analyzed 105 consecutive patients
who had been referred for MSCT coronary angiography.
Patients were divided into three groups depending on the
presence of CAD and heart failure. They concluded that
the LCx, CS and mitral valve could be analyzed. Another
study evaluating the relationship of the coronary sinus
and great cardiac vein to the mitral annulus is a paper by
del Valle-Fernandez et al[62]. The authors reviewed 390 CT
angiograms in order to evaluate patients with a coronary
sinus that was more than 200 Hounsfield units in phases
40%, 75% and 0% RR, the absence of a mitral prosthesis and without any anomalies or diseases of the mitral
valve. A 64-slice scanner was used in this research and 56
patients were chosen for the final analysis. The authors
were able to precisely evaluate the anatomical relationship between the mitral annulus and the coronary sinus.
They concluded that the distance between the CS and the
mitral annulus varies along the cardiac cycle. The authors
also found that the LCx lies between the CS and the mitral annulus in 86% of the subjects that were included.

PERCUTANEOUS MITRAL
ANNULOPLASTY
Percutaneous mitral annuloplasty (PMA) is another
method in which the visualization of the coronary venous system is important. In this technique devices are
implanted into the coronary sinus and the great cardiac
vein in order to reduce mitral ischemic regurgitation[51-55].
Its safety and usefulness were evaluated in human stud-
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Figure 9 Mutual relations between coronary sinus/great cardiac vein and circumflex branch of left coronary artery - potential role before percutaneous mitral annuloplasty; three-dimensional Volume rendering. CS: Coronary sinus; MCV: Middle cardiac vein; PLV: Postero-lateral vein; ALV: Antero-lateral vein; AntV:
Anterior vein; LAD: Left anterior descending artery; LCx: Circumfles branch of the left coronary artery.

PLACE ON INTERNATIONAL GUIDELINES

LIMITATIONS OF COMPUTED
TOMOGRAPHY BEFORE
ELECTROPHYSIOLOGY PROCEDURES

Most papers have had a huge influence on the creation
of clinical guidelines-in the 2010 version of the appropriate use criteria for cardiac CT, noninvasive coronary
vein mapping prior to the placement of a biventricular
pacemaker received an A (8), which means that it is
highly recommended[63]. When the imaging technology
was evaluated and the images started to have an acceptable quality and became more common, creating clinicalpractical guidelines was only a matter of time. The most
important seem to be the 2012 EHRA/HRS expert consensus statement on cardiac resynchronization therapy
in heart failure: implant and follow-up recommendations
and management[64]. In this document some key elements
of using CT before cardiac resynchronization were outlined including the statement that cardiac CT angiography
provides a detailed assessment of the coronary arteries
and can image and quantify the coronary venous system,
including branch vein variability and potential obstacles
to placement prior to a CRT procedure in individual
patients. There are also limited data suggesting that preprocedural knowledge about the 3D coronary venous
anatomy can facilitate CRT by decreasing the length of
the procedure, the time that the patient is receiving radiation and the utilization of guide catheters. The authors
also stressed that the target population for cardiac resynchronization-the heart failure population-is not the overall population and can cause some difficulties such as the
necessity of using a contrast agent during CT, the ability
to do a breath-hold, proper renal function and sometimes
the necessity of using intravenous B-Blockers to control
the rhythm, which can be contraindicated in the heart
failure population.
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As was written previously, and underlined in the guidelines,
CT is not an examination for the entire population. There
are some limitations that apply mostly to patients with heart
failure who are potentially qualified for CRT such as: (1)
Necessity of a breath hold-elderly patient with advanced
heart failure can have problems with this and this can cause
motion artifacts; (2) Heart rhythm below 65/min-a higher
value than 65/min sometimes requires the administration
of Beta Blockers, which can be contraindicated in this population; and (3) During procedures like CRT a large amount
of contrast agent, which is also used during CT, is used.
This can cause significant problems in the population who
suffer from renal failure-prophylaxis of contrast-induced
nephropathy should be implemented.
Some physicians are also afraid of the dosage of radiation, which is substantial during CT. Fortunately, progress in the manufacture of CT scanners means that this
dosage is continuously decreased by the new techniques
that are used in the latest scanners. An example of this
is the visualization of the pulmonary veins with a low
dosage by using a dual source CT[65]. To date there are
no data to support a direct link between CT imaging and
a future risk of developing cancer; however, health care
practitioners should make every effort to minimize their
patients’ radiation exposure[66].

CONCLUSION
After summarizing all of the articles and guidelines, it can
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be recommended that the visualization of the coronary
venous system be considered in certain patients before
cardiac resynchronization. The best option is to use tomography with a retrospective ECG gating. Typically,
the optimal reconstruction of cardiac veins is during the
diastolic phases (30%-40% and 50%) and in our opinion
this might complement the standard reconstruction for
coronary arteries. If a candidate for CRT had an MSCT
examination with retrospective gating performed earlier,
it is possible to refer to this exam and reconstruct the
coronary venous system without exposing the patient to
additional radiation. However, it is necessary to remember that because some diseases or the progress of some
diseases can significantly influence the coronary venous
tree anatomy, the period between the MSCT exam and
CRT should not be too long. In most cardiac resynchronization centers, CRT is almost a routine procedure-it is
difficult to recommend MSCT visualization as a routine
procedure because intra-operational fluoroscopy is usually enough for the proper implantation of a left ventricle
lead. However, in certain cases where difficulties in cannulation are expected, a pre-procedural MSCT should be
considered.
Considering and recommending MSCT before percutaneous mitral annuloplasty is too early because of
the lack of experience with this method, even in cases in
which some device had received a CE mark. However,
in such a situation, parallel reconstruction during the
systolic (70%-80%) and diastolic phases (30%-40%-50%)
should be considered in order to define the anatomical
relation between the mitral valve, the coronary sinus and
the circumflex branch of the left coronary artery with the
highest precision.
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of cardiotoxic effects. Although echocardiography and
cardiac magnetic resonance are the most commonly
used imaging techniques for cardiotoxicity assessment,
greater attention is focused on new nuclear cardiologic
techniques, which can identify high-risk patients in the
early stage and visualize the pathophysiologic process
at the tissue level before clinical manifestation. The
aim of this review is to summarize the role of nuclear
imaging techniques in the non-invasive detection of
myocardial damage related to antineoplastic therapy at
the reversible stage, focusing on the current role and
future perspectives of nuclear imaging techniques and
molecular radiotracers in detection and monitoring of
cardiotoxicity.
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Core tip: Cardiomyopathy is a potential complication of
various anticancer drugs, such as anthracyclines and
biological therapy. Left ventricular dysfunction is the
most common manifestation of cardiotoxicity and is
monitored with left ventricular ejection fraction measurement, but it is a late manifestation of myocardial
injury. Thus, the cardiologist and oncologist should
collaborate to identify new non-invasive techniques to
detect cardiac dysfunction at an early and potentially
reversible stage, before the onset of clinical manifestation. To achieve this aim, nuclear imaging techniques
may offer good future perspectives for early detection
of myocardial damage using novel molecular tracers.

Abstract
Cardiotoxicity as a result of cancer treatment is a novel
and serious public health issue that has a significant
impact on a cancer patient’s management and outcome. The coexistence of cancer and cardiac disease
in the same patient is more common because of aging
population and improvements in the efficacy of antitumor agents. Left ventricular dysfunction is the most
typical manifestation and can lead to heart failure. Left
ventricular ejection fraction measurement by echocardiography and multigated radionuclide angiography
is the most common diagnostic approach to detect
cardiac damage, but it identifies a late manifestation
of myocardial injury. Early non-invasive imaging techniques are needed for the diagnosis and monitoring
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chemotherapy-related cardiomyopathy[12]. It provides reproducible and noninvasively assessment of LV volume,
mass and function[13,14]. Moreover, several studies[13,15,16]
emphasized its role in early detection of myocardial damage, however high cost and low availability limit clinical
routine use.
Although ECHO and CMR are the two most commonly used imaging techniques for non-invasive chemioterapic myocardial toxicity assessment, nuclear imaging
may still have a role in the evaluation and monitoring of
cancer patients treated with cardiotoxic drugs. Besides
providing sensitive and accurate estimation of LVEF,
nuclear imaging techniques using specific radiotracer
molecules represent an emerging tool for non-invasive
detection of biological processes preceding anatomical
involvement and physiological consequences of myocardial damage induced by antineoplastic drugs (Tables 1
and 2).
In this review we will summarize the role of nuclear
cardiology in the non-invasive detection of myocardial
damage related to antineoplastic therapy, focusing on the
current role and future perspectives of nuclear imaging
and molecular radiotracers in the assessment of cardiac
toxicity.

E, D’Amato M, La Mura L, Fabiani I, Fusco F, Perrone Filardi
P. Nuclear imaging in detection and monitoring of cardiotoxicity. World J Radiol 2014; 6(7): 486-492 Available from: URL:
http://www.wjgnet.com/1949-8470/full/v6/i7/486.htm DOI: http://
dx.doi.org/10.4329/wjr.v6.i7.486

INTRODUCTION
Over the last few decades, early diagnosis and development of new antitumor agents have significantly improved the survival of cancer patients. However, conventional and new oncologic drugs frequently have a wide
range of cardiac adverse effects, in particular myocardial
toxicity. Anthracyclines (doxorubicin, epirubicin), cyclophosphamide, monoclonal antibodies (trastuzumab) and
other tyrosine kinase inhibitors (TKIs) are antineoplastic
drugs more frequently associated with cardiotoxicity[1].
These drugs may cause irreversible damage, such as that
induced by anthracyclines, through free radical production, adrenergic function alteration and cardiac myocyte
death due to calcium overload[2,3], or potential completely
reversible dysfunction, like that related to TKI administration[4].
Left ventricular (LV) dysfunction is the most typical
manifestation of cardiotoxicity and it contributes to increased mortality during chemotherapy[5]. Cardiotoxicity
has been defined by the Cardiac Review and Evaluation
Committee supervising trastuzumab clinical trials[6] as:
(1) a decrease in cardiac LV ejection fraction (EF), either
globally or more severe in the septum; (2) the onset of
symptoms associated with congestive heart failure (HF);
(3) the presence of signs associated with congestive HF;
and (4) a reduction in LVEF from baseline of at least
5% to below 55% with signs and symptoms of congestive HF, or a decline in LVEF of at least 10% to below
55% without signs and symptoms of congestive HF. The
serial assessment of LVEF is the most common modality for detection of cardiotoxicity and a reduction more
than 10% from baseline or a decrease in LVEF below
50% are considered interruption criteria for anticancer
drugs administration[7-9]. Notwithstanding, guidelines do
not specify the timing and the duration of follow-up and
what technique is preferable to assess LV function during
and after cancer treatment[10].
Echocardiography (ECHO) plays an important role in
evaluation and monitoring of cancer patients treated with
cardiotoxic antineoplastic drugs due to its availability and
repeatability. Conversely, inter- and intra-observer variability during serial measurement of LVEF and underestimation of myocardial contractile dysfunction should be
considered. To overcome these limitations, novel echocardiographic techniques, such as tissue velocity imaging
and strain imaging, could be used to detect the presence
of myocardial contractile dysfunction before impairment
of LVEF[11].
In addition, cardiac magnetic resonance imaging
(CMR) is a well recognized imaging technique to screen
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99M

TC-MUGA

Multigated radionuclide angiography (MUGA) is a noninvasive technique using 99mTc-erythrocytes to visualize
the cardiac blood pool through a γ camera with gated
acquisition[17]. The series of heart planar images at each
stage of the cardiac cycle permit accurate and highly
reproducible quantification of LV volumes and LVEF
during cancer therapy[18]. However, its use may be hampered by soft tissue attenuation artifacts and may expose
patients to ionizing radiation[14,19]. In 28 patients treated
with increasing cumulative doses of doxorubicin for nonHodgkin lymphoma, Nousianen et al[20] documented that
a MUGA scan had 90% sensitivity and 72% specificity
for predicting development of chronic HF. However,
the results of this little prospective study were not confirmed by a large retrospective study[21] conducted on 630
patients randomized to increasing dose of doxorubicin
or placebo. In fact, Swain et al[21] observed that 66% of
patients experiencing doxorubicin-related chronic HF
showed no clinically relevant decline in LVEF value assessed by MUGA scan from baseline levels (ranging from
0 to 30% of the absolute value), suggesting that it is not
accurate in HF prediction.
99m

TC GBPS

99m

TC gated blood-pool SPECT (single photon emission
computed tomography) is a nuclear technique enabling
acquisition of 3-dimensional scanned images. 99mTC gated
blood-pool SPECT provides information on LVEF, right
ventricular EF and wall motion useful for monitoring
and personalizing therapy in HF patients[21]. A good cor-
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Table 1 Radiotracer for cardiac nuclear imaging
Technique
SPECT

Tracer
99m

Tc-erythrocyte
In-antimyosin
123
I-MIBG
111
In-Tz
99m
Tc-annessin V
123
I-BMIPP

Contractile function
Imaging necrosis/cell death
Neuronal imaging(presynaptic uptake and storage)
Therapeutic target imaging
Imaging necrosis/cell death
Fatty acid use

18

Glucose metabolism
Visualize inhibition of neurotransmission

111

PET

Action

F-FDG
Presynaptic tracers
true catecholamines
18
F-6-fluorodopamine
11
C-epinephrine
catecholamine analogs
11
C-HED
11
C-phenylephrine
18
F-6-fluoro-metaraminol
Postsynaptic tracers
11
C-CGP12177
11
C-CGP12388
11
C-GB67

False neurotransmitters

Visualize transmission of sympathetic signal to target tissue

SPECT: Single photon emission computed tomography; PET: Positron emission tomography; HED: Hydroxyephedrine; FDG: Fluorodeoxyglucose; 123I-BMIPP: 123I-15-(p-iodophenyl)-3-(R,S)-methylpentadecanoic acid.

relation between gated blood-pool SPECT and MUGA
in LVEF estimation was documented[22]. However, gated
blood-pool SPECT tends to underestimate LVEF values
(33% ± 13%)[23] compared with MUGA (41% ± 14%, P
= 0.001), first-pass radionuclide ventriculography (45% ±
13%, P < 0.0001) and echocardiography (37% ± 15%, P
= 0.004).

and no significant change in patients treated with a dose
of 240-300 mg/m2. Moreover, patients with heart-to-lung
ratio (HLR) ≥ 1.90 at a cumulative anthracycline dose of
240-300 mg/m2 developed a reduction in LVEF greater
than 10% at a subsequent cumulative doxorubicin dose
of 420-600 mg/m2. These data encouraged the use of
antimyosin scintigraphy to identify patients with a high
risk of developing systolic LV dysfunction when treated
with an increasing dose of chemotherapeutic drugs. In
addition, Valdés Olmos et al[26] observed that patients with
a persistent reduction in LVEF after chemotherapy had a
significantly higher HLR value (1.83 ± 0.37) than patients
with transient LVEF decrease (1.52 ± 0.21; P < 0.01),
revealing that cardiac uptake of 111In-antimyosin could
also be useful in discriminating between patients with
transient and persistent LV dysfunction and in guiding
clinical decisions about discontinuation of anthracycline
therapy.

111

IN-ANTIMYOSIN SPECT

The immunoscintigraphic agent 111In-antimyosin is a specific marker for myocardial cell injury and necrosis, binding to intracellular myosin when sarcolemma disruption
occurs and the cell is irreversibly damaged. It has been
studied in myocardial infarction, myocarditis, cardiac
transplant rejection and anthracycline cardiotoxicity[24].
111
In-antimyosin SPECT can play a role in subclinical
assessment of LV dysfunction as documented in several
studies[24,25]. Estorch et al[25] showed an increased uptake of
111
In-antimyosin after anthracycline chemotherapy (doxorubicin or mitoxantrone) in breast cancer patients without cardiovascular risk factors or previous chemotherapy
or mediastinal radiotherapy, and the degree of myocardial
antimyosin uptake was associated with changes in LVEF.
Moreover, the presence in some patients of radiotracer
uptake not associated with a significant reduction in
LVEF after chemotherapy suggested the potential use of
this technique to detect cellular damage before the onset
of LV functional impairment, allowing the identification
of patients at risk of HF. Similar results have also been
obtained by Carrió et al[24], who documented a significant
reduction in LVEF after chemotherapy in patients treated
with an anthracycline dose of 420-600 mg/m2 (P < 0.001)
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123

I-METAIODOBENZYLGUANIDINE

SPECT
123

I-metaiodobenzylguanidine (123I-MIBG) SPECT is a
promising technique for detection of early anthracycline
injury and for identification of patients at high risk of
developing cardiotoxicity.
Chemotherapy-induced cardiomyopathy activates a
compensatory response that increases adrenergic sympathetic and renin-angiotensin system activity to preserve
organ perfusion[27]. In patients with chronic HF, increased
norepinephrine (NE) release, depletion of NE deposits
and downregulation of human NE transporter (hNET1)
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Table 2 Techniques used for detection of anticancer therapy cardiomiopathy
Methods

Advantages

Limits

Echocardiography

Non-invasive
Inter- and intra-observer variability
Absence of adverse effects
Low sensitivity of EF assessment for early diagnosis
Analysis of systolic and diastolic function
Tissue velocity imaging and strain imaging useful for
early detection of subclinical alteration
Magnetic resonance imaging
Accurate heart anatomic description
Limited availability
Absence of radiation exposure
High costs
Accurate and reproducible EF assessment
Not applicable in patients with metallic device
Cardiac innervation assessment
Low information about its role in the early detection
Multiple-gated acquisition scintigraphy High sensitivity and specificity EF assessment
Low sensitivity of EF for early diagnosis
No inter- and intra-observer variability
Less information about diastolic function
Radiation exposure
Positron emission tomography
Myocardial metabolic and perfusion evaluation
Limited availability
EF: Ejection fraction.

have been shown [28]. 123I-MIBG is a norepinephrine
analogue, showing the same uptake, storage and release
mechanisms of NE. Unlike NE, MIBG is not metabolized by catechol-o-methyl transferase and monoamine
oxidase[29]; so, labelled with 123I, it can be used to generate
scintigraphic images of cardiac efferent sympathetic innervation. After 123I-MIBG administration, early (15 min)
and late (4 h) post injection images are acquired to determinate heart to mediastinal ratio (H/M) and washout rate
(WR). Consequently, increased NE in the cardiac synaptic
space and a reduction in the presynaptic space, induced
by HF, reduced MIBG cardiac uptake and accelerated the
washout rate.
Studies[30,31] conducted in asymptomatic patients treated with anthracyclines revealed that 123I-MIBG was useful
for assessment of myocardial adrenergic derangement
and identification of patients at risk of developing cardiotoxicity. In addition, in 36 patients undergoing MIBG
scintigraphy who had a diagnosis of sarcoma and no
history of cardiac disease or previous cancer treatment,
Carrió et al[30] found an insignificant decrease in LVEF
and MIBG uptake at an intermediate cumulative dose of
doxorubicin (240-300 mg/mg2). However, when a high
cumulative dose of doxorubicin 420-600 mg/m2 was
used, the experimenters documented a significant impairment of 123I-MIBG uptake (P < 0.001) and a reduction in
LVEF (P < 0.05), and proposed that the degree of H/M
reduction was also correlated with the dose of anthracycline administrated.

can be used to evaluate the myocyte HER2 expression
and the risk of development LV dysfunction in patients
treated with this drug[32].
In a small study, Behr et al[33] investigated 111In-Tz
scintigraphy in 20 patients with metastatic breast cancer
expressing the HER2/neu receptor, pre-treated with
anthracyclines and scheduled for administration of Tz as
second-line therapy. They documented myocardial 111InTz uptake prior to Tz in 7 patients; of these, 6 developed
clinical HF (II-IV NYHA class), whereas none of 13
patients without uptake had adverse cardiac events, suggesting that pre-treatment scanning with 111In-Tz could
predict cardiotoxicity. In contrast to these results, Perik
et al[34] documented increased 111In-Tz uptake at the start
of trastuzumab therapy only in 1 of 17 studied patients,
who had received extensive anthracycline pre-treatment,
and normal 111In-Tz uptake at baseline scintigraphy in 3
patients who developed Tz-induced cardiomyopathy.
99M

TC-ANNEXIN V SPECT

Apoptosis of myocardial cells plays a critical role in the
onset of cardiomyopathy and has been observed in several conditions, such as hypoxia, ischemia, cardiac overload, acute myocardial infarction, anthracycline-induced
cardiomyopathy and end-stage HF. In apoptotic cells, the
early stage is characterized by activation of proteases and
sphingomyelinases and consequent exposure of phosphatidyldserine molecules on the outer surface of the cell
membrane. 99mTc-annexin V has a high affinity for the
exposed phosphatidylserine molecule and thus allows imaging of apoptotic cell death[35].
In animals, annexin V scintigraphy has been used
to assess acute and chronic doxorubicin-induced cardiomyopathy based on early apoptosis. Increased 99mTcannexin V uptake was observed in the myocardium of
doxorubicin-treated animals and cardiac oxidative stress
was confirmed by histological analysis[36,37].
Further studies are needed of the clinical use of this
radiotracer, in particular early identification of myocardial

111

IN-TRASTUZUMAB SPECT

In cancer patients, anthracyclines can increase the levels
of human epidermal growth factor receptor 2 (HER2)
expressed by myocytes. In patients pre-treated with anthracyclines, trastuzumab, a chemotherapic agent with a
direct effect on HER2, often causes cardiotoxicity, likely
as a result of the inhibition of cardiac HER2 that activates the apoptotic pathways and amplifies anthracycline
oxidative stress. Thus, 111In-trastuzumab (111In-Tz) SPECT
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ated with HF[45]. PET provides several advantages over
SPECT, with higher spatial and temporal resolution and
routinely available attenuation correction. In addition,
PET radiotracers more closely resemble the endogenous
neurotransmitters than 123MIBG used for SPECT imaging, and the variety of available tracers may allow for
more detailed analysis of neuronal signalling[46]. There
are two types of presynaptic positron-emitting tracers
to assess the presynaptic sympathetic integrity in the
heart, radiolabeled catecholamines and radiolabeled catecholamine analogs. The first type behaves identically to
endogenous neurotransmitters, thus it is metabolically
active and can complicate kinetic data analysis. Catecholamine analogs work as false neurotransmitters and are
incapable of following the entire metabolic pathway of
true catecholamines. Instead, postsynaptic tracers transmit the sympathetic signal to target tissue. Compared
with the availability of presynaptic tracers, only a small
number of tracers for postsynaptic neuronal imaging are
clinically used. Experimental studies showed a significant
reduction in the amount of LV β-adrenoceptors[47] and
11
C-hydroxyephedrine in HF catecholamine uptake[48,49]
associated with LV dysfunction. Thus, studies are needed
to validate this new radiotracer in the cardio-oncology
field.
However, the complexity of most of the radiolabeling
ligands, the requirement of laborious and specific knowledge, the high cost and the low availability limit clinical
use of PET.

damage related to antineoplastic drugs.
123

I-15-(P-IODOPHENYL)-3-(R,S)METHYLPENTADECANOIC ACID SPECT
Taxanes are used in the treatment of breast, lung and
ovarian cancer, and they can cause ischemia, arrhythmias
and HF. Taxanes can impair the microtubular transport
system in cardiomyocytes, resulting in failure to store free
fatty acids in the cytosol lipid pool and impairment of
mitochondrial free fatty acid uptake for beta-oxidation.
123
I-15-(p-iodophenyl)-3-(R,S)-methylpentadecanoic acid
(123I-BMIPP) scintigraphy has been used to assess this
biochemical perturbation in free fatty acid oxidation[38].
Saito et al[38] showed significantly lower BMIPP uptake
scores after chemotherapy than those before treatment
(23.4 ± 3.4 vs 26.6 ± 0.8, P < 0.001). Moreover, 6 of 25
studied patients, who developed LV dysfunction, also had
a significant decrease in total BMIPP uptake scores, suggesting the use of 123I-BMIPP SPECT for detecting of
taxane-induced cardiotoxicity. The value of 123I-BMIPP
in prediction of cardiotoxicity was also documented in
36 patients with various malignancies treated with doxorubicin[39]. In this study, Saito et al[39] showed a significant
dose-related reduction in 123I-BMIPP uptake (0.095 ± 0.25
vs 0.071 ± 0.019; P < 0.001) after doxorubicin chemotherapy and a higher rate of LV dysfunction development
in patients with decreased uptake, but with normal LVEF
at echocardiography.

CONCLUSION

POSITRON EMISSION TOMOGRAPHY

Cardiotoxicity is one of the principal adverse effects of
anticancer therapy of clinical and prognostic importance.
LVEF reduction is the most valid criterion to assess the
presence of myocardial damage during or after chemotherapy. However, changes in LVEF occur when a critical
amount of myocardial damage has taken place and compensatory mechanisms are exhausted[50]. Thus, cardiologists and oncologists should work together to identify
new non-invasive, sensitive and non-expensive diagnostic
tools that can accurately recognize cardiotoxicity at the
subclinical stage to reduce cardiac morbidity and mortality in cancer patients. Further interesting future perspectives in early detection of myocardial damage are offered
by nuclear imaging using new molecular tracers which
may be able to identify patients at high risk of developing
LV dysfunction during and after cancer treatment. Several studies are needed to validate the clinical application
of new molecular markers for the identification of early
cellular damage.

Positron emission tomography (PET) is the gold standard
technique to assess myocardial metabolism and perfusion
due to its high spatial and temporal resolution and high
diagnostic sensibility and accuracy. Cardiac PET radiotracers are divided into two categories, those evaluating
myocardial perfusion and those evaluating myocardial
metabolism.
In the cardio-oncologic field, PET is useful for the
diagnosis of metastatic lesion and assessment of the
response to chemotherapy. However, fluorine-18-fluorodeoxyglucose (18F-FDG)-PET imaging is used to monitor
the response to treatment of primary cardiac lymphoma[40,41] and to evaluate metastatic pericardial involvement[42]. The role of PET in the early detection of cardiotoxicity is still debated. Nony et al[43] showed a significant
decrease in LVEF (P = 0.046) assessed by radionuclide
angiography after treatment with doxorubicin, but no
significant effect was observed in myocardial blood flow
evaluated with PET in 6 female cancer patients without
heart disease. Recently, Borde et al[44] analyzed changes
in myocardial glucose metabolism using FDG-PET and
suggested increased glucose utilization was evidence of
cellular alteration preceding the cardiotoxicity cascade in
patients treated with adriamycin.
Like SPECT, PET imaging can play a key role in the
evaluation of cardiac autonomic dysfunction associ-
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Role of cardiac CTA in estimating left ventricular volumes
and ejection fraction
Robin Man Singh, Balkrishna Man Singh, Jawahar Lal Mehta
ment of semi-automated and automated software to
measure LVEF has now added uniformity, efficiency
and reproducibility of practical value in clinical practice
rather than just being a research tool. This article will
address the feasibility, the accuracy and the limitations
of MDCT in measuring LVEF.
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Core tip: Left ventricular ejection fraction (LVEF) is an
important predictor of cardiac morbidity and mortality. Different noninvasive and invasive techniques are
now available to measure LVEF. Multi-detector row CT
(MDCT) has seen a very rapid improvement in the technology for identifying coronary artery stenosis. Using
the same data set without additional contrast or radiation exposure, MDCT provides a unique opportunity to
measure LV volumes and LVEF with great reliability and
adds incremental value. This article will address the
feasibility, the accuracy and the limitations of MDCT in
measuring LVEF.

Abstract
Left ventricular ejection fraction (LVEF) is an important predictor of cardiac outcome and helps in making
important diagnostic and therapeutic decisions such
as the treatment of different types of congestive heart
failure or implantation of devices like cardiac resynchronization therapy-defibrillator. LVEF can be measured
by various techniques such as transthoracic echocardiography, contrast ventriculography, radionuclide
techniques, cardiac magnetic resonance imaging and
cardiac computed tomographic angiography (CTA). The
development of cardiac CTA using multi-detector row
CT (MDCT) has seen a very rapid improvement in the
technology for identifying coronary artery stenosis and
coronary artery disease in the last decade. During the
acquisition, processing and analysis of data to study
coronary anatomy, MDCT provides a unique opportunity
to measure left ventricular volumes and LVEF simultaneously with the same data set without the need for
additional contrast or radiation exposure. The develop-
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INTRODUCTION
Ischemic heart disease (IHD) is the leading cause of morbidity and mortality in developed countries[1]. LVEF can
provide valuable diagnostic, prognostic and therapeutic
information[2,3]. LVEF, LV volume and mass are inde-
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pendent cardiac predictors of morbidity and mortality
in patients with IHD[2-4]. LVEF is an important parameter which is needed to make clinical decisions to guide
medical or surgical therapy, and assess prognosis and
outcome[5]. Various noninvasive and invasive techniques
have evolved over time to measure LVEF and cardiac
volumes such as echocardiography[6,7], radionuclide ventriculography[8], cardiac MRI[9,10], and contrast ventriculography (CVG) in patients undergoing invasive cardiac
catheterization. Echocardiography is the most commonly
used technique to measure ventricular dimensions and
LVEF in clinical practice, due to its ease, cost, portability,
reproducibility, noninvasive nature and lack of radiation
or contrast exposure. In patients undergoing cardiac computed tomographic angiography (CTA) to study CAD, it
is now feasible to measure LV volume and LVEF using
the same data set without the need for additional contrast or radiation exposure. Single detector row helical
computed tomography (CT)[11] has been used to measure
LVEF. However, this technique has limitations in studying coronary anatomy. Electron beam CT (EBCT)[12,13],
with high temporal resolution of 50 milliseconds seems to
give good measurement of LVEF, but the superiority of
MDCT over EBCT in the detection of coronary stenosis
in clinical practice has resulted in MDCT being the preferred imaging modality amongst cardiac CTA to detect
coronary artery stenosis due to its ability for retrospective
gating and higher spatial resolution despite lower temporal
resolution. MDCT has been used to measure LVEF[14,15]
and has been shown to be in good agreement with other
techniques such as echocardiography, CVG, radionuclide
techniques and MRI.

Developments in software technology have made it
possible to post-process and create multi-planar reconstructions from these large numbers of original axial
images in a very time efficient manner. This has made it
possible to obtain reliable coronary anatomy imaging in
most cases. Although limited by both spatial and temporal resolution compared to invasive coronary angiography,
this technique of noninvasive coronary angiography by
MDCT has come as close as possible to defining coronary anatomy and stenosis without the need for invasive
cardiac catheterization in many cases. Hence, MDCT is
being increasingly used in the evaluation of chest pain to
detect CAD in appropriate subsets of patients.
Excellent visualization of bypass grafts and the 3-dimensional relationship between anomalous coronary
artery origin and course have made this the test of choice
for evaluation of bypass grafts and coronary anomalies. The study of pulmonary venous anatomy prior to
pulmonary vein isolation ablation procedures and the
integration of MDCT images in the electrophysiology
laboratory help expedite the ablation procedure. Similarly,
detailed analysis of the cardiac venous anatomy and identification of the lateral marginal vein are helpful in the
implantation of CRT-D.
Noninvasive coronary angiography is the most common indication for cardiac CTA[16-18]. The same data set
is now available to measure LV volumes and LVEF using
retrospective gating and identify the end-systolic and enddiastolic frames. Typically, 8 phases of cardiac cycles are
analyzed for coronary angiography, and this is usually sufficient for LVEF measurement as well. Additional phase
analysis can be performed if needed. Reconstruction of
the images at 0%, 12.5%, 25%, 37.5%, 50%, 62.5%, 75%
and 87.5% phases of the cardiac cycle are automatically
post-processed. In the manual technique, the short axis
images of the LV cavity (multi-planar reconstruction) are
arranged from the 0% to 87.5% phases and usually the
0% phase correlates with the end diastolic phase and the
37.5% phase correlates with the end-systolic phase. Using these multiphase reconstructions, the software can be
used to play a cine loop of the LV systolic function.
In the semi-manual method, LV cavity reconstruction is carried out by multi-planar reconstruction in the
4 chamber and 2 chamber views. Using the ellipsoid
volumetric calculation by tracing the endocardial border,
LV volumes are measured both in end-diastole (LVEDV)
and end-systole (LVESV) in 4 chamber, 2 chamber and
biplane views. LVEF is measured as LVEDV - LVESV/
LVEDV (Figure 1).
Contrast opacification of the LV is excellent during coronary CTA and this allows for good endocardial
separation from the contrast filled LV cavity. The development of newer software which identifies the contrast
density separation of the LV cavity from the myocardium
has allowed semi-automated to fully automated measurements of LV volume and LVEF. One such technique
allows an automated recognition and calculation of
LVEDV and LVESV (Figure 2).

FEASIBILITY OF MDCT TO MEASURE LV
VOLUMES AND LVEF
Rapid developments in both the hardware and software
in MDCT technology have led to an increase in the use
of this technology to detect CAD. The 16 slice CT scanner made it feasible to complete the cardiac scan with 1
breath hold time. However, it was the development of
the 64 slice scanner that made it possible to obtain submillimeter slice thickness with a high level of spatial
resolution in the X, Y and Z axis along with a significant
improvement in temporal resolution. Three-dimensional
isometric data sets (voxel) of nearly 0.5 mm each are
now possible with the 64 slice or higher scanners due to
its ability to post-process and reconstruct images in any
plane without image distortion. Electrocardiographic
gating during image acquisition and the ability to perform retrospective gating allows acquisition of threedimensional volumetric data in relation to time reference
and cardiac cycle, making it a truly four-dimensional data
set. The development of 64 to 312 slice scanners have
made it possible to complete the scan not only in one
full breath, but also within 1-2 cardiac cycles, making it
less prone to registration artifacts due to arrhythmias or
breathing.
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Figure 1 Multi-planar reconstruction of left ventricular cavity in 4 chamber and 2 chamber views and semi-automated calculation of left ventricular volume
in both end-systole and end-diastole in biplane and 4 and 2 chamber views by the area length method. Patient with cardiomyopathy and a very low left ventricular ejection fraction of 0.20.

A

B

Figure 2 Automatic recognition of left ventricular cavity by automated software to calculate left ventricular volumes in end-diastole (A) and end-systole (B)
to calculate left ventricular ejection fraction.

Different vendors have different software to calculate
the LV volumes and LVEF. In the example shown in Figure 2, there is automatic endocardial edge detection and
the software calculates the LVEDV, LVESV and LVEF
as shown in Figure 3. The time-volume curve also shows
the quality of the data obtained and good data are characterized by a smooth change in the LVEDV to LVESV
and then back to the LVEDV as shown in Figure 3.
Figure 4 shows some compromise in the time volume
data.
Radiation exposure is a major concern during cardiac
computed tomographic angiography, but it can be substantially diminished by dose modulation. Dose modulation is a technique which minimizes radiation exposure

WCR|www.wjgnet.com

during cardiac computed tomographic angiography by
prospective gating at phases which are usually not important for analysis of coronary anatomy. Since most of
the coronary anatomy is analyzed around 75% phase (the
phase where coronary arteries appear to have the least
motion), radiation exposure can be substantially diminished by more than 50% by decreasing the current (milliAmperes) of radiation exposure at phases away from
the 75% phase. Despite the use of dose modulation, left
ventricular contrast opacification is adequate for endocardial definition even during systole and does not seem to
compromise the capacity to measure ventricular volumes
both in end-diastole and end-systole, and left ventricular
ejection fraction.
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Figure 3 Time-volume curve display of left ventricular volume over different phases of the cardiac cycle (R-R interval) and calculation of left ventricular ejection fraction is displayed automatically. Please note the smooth
normal curve without registration artifact.

Figure 4 Shows some compromise in the time volume data as shown by
the lack of smooth transition of the volume curve, and this likely represents some registration artifact towards the later part of diastole due to
arrhythmias such as atrial fibrillation or frequent PVCs. This can lead to
errors in the calculation of Left ventricular ejection fraction (LVEF). A quick look
at the analysis of this time volume curve data is helpful to assess the quality of
the data obtained for LVEF assessment and its limitations.

COMPARISON OF THE TECHNIQUES OF
LV VOLUME MEASUREMENT AND LVEF

LV volume measurements are possible using various
techniques. Current automated software allows LV volume measurement by MDCT based on short axis image
reformations as in echocardiography and cardiac MRI.
For calculation of LV volume measurement and LVEF,
identification of the end-diastolic and end-systolic phases
is needed. This is made possible by retrospective gating
and post-processing of the images at various phases. In
our experience, phase reconstructions at 12.5% phase
apart seem to suffice, but reconstructions at every 5%
phase of the R-R interval can also be done, but will be
more time-consuming. Short axis images at the mid ventricular level are obtained in a semi-automated technique.
In the current automated software, end-systolic and enddiastolic short axis images are identified automatically as
noted in Figure 2. LV volumes and LVEF are then measured automatically as shown in Figure 3.
The LV volume and EF can be measured by different methods depending on the technique used. The area
length method is a technique used primarily in invasive
left ventriculography and in echocardiography, as an ellipsoid model is used to measure the LV volume. This
technique can also be used in some semi-automated techniques in MDCT using volume measurements in four
chamber, two chamber and biplane views. The Simpson
method is also commonly used in cardiac MRI, EBCT,
MDCT and echocardiography.
The automated technique in MDCT, as shown in
Figure 2, employs a threshold-based region growing algorithm. This allows identification of the cardiac chambers
and their volume based on the separation of myocardium
from LV cavity based on the separation of contrast and
tissue signal density. LV volume measurements based on
this method do not depend on geometric assumptions
and are more accurate than area length method. Since
cardiac CTA by MDCT is carried out primarily for coronary angiography, the current technique, volume and timing of contrast injection along with saline bolus allows

BY VARIOUS METHODS
MDCT using retrospective gating allows for LV volume
and LVEF measurements, which appear to have a good
correlation with cardiac MRI, currently accepted as the
gold standard[14,15,19-22]. LVEF measurement is possible
utilizing different noninvasive and invasive techniques
such as echocardiography, radionuclide techniques,
cardiac MRI, and CVG. Echocardiography is the most
commonly used technique to measure LVEF. Echocardiography may have technical, acoustic and operator
limitations[23]. It is also subject to alteration in ventricular
geometry[6,7]. Nuclear imaging using a SPECT gating also
has limitations due to restrictions in both the spatial resolution and the definition of endocardial borders within
the myocardium[8,24]. However, for the purpose of LVEF
measurement, the estimation of LV endocardial contour
is done by radioactive count, and anatomical resolution
is not always so important. Prospective gating EBCT has
advantages in measuring LVEF because of high temporal
resolution, but has limited spatial resolution and is inferior in defining coronary anatomy compared to MDCT.
Although cardiac MRI appears to be more accurate in
measuring left ventricular volume and LVEF, the technique has limitations in defining coronary anatomy compared to MDCT. This modality also takes a much longer
time, is more expensive, and is not feasible in some patients who have implanted devices, non-compatible with
MRI. Invasive contrast ventriculography (CVG) has limitations due to the invasive nature of the test. In addition,
calculation of the left ventricular volume is based on the
assumption of the shape of the ventricle, and this may
not be accurate in patients with an altered left ventricular geometry. MDCT is frequently used as a noninvasive
coronary angiographic tool to evaluate suspected symptomatic CAD patients. Simultaneous measurement of
LVEF using the same data provides a unique opportunity
and can add incremental value to the test.
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measurement by simultaneous multimodality images such
as echocardiography, LV CVG and SPECT are limited[36].
A recent systematic review and meta-analysis of 27 eligible studies concluded that MDCT can measure LVEF
accurately compared to MRI and TTE[37]. Twelve studies
compared MDCT with MRI and 15 studies compared
MDCT with TTE to measure LVEF in this meta-analysis,
and MDCT appears to be a useful tool for measuring
LVEF in patients undergoing coronary CTA. Simultaneous measurement of LVEF at the time of coronary CTA
by MDCT seems to provide additional incremental prognostic value[38].

for good opacification of the LV. The use of 64 slice or
higher MDCT with rapid scan times provide superior
results. The automated technique seems to work well
even with dose modulation without any limitations of the
detection of the contrast edge. Once the LVEDV and
LVESV are measured, LVEF is calculated as discussed
earlier. The time-volume curve allows the display of LV
volume change over the different phases which provide
additional qualitative information about the study. It can
identify limitations due to arrhythmias, poor contrast
opacification or obesity.

ACCURACY OF MDCT IN MEASURING
LVEF

LIMITATIONS OF MDCT IN LVEF
MEASUREMENT AND TECHNIQUES TO
IMPROVE THESE LIMITATIONS

In our study of 52 patients, we compared the 16 row
detector MDCT with TTE to measure LV volume and
LVEF and found MDCT to be a useful tool for measuring LVEF[25]. Biplane measurements by these two techniques correlated better for LV volumes and LVEF, but
MDCT gave higher values compared to TTE and this has
also been shown in other studies using 64 slice[26,27]. Many
other subsequent studies have found MDCT to be a useful tool for measuring LVEF when compared with TTE.
The feasibility of accurate assessment of LVEF and
volume has been shown using a single heartbeat 320-row
MDCT detector[28]. Similarly in a comparison of 128 slice
CT compared to echocardiography, MDCT provided
comparable results to echocardiography for LVEF and
LV volumes, although LV volume was overestimated by
MDCT compared to echocardiography[29]. A recent study
using a head to head comparison of LVEF measurement
with 64-slice MDCT, biplane LV CVG and both 2D and
3D TTE found 64-slice MDCT to be more accurate than
LV CVG and TTE. This study used cardiac MRI as the
reference standard for measuring LVEF[30]. However, it
should be noted that gadolinium-enhanced cardiac MRI
carries a risk of nephrogenic systemic fibrosis in patients
with renal failure, and is, thus a limiting factor in this
patient population, just as contrast-induced nephropathy
would be a concern with MDCT in some patients.
Semi-automatic software to measure LV volume by
MDCT has been found to have good reproducibility for
LVEF measurement, but it is important to understand
the limitations of MDCT in semi-automatic and automatic measurement of LVEF[31].
In a comparison of SPECT versus MDCT to measure LVEF in 292 patients, MDCT gave significantly
higher LVEF compared to SPECT and the values may
not be interchangeable between different methods of
measurement[32]. In another small study of 15 patients,
MDCT compared well with biplane LV CVG for measuring LVEF[33]. There appears to be a minor systematic
overestimation of LVEDV and LVESV, and underestimation of EF of 2.1% by MDCT compared to cardiac
MRI[34]. LVEF measurement in a wide spectrum of LV
dysfunction requires further validation compared to other
techniques such as EBCT[35]. Studies comparing LVEF
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It should be noted that the current limitations of MDCT
do not favor the use of MDCT for the sole purpose of
LVEF measurement. This is due to a myriad of reasons,
including radiation and contrast exposure, cost, risks
of iodine allergy and potential renal failure. The risk of
contrast induced-nephropathy is increased in patients
with preexisting renal dysfunction, diabetes, heart failure,
increased age and other comorbid conditions. The high
volume of contrast administered for cardiac CTA may
also increase the risk of contrast-induced nephropathy in
high risk patients. Pretest risk assessment and good hydration are important in all patients undergoing a contrast
study such as cardiac CTA, and for that reason many patients may not be candidates for cardiac CTA for fear of
contrast-induced nephropathy and its consequences. The
technique has limitations in patients with obesity, renal
failure, arrhythmias and difficult breath hold time On the
other hand, simultaneous measurements of LVEF in patients undergoing cardiac CTA for noninvasive coronary
angiography are feasible, reproducible, and fairly accurate
compared to other modalities.
High temporal and spatial resolution is needed for
accurate measurement of LVEF[39]. MDCT has good
spatial resolution, but has a limited temporal resolution
of 125-250 milliseconds compared to EBCT[40] or MRI
and can cause motion artifacts[41]. Image quality in patients with higher heart rate may be of poor quality due
to limited temporal resolution and may compromise the
accuracy[42,43].
MDCT with temporal resolution of 20 milliseconds
would be desirable to avoid motion artifacts, but is not
yet feasible with current technology[44]. In the early studies using 4 row MDCT, LVEF measurement was underestimated due to poor temporal resolution, and overestimation of LVESV was found as compared to LV CVG
and MRI[45,46].
An increase in temporal resolution is a desirable goal
to improve the quality of MDCT, and two strategies have
been utilized so far. First, gantry rotation time is shortened with the new scanners[16,47,48] and secondly, more
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gantry rotations allowing more R-R intervals for image
reconstruction are available using multi-segmental image
reconstruction algorithms[49,50]. Multiple cardiac cycles are
used to create image reconstruction in this method, and
thus may improve temporal resolution to less than 100
milliseconds. However, significant variations in the R-R
cycle could be a limitation in the multi-segmental image
reconstruction due to non-uniformity of ventricular contraction.
Rapid gantry rotations of up to 0.33 s per rotation attained with newer MDCTs can also improve the temporal
resolution[51]. Dual source CT can also increase the temporal resolution to 83 milliseconds in single segmental
reconstructions[52].
Lower heart rates are needed to obtain better images by MDCT to evaluate coronary anatomy, and consequently beta-blockers are frequently used to slow the
heart rate during image acquisition. This introduces the
effect of heart rate change and negative inotropic effects on LVEF measurement[42]. Dual-source CT is less
dependent on the heart rate and may improve LVEF
measurement. The patients with arrhythmia such as atrial
fibrillation and frequent premature ventricular complexes
may produce significant registration artifacts and may introduce error in the calculation of LVEF. However, with
the use of recent higher slice MDCT, this should be less
of a concern as most of the data acquisition can be completed within one or two cardiac cycles.
Techniques to reduce radiation exposure are possible
using higher detector rows and faster rotation times.
Reduced tube current during unnecessary cardiac phase
(dose modulation) helps reduce radiation[53]. Since most
of the coronary anatomy analysis is done in late diastole
close to 75% phase, this normally does not compromise
analysis of the coronary anatomy. The degree of contrast
density separation of the LV cavity from the myocardium
is adequate even with dose modulation in systole for the
purpose of LVESV calculation and should not compromise LVEF measurement. Analysis of the quality of data
and the LV time volume curve may be helpful in assessing the quality of the study.
LVEF measurement by MDCT is based on a volumetric data set. LVEF measurement should be less
susceptible to error in patients with LV enlargement or
deformity. LVEF measurement by MDCT correlates well
with MRI in patients with LV dysfunction or LV dilation[54].
Cardiac MRI is considered the gold standard for
the measurement of LV volume, LVEF and regional
wall motion assessment. Lack of radiation and contrast
exposure, along with higher temporal resolution are advantageous. However, MDCT requires a short breath
hold time, and can be performed even in patients with
pacemakers and implanted defibrillators. In contrast
to MDCT using single breath hold image acquisition,
cardiac MRI needs multiple short breath holds for cine
MRI. Both techniques are susceptible to arrhythmias with
image degradation. In addition, MDCT is superior to
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cardiac MRI for coronary imaging due to a higher spatial
resolution, and it is in this group of patients that LVEF
measurement can be performed to provide additional
clinical information. Processing time may also be a limiting factor in some cases, but now with the use of automated software, the LVEF calculation is faster and likely
to improve further.

CONCLUSION
LVEF measurement at the time of cardiac CTA for the
study of coronary anatomy using MDCT seems reasonable given the feasibility, reproducibility, and accuracy of
the data. This information can be obtained at the time of
coronary imaging without the need for additional radiation or contrast exposure. Developments in hardware,
software and work stations, along with the availability of
automated techniques to measure LVESV and LVEDV
have made this technique time efficient. The use of
MDCT for the sole purpose of LVEF measurement is
not reasonable at this time given the radiation exposure,
contrast exposure and cost. Instead, this should be used
as a complimentary technique to measure LVEF in patients undergoing cardiac CTA for noninvasive coronary
angiography.
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Radiation pneumonitis after stereotactic radiation therapy
for lung cancer
Hideomi Yamashita, Wataru Takahashi, Akihiro Haga, Keiichi Nakagawa
that patients who present with an interstitial pneumonitis shadow on computed tomography scan and high
levels of serum Krebs von den Lungen-6 and surfactant
protein D have a high rate of severe radiation pneumonitis after SBRT. At our institution, lung cancer patients
with these risk factors have not received SBRT since
2006, and our rate of severe RP after SBRT has decreased significantly since then.
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Core tip: Radiation pneumonitis (RP) is one of the most
common toxicities after stereotactic body radiation
therapy (SBRT). Although most RP is Grade 1 or 2 and
either asymptomatic or manageable, a few cases are
severe and there is a risk for mortality. A dose-effect
relationship has been demonstrated that can be used
for treatment planning. Other prognostic indicators of
severe radiation pneumonitis after SBRT are an interstitial pneumonitis shadow on computed tomography
scan and high levels of serum Krebs von den Lungen-6
and surfactant protein D before treatment.

Abstract
Stereotactic body radiation therapy (SBRT) has a local
control rate of 95% at 2 years for non-small cell lung
cancer (NSCLC) and should improve the prognosis of
inoperable patients, elderly patients, and patients with
significant comorbidities who have early-stage NSCLC.
The safety of SBRT is being confirmed in international,
multi-institutional Phase Ⅱ trials for peripheral lung
cancer in both inoperable and operable patients, but
reports so far have found that SBRT is a safe and effective treatment for early-stage NSCLC and early metastatic lung cancer. Radiation pneumonitis (RP) is one
of the most common toxicities of SBRT. Although most
post-treatment RP is Grade 1 or 2 and either asymptomatic or manageable, a few cases are severe, symptomatic, and there is a risk for mortality. The reported
rates of symptomatic RP after SBRT range from 9% to
28%. Being able to predict the risk of RP after SBRT is
extremely useful in treatment planning. A dose-effect
relationship has been demonstrated, but suggested
dose-volume factors like mean lung dose, lung V20,
and/or lung V2.5 differed among the reports. We found
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INTRODUCTION
Stereotactic body radiotherapy (SBRT) is becoming
standard of care therapy for patients with inoperable
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early-stage non-small cell peripheral lung cancer or lung
cancer with limited demarcated metastases. The delivery
of higher doses to smaller lung planning target volumes
(PTVs) limits toxicity in the normal lung tissue surrounding the tumor to very limited areas. Local control of up
to 95% at 2 years has been reported[1-4].
Given the improved local control and toxicity results
reported by recent lung SBRT studies[1-4], future directions for this technique include the treatment of larger
lesions. Palma et al[5] and Diot et al[6] suggest that toxicity
might increase with lesion size, and this possibility should
be anticipated and closely monitored.
Symptomatic lung toxicity with SBRT is typically
less than 10%[7]; however, occurrences up to 25% have
been reported[8], highlighting the necessity of developing
SBRT treatment parameters that ensure consistently low
toxicity levels.
Radiation-induced pneumonitis is the most frequent
acute pulmonary toxicity. The majority of patients develop asymptomatic Grade 1 pneumonitis. Clinically
symptomatic pneumonitis develops in less than 10%
of patients, but most patients develop late pulmonary
toxicity characterized by localized pulmonary fibrosis in
the high-dose region[9]. Because this fibrosis is usually
asymptomatic, we considered post-SBRT pulmonary
function changes the clinically relevant endpoint of our
review.
A dose-effect relationship has been demonstrated for
SBRT that is similar to that observed in conventionally
fractionated radiation therapy[10,11]; but a study by Guckenberger et al[12] failed to demonstrate this relationship in
early-stage non-small cell lung cancer. Gluckenberger’s
results were based on a large number of patients[12] and
confirmed the findings in other studies that post-SBRT
pulmonary function was either stable[13-17] or almost asymptomatic[18,19]. These data were encouraging and further supported the safety of SBRT.
SBRT has been widely used as a safe and effective
treatment for primary or metastatic lung tumors for a
number of years[20]. According to the protocol of the
Japan Clinical Oncology Group (JCOG) 0403 study[21,22],
the only absolute contraindication to SBRT is pregnancy.
In Japan, medical service fees officially cover SBRT
treatment for primary and metastatic lung cancers only
if the tumor is under 5 cm in size, there are no more
than three tumors, and there is no metastatic disease in
other organs. In Japan, surgery is generally the first-line
treatment for early primary lung cancer, so primary lung
cancer patients who undergo SBRT are in poor condition
and either have multiple primary cancers or co-morbidities such as serious cardiovascular disease. Most Japanese
patients with primary lung tumors who received SBRT
had low pulmonary function from chronic obstructive
pulmonary disease due to long smoking histories.
Contraindications to SBRT were (1) a history of irradiation to the concerned site; (2) severe interstitial pneumonitis or pulmonary fibrosis; (3) severe diabetes or connective tissue disease; and (4) common use of steroids.
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LOCAL CONTROL RATE OF SBRT
SBRT with 3D conformal or intensity-modulation techniques is an effective treatment for localized early-stage
lung cancer, with local control rates of 85.5% to 100%
2 to 3 years following treatment[1-4]. SBRT is also being
employed to treat metastatic lung cancer, although the
survival rates are not comparable to those for early-stage
(T1 - T2, N0) disease[2].
The excellent local control rates for early-stage lung
cancer treated with SBRT are leading to extensive use
of this technique in clinical practice and to randomized
trials comparing surgery to SBRT for Stage Ⅰ non-small
cell lung cancers in operable patients. Two randomized
trials to compare SBRT to surgery for operable patients
with Stage Ⅰ lung cancer were launched in 2008: one in
the Netherlands [the Randomized Clinical Trial of Either
Surgery or Stereotactic Radiotherapy for Early Stage (IA)
Lung Cancer trial] and one in the United States (testing
the Cyberknife by Accuray Inc., Sunnyvale, CA, United
States).

PREVIOUS REPORTS OF TOXICITIES
AFTER SBRT
The safety of SBRT is being confirmed in multi-institutional Phase Ⅱ trials for peripheral lung cancer in both
inoperable[16,23] and operable patients[22]. In the Radiation
Therapy Oncology Group (RTOG) trial 0236[23], protocol-specific, treatment-related Grade 3 and 4 adverse
events occurred in 12.7% (7/59) and 3.6% (2/59) of
cases, respectively. No Grade 5 adverse events were reported. In the Nordic Phase II study of SBRT[16]. Grade
3 toxicities were seen in 21% (12/57) of cases, but no
Grade 4 or 5 toxicities were reported. Nishio et al[22] reported Grade 3 toxicities in 6.2% of operable patients in
the JCOG 0403 trial.
Severe clinical toxicities after SBRT are fairly uncommon and occur more frequently in cases of centrally
located tumors, such as those near the trachea, primary
bronchus, major blood vessels and pericardium[3]. Rates
of serious toxicities are low in most studies. Previous reports have described skin, chest wall, and brachial plexus
toxicities with their associated risk factors[24-27].
This review documents clinically significant radiation
pneumonitis (RP) rates for medically inoperable nonsmall cell lung cancer (NSCLC) patients treated with
SBRT, adding to the sparse literature on pulmonary toxicity resulting from hypo-fractionated radiotherapy.

RP AFTER SBRT
RP is one of the most common toxicities after SBRT,
as well as after conventional radiotherapy to the lung.
Scoring systems should be considered when interpreting
RP results. The reported rates of symptomatic RP after
SBRT range from 9% to 28%[8,10,11,28-31]. Although most
of the RP was Grade 1 or 2 and either asymptomatic or
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manageable, a few cases were severe and there was a risk
for mortality[8]. It is very important to develop a method
to predict the risk of RP after SBRT for lung cancer.
Grade 3 RP was observed in 3.6% of the overall
patients in RTOG 0236[23] and in 3.1% of the operable
patients in JCOG 0403[22]. Baumann et al[16] reported that
no one developed Grade 3 pneumonitis in their Phase Ⅱ
trial of SBRT.
McGarry et al[31] reported that 2% (1/47) of patients
developed circulating tumor cells and 6.4% (3/47) of
patients developed Grade 2 and 3 RP in the updated Indiana University Phase Ⅰ trial that included tumors up to
7 cm in size plus central lesions. G2 toxicity occurred at
a dose of 48 Gy, and G3 toxicities developed after 54 Gy
and 72 Gy in 3 fractions prescribed to the 80% iso-dose
line[32]. Using similar criteria, Onishi reported 4.1% G2
(10/245), 1.2% G3 (3/245), and 1.2% G4 (3/245) RP in
a multi-institutional trial of SBRT in Japan[33]. Nagata and
colleagues reported no G3 or G4 RP using a slightly less
potent dose of 48 Gy in 4 fractions delivered to the isocenter[1].
In the RTOG, Ricardi et al[32] treated 62 patients to 45
Gy in 3 fractions to the 80% iso-dose line and reported a
3.2% incidence of Grade 3 RP that required steroids or
intermittent oxygen. When Stephans et al[34] treated (n =
56) patients to 50 Gy in 5 fractions and (n = 38) patients
to 60 Gy in 3 fractions, there was a 2.3% incidence of RP
that required steroids (for all 94 patients).
Grills et al[35] recently published a case–control study
comparing SBRT to wedge resection. In that report,
there was 11% G2 - 3 RP using a CTC vs a grading system based on the Common Terminology of Criteria of
Adverse Events. Only 2% of these patients required temporary steroids for management. Finally, G3 RP occurred
at a rate of 3.6% (2/55) in RTOG 0236[23].
Although the reported toxicities of lung SBRT have,
for the most part, been minor, the dose constraints to use
during treatment planning are based on extremely limited
clinical data, most of which has not been validated[36].
Even the recent QUANTEC lung article devoted only
one paragraph to the risk of pneumonitis in lung SBRT
patients[7]. Baker et al[37] reported in QUANTEC that the
greatest incidence of pneumonitis was Grade 1 (64.2%)
(169/263), and there were 26 cases (9.9%) of Grade 2
pneumonitis and 3 cases (1.1%) of Grade 3 pneumonitis.

chemotherapy, it appeared appropriate to consider a V20
of 30% as the dose restriction in SBRT for metastatic
lung cancer.
Borst et al[10] evaluated the relationship between the
mean lung dose (MLD) and the incidence of RP after
SBRT. They calculated the MLD in the normalized total
dose form, using the linear-quadratic model with a α/β
ratio of 3. A significant dose-response relationship was
found between RP and MLD.
According to Baker et al[10], the data from their center and the Japanese group demonstrate that a V20 of
less than 10% is readily achievable, and at those levels
pneumonitis is not statistically predictable. Analogously,
an MLD of approximately 5 - 6 Gy is achievable, and at
this dosage pneumonitis should not develop. Therefore,
dosimetric guidelines of a V20 of less than 10% and an
MLD of less than 6 Gy are a reasonable way to reduce
the occurrence of Grades 2 - 4 RP. A German article
suggested that a higher MLD or higher V2.5 - V50 (V2.5
in particular) was associated with symptomatic RP[9].
The Mayo Clinic recently reported on a series of patients treated at their institution with consecutive daily
fractions of SBRT[32]. There was a 12.5% overall incidence of Grade 2 pneumonitis, but a 14.3% incidence in
patients treated either with 54 Gy in three fractions for
peripheral lesions or 48 Gy in four fractions for central
lesions. In a univariate analysis, a PTV maximum dose
greater than 60 Gy was predictive of RP (P = 0.016),
although the overall number of events was small (n =
4). No other factors were statistically significant[32]. The
decline in pulmonary function seemed to be transient,
similar to the initial experience at Indiana University[38].
It is unclear exactly how RP correlates with changes in
pulmonary function testing. This is an area that requires
further research. It is interesting to note, however, that a
dose of radiation higher than V10 was predictive of RP in
the Indiana University patients, at least on univariate analysis. The same findings were reported by the Cleveland
Clinic[34]. The conformity index was not predictive under
univariate or multivariate modeling.
At our institution, we suppress the patient’s respiration during SBRT using abdominal compression in order
to reduce lung V20 and MLD[8,39]. We had used irradiation dose of 48 Gy in 4 fractions (Figure 1). We also used
4D cone beam computed tomography (CT) to evaluate
internal target volume and tumor motion just before
SBRT, with the result that the margin between the internal target volume and the PTV became narrower[40,41].

DOSE-VOLUME FACTORS FOR RP AFTER
SBRT
Table 1 summarizes published reports that focused on
the dose volumetrics associated with Grade 2 RP or
worse after SBRT. The RP rates varied from 9.4% to
28.0%, and the suggested dose-volume factors for RP
differed among the reports. This variation might be
caused by differences in the PTV volume, dose fractionation schedule, or RP scoring system.
Since most patients with pulmonary metastases had
residual or recurrent disease after first-line treatment with
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EXPRESSSION OF KREBS VON DEN
LUNGEN-6 IS A PREDICTOR OF RP
AFTER SBRT
High levels of the glycoprotein Krebs von den Lungen-6
(KL-6) indicate interstitial pneumonitis (IP), and the levels rise significantly with physical activity in IP cases. In
the human body, KL-6 only develops in type II alveolus

70

March 28, 2015|First Edition|

Yamashita H et al . RP after SBRT for lung cancer

Evaluating KL-6 and SP-D levels, radiologic imaging
before and after treatment, and adjusting dose-volume
factors during treatment planning helps lower the risk of
severe pneumonitis after SBRT. While the biomarkers are
both sensitive and specific for RP, the pathophysiological
mechanisms underlying their predictive value are unclear,
which makes some clinicians hesitate to use them.
At our institution, Grades 4 and 5 RP occurred in 6
out of 32 patients (18.8%) who received SBRT treatment
for lung cancer before 2005 and only 3 out of 85 patients
(3.5%) between 2006 and 2013[8,39]. We believe that the
significant reduction in the occurrence of Grades 4 - 5
RP is due to our use of prognostic biomarkers and radiography to select appropriate patients for SBRT treatment. After 2006, patients were excluded from SBRT if
they had an obvious IP shadow on their CT scan (slice
thickness 3.0 mm), and/or if serum KL-6 and SP-D levels were high[39].

Figure 1 Dose distribution of stereotactic body radiation therapy of 48 Gy
in 4 fractions.

epithelial cells, bronchial epithelial cells, and bronchus
gland cells. A small quantity of KL-6 is present in the
liquid coating the alveoli in normal lungs, but it occurs
in higher levels in hyperplastic type II alveolus epithelial
cells when IP is present. Inflammation also occurs in IP,
which increases the permeability of the blood vessels and
allows KL-6 to move into the blood where it can be measured. Blood levels of KL-6, surfactant protein D (SP-D),
surfactant protein A (SP-A), and monocyte chemoattractant protein-1 are evaluated whenever there is an injury
to the lung stroma, and KL-6 is the most sensitive (93.9%)
and specific (96.3%) of these measures where the detection of RP is concerned[42]. SP-D levels at 50 to 60 Gy
(midway through radiation therapy) showed greater sensitivity and positive predictive values for RP detection (74%
and 68%, respectively) than SP-A (26% and 21%, respectively)[43].
Factors other than dose volumetrics also affect the incidence of pneumonitis after SBRT. Hara et al[44] evaluated
16 patients who received single-fraction SBRT from 20
to 35 Gy. Serum KL-6 levels rose significantly between
pretreatment presentation and two months after SBRT
was administered, and it was significantly correlated with
Grade 3 RP by the RTOG criteria.
Iwata et al[45] reported that pretreatment serum KL-6
levels, gender, and PTV volume were associated with
symptomatic RP in a univariate analysis, and pretreatment
KL-6 levels remained significant in a multivariate analysis.
They concluded that patients with pretreatment KL-6
levels ≥ 300 µ/mL should be followed carefully for RP.
CT or X-ray imaging of the lung before and after SBRT
should also help to predict severe RP.
To limit the risk of severe RP, we recommended to everyone prescreening for interstitial pneumonitis with CT
scans and checking serum KL-6 and SP-D levels. After introducing these measures, we reported that the incidence
of Grade 4 and 5 RP decreased from 18.8% to 3.5%[45].
Takeda et al[46] reported that the sooner RP appeared
on chest X-ray after SBRT was administered, the more
severe it was. The radiographic appearance of RP during the initial 2 mo after SBRT indicated a 40% risk for
Grade 3 RP. The risk was only 1.2% when radiologic
changes appeared 3 mo after SBRT.
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RP AFTER SBRT FOR METASTATIC LUNG
CANCER
SBRT is also used to treat pulmonary metastases in selected patients and treatment results seem comparable to
those obtained by surgical metastasectomy[47]. In this setting, the literature reports that Grade 3 RP occurred in 3%
to 5% of cases[2,47,48]. According to Inoue[48], the incidence
of G3/4 adverse respiratory events after SBRT for pulmonary metastases was 10%.

GENE EXPRESSION CLASSIFIER
It was reported that radiation pneumonitis after SBRT
treatment for lung cancer was associated with proinflammatory genes such as TGFB1 or CD44. Accumulating the number of cases appropriate for statistically
significant gene analysis might be difficult, and there is no
information about predisposing genetic risk factors for
lung cancer.
Yuan et al[49] reported in 2009 that he and his colleagues at the M.D. Anderson Cancer Center in Houston,
Texas, United States, performed an association analysis
between pneumonitis onset risk in both Black and White
patients who received radiotherapy and/or chemotherapy
for NSCLC (94% in both cases). The polymorphism
marker on the THFB1 and T869C genes was associated
with a low risk of developing RP or IP.
In recent years, many studies have found that SBRT
for early stage lung cancer is both effective and safe[1,50],
but there are only a few reports about the development
of dangerous and lethal radiation pneumonitis that can
result from SBRT[8], or the pulmonary fibrosis that may
also appear[50].

TIMELINE AND PATTERN OF CT
CHANGES
There have been few studies on CT findings in radiation-
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Figure 2 Computed tomography image. A: Before stereotactic body radiation therapy (SBRT) but after surgery for a left lung cancer. The nodule in the lower lobe of
the right lung (S6) increased to 23 mm; B: Taken at post-SBRT month 5; C: Taken at post-SBRT month 7. Acute exacerbation of interstitial pneumonitis was found.

Table 1 Summary of reports on Grade 2 radiation pneumonitis after stereotactic body radiation therapy
First author

Ref. Year Gy

Pt
No.

Median
PTV, cc

Median follow- G2- RP G3 RP G4 RP G5 RP RP factor 1
up in months

Onishi
McGarry
Takahashi
Yamashita
Baumann
Ricardi
Borst
Stephans
Rusthoven
Yamashita
Timmerman
Nagata
Guckenberger
Ong
Grills
Stauder
Matsuo
Barriger
Baker

[32]
[31]
[40]
[8]
[16]
[27]
[10]
[13]
[2]
[39]
[23]
[20]
[9]
[28]
[35]
[30]
[53]
[29]
[37]

245
47
32
25
60
60
128
86
7
117
55
104
59
18
58
74
74
84
240

NA
NA
NA
43.9
NA
NA
9.6
39.9/30.4
NA
NA
NA
NA
33
137
NA
42.9
32.5
48.3
37.6

24
NA
18
17
23
30.9
16.1
15.3
15.4
14.7
34.4
46.8
13
12.8
30
15.8
31.4
17
15.6

2004
2005
2006
2007
2008
2009
2009
2009
2009
2010
2010
2010
2010
2010
2010
2011
2012
2012
2013

18-75Gy/1-25Fr
24Gy/3Fr
15-30Gy
48Gy/4-6Fr
45Gy/3Fr
45Gy/3Fr or 26Gy/1Fr
35-60Gy/4-8Fr
60Gy/3Fr or 50Gy/5Fr
48-60Gy/3Fr
48Gy/4Fr
60Gy/3Fr or 54Gy/3Fr
48Gy/4Fr
26Gy/1Fr or 37.5Gy/3Fr
55Gy/5Fr or 60Gy/8Fr
48Gy/4Fr or 60Gy/5Fr
32-60Gy/3-5Fr
48Gy/4Fr
24-66Gy/3-5Fr
Multiple

6.50%
8.40%
12.50%
28.00%
NA
14.30%
10.90%
2.30%
2.60%
NA
NA
NA
18.60%
27.80%
11%
12.50%
20.30%
9.40%
11%

1.20%
4.30%
4%
21%
3.20%
0.80%
0%

1.20%
2.10%
0%
4%
0%
0%
0%
0%

0%
0%
6%
12%
0%
0%
0%
0%

1.70%
12.70%
6.20%
0%
11.10%
2%
2.30%
1.40%
2%
1.10%

1.70%
3.60%
0%
0%
0%
0%
0%
0%
0.40%
0%

6.00%
0%
0%
0%
0%
0%
1.10%
0%
0%
0%

RP factor 2

CI
MLD
MLD

KL-6 and SP-D IP-shadow

MLD
V5
Max dose
V25
MLD (4Gy)
MLD (6Gy)

V2.5-50

PTV volume
V20 (4%)
V20 (10%)

MLD: Mean lung dose; NA: Not available.

induced lung disease after SBRT for lung cancer[50]. Due
to the differences in dose delivery and distribution, biologic effects, and overall treatment time, it is reasonable
to expect that any CT changes that occur after SBRT will
not have the same appearance, geographic extent, and
progression timeline as those following CRT for lung
cancers[51].
Like CRT-induced CT changes, CT findings after
SBRT have two stages: early acute radiation pneumonitis
that occurs within 6 mo of treatment and radiation fibrosis that occurs 6 mo or more after treatment[51,52]. In most
cases, radiologic changes in normal lung tissue do not occur until at least 3 mo after SBRT. Clinical symptoms of
acute radiation-induced lung injury develop approximately 3 to 6 mo after treatment. All of the severe RP cases in
our institution consisted of the acute exacerbation of IP
that was spread out over the radiation field (Figure 2)[39].
The analysis of SBRT-induced normal lung density
changes by Diot et al[6] indicates that self-limiting acute
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effects in normal lung tissue are more pronounced than
late effects, and acute CT changes in patients treated with
3 fractions were considerably less than those in patients
treated with 4 or 5 fractions. The changes seemed to be
explained by either increased low-dose exposure in normal lung tissue or differences in tumor volume.

CONCLUSION
On the basis of this review, radiation-induced pneumonitis is the most frequent acute pulmonary toxicity following SBRT for lung cancer. The majority of patients
develop asymptomatic Grade 1 or asymptomatic and/or
manageable Grade 2 pneumonitis, and clinically symptomatic pneumonitis is observed in less than 10%. A
dose-effect relationship has been demonstrated that is
useful in treatment planning. Since patients with an IP
shadow on CT scan and high levels of serum KL-6 and
SP-D before SBRT treatment develop severe radiation
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pneumonitis at a high rate after treatment, they should
not receive SBRT.
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Core tip: This review article discusses imaging diagnosis
of community-acquired pneumonia (CAP). As imaging
findings of CAP are considered nonspecific, this topic
is rarely focused on in radiology journals. However, we
believe that imaging examinations contribute much
more than generally considered if detailed evaluation
of the imaging findings is made. In this article, we will
introduce tips to effectively make use of imaging examinations in the management of CAP.
Original sources: Nambu A, Ozawa K, Kobayashi N, Tago M.
Imaging of community-acquired pneumonia: Roles of imaging examinations, imaging diagnosis of specific pathogens and
discrimination from noninfectious diseases. World J Radiol
2014; 6(10): 779-793 Available from: URL: http://www.wjgnet.com/1949-8470/full/v6/i10/779.htm DOI: http://dx.doi.
org/10.4329/wjr.v6.i10.779

Abstract
This article reviews roles of imaging examinations in
the management of community-acquired pneumonia
(CAP), imaging diagnosis of specific CAP and discrimination between CAP and noninfectious diseases. Chest
radiography is usually enough to confirm the diagnosis
of CAP, whereas computed tomography is required to
suggest specific pathogens and to discriminate from
noninfectious diseases. Mycoplasma pneumoniae pneumonia, tuberculosis, Pneumocystis jirovecii pneumonia
and some cases of viral pneumonia sometimes show
specific imaging findings. Peribronchial nodules, especially tree-in-bud appearance, are fairly specific for
infection. Evidences of organization, such as concavity
of the opacities, traction bronchiectasis, visualization of
air bronchograms over the entire length of the bronchi,
or mild parenchymal distortion are suggestive of organizing pneumonia. We will introduce tips to effectively
make use of imaging examinations in the management
of CAP.

INTRODUCTION
Community-acquired pneumonia (CAP) is defined as
infectious pneumonia that is acquired in the social community[1]. This term is opposed to hospital-acquired pneumonia (synonym for nosocomial pneumonia), which is infected in the hospital (24 h later after the hospitalization)[2].
The third term, nursing home acquired pneumonia that is
acquired in the nursing home, has recently been proposed,
which has intermediate characteristics between community-acquired and hospital-acquired pneumonia[3]. The
pathogens of CAP include a wide variety of microbes,
including not only ordinary bacteria but also mycobacteria,
viruses, or fungi[4]. They manifest as pneumonia in various

© 2015 Baishideng Publishing Group Inc. All rights reserved.

WCR|www.wjgnet.com

76

March 28, 2015|First Edition|

Nambu A et al . Imaging of community-acquired pneumonia

forms, and their imaging findings are often nonspecific[4].
However, characteristic imaging findings of several pathogens are sometimes suggestive of the diagnosis of specific
pneumonia. In addition, imaging examinations sometimes
offer clues for the differentiation between infectious
pneumonia and noninfectious diseases. In this article, we
discuss the roles of imaging examinations, and illustrate
characteristic imaging findings of several pathogens (Table
1), some particular clinical conditions related to CAP
(Table 2), and differences between infectious pneumonia
and non-infectious diseases (Table 3).

may be determined based solely on clinical findings[9]. It
is generally difficult to determine specific pathogens of
infectious pneumonia based only on the imaging findings.
However, as characteristic imaging findings of several
pathogens have been reported, they may help choose subsequent examinations or first antibiotics. This is especially
true for the exclusion of tuberculosis, which requires
quite different treatment strategies from those of ordinary
bacterial pneumonia. As tests for tuberculosis are not routine in most institutions, imaging examinations can be the
first opportunity to suggest the possibility of tuberculosis.
Also, as many tests for pathogens take some time, they are
not in time for the determination of the initial treatment
for CAP which is critical for controlling the disease. Suggesting possible diagnoses of specific pneumonia on imaging examinations helps determine the initial treatment.
Imaging examinations may also be usable for differentiating noninfectious diseases from infectious pneumonia.
As the imaging findings of noninfectious diseases have
extensively been investigated, they may provide enough
information to suspect a certain disease although direct
comparative studies between infectious pneumonia and
noninfectious diseases are limited. Imaging examinations
may also reveal underlying diseases that result in pneumonia or complications. Chest radiography is usually enough
to confirm the diagnosis of pneumonia and to evaluate
treatment effects, whereas computed tomography (CT) is
required to suggest causative pathogens, to exclude noninfectious pneumonia and to reveal underlying diseases.

CLINICAL ASPECTS OF CAP
Appropriate clinical assessment is the first step for the diagnosis of CAP[1]. Patients with CAP usually complain of
fever, cough, sputum, difficulty breathing or chest pain[1].
Chest pain is indicative of associated pleuritis. Heckerling
et al[5] proposed 5 criteria that suggest infectious pneumonia: temperature > 37.8 ℃, pulse > 100 beats/min,
crackles, decreased breath sounds and the absence of
asthma. According to their nomogram for determining
the probability of having pneumonia, when assuming a
10% prevalence of pneumonia in the patient population,
if these five criteria are met, the probability of pneumonia reaches 70%[5]. Heckerling also suggested in another
report that patients with an acute asthma attack or the
absence of abnormal auscultatory findings should not
undergo chest radiography because the probability of
pneumonia is low in these settings[6].
When clinical findings are suggestive of CAP, blood
test, various tests for determining the causative pathogen
and chest radiography are performed[7]. Laboratory data
usually show an elevation of white blood cell count, C
reactive protein and erythrocyte sedimentation rate.
Tests for pathogens include sputum culture, blood
culture (in case of suspected sepsis), various antigen tests
including pharyngeal swab test for influenza viruses or
urine antigen tests for Legionella pneumophila and Streptococcus pneumoniae, antibody tests, gram stain, paired
serum tests and cold agglutination test[7].
Pneumonia with relatively mild clinical symptoms,
atypical clinical symptoms such as arthralgia, skin rash or
headache, or lack of leukocytosis is referred to as atypical pneumonia[8]. The causative pathogens of atypical
pneumonia include Mycoplasma pneumoniae, Chlamydophila
pneumoniae, various viruses and Legionella pneumophila.

INDICATIONS FOR CT IN THE
MANAGEMENT OF CAP
There has been little evidence for the validity of CT in
the management of CAP so far[9]. Japanese guideline of
imaging diagnosis for CAP has given a grade C recommendation (lacking direct evidence) for the use of CT
only in the situation where chest radiograph is negative
for the presence of pneumonia despite a strong clinical
suspicion[9]. General indications of CT for CAP include
severe or complex pneumonia, pneumonia in immunecompromised patients, pneumonia intractable to antibiotics, recurrent or non-resolving pneumonia, patients with
clinical suspicion of pneumonia but normal or questionable chest radiographic findings, and pneumonia with a
suspicion of underlying diseases[4]. However, in clinical
practice indications of CT are evaluated for each individual case depending on the severity of pneumonia, or
the probability of tuberculosis or noninfectious diseases.
It should also be noted that the prevalence of non-infectious diseases or tuberculosis in patients with respiratory
symptoms is relatively high in referral hospitals as patients with atypical clinical presentations are more likely
referred to these hospitals.

ROLES OF IMAGING EXAMINATIONS
Imaging examinations are indispensable for the management of CAP. The primary role of imaging examinations
is to confirm the diagnosis of pneumonia[4]. If a patient
has clinical symptoms suggestive of infection pneumonia,
such as fever, cough or sputum, and the imaging findings
are consistent with pneumonia, a definitive diagnosis of
infectious pneumonia can be made. Imaging examinations also play a complementary role for the evaluation of
treatment effects of antibiotics although treatment effects
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IMAGING FINDINGS OF CAP
Patterns of imaging findings
CAP has classically been divided into three distinctive
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A

B

C

Figure 1 Streptococcus pneumoniae pneumonia showing alveolar pneumonia in a man in his 80s. A: Chest radiograph shows a nonsegmental consolidation in
the right middle lung field, which is demarcated by the minor fissure suggestive of upper lobe pneumonia (arrow); B, C: Thin-section computed tomography (B) and a
coronal reformatted image (C) demonstrate a nonsegmental consolidation with air bronchograms suggestive of alveolar pneumonia (arrows).

A

Figure 2 Mycoplasma pneumoniae pneumonia
showing alveolar pneumonia in a woman in her 30s.
A: Chest radiograph demonstrates ill-defined consolidation in the right lower lung field (arrow); B: Thin-section
CT reveals a non-segmental consolidation with air bronchograms at the dorsal aspect of the right lower lobe.
Areas of ground-glass opacity are also noted around the
consolidation (arrows). CT: Computed tomography.

B

A

Figure 3 Chlamydophila pneumoniae pneumonia showing alveolar pneumonia in a man in his 60s. A: Chest radiograph shows
an ill-defined consolidation at the right lower lung field (arrow); B:
On thin-section CT, a subpleural focal consolidation is seen at the
right S8 of the right lower lobe, partially extending into the middle
lobe (black arrow). The interlobular fissure is mildly thickened (arrow
heads). Mild bronchial wall thickening is also noted (white arrow). CT:
Computed tomography.

B

patterns on imaging examinations, namely consolidation
(alveolar/lobar pneumonia), peribronchial nodules (bronchopneumonia) and ground-glass opacity (GGO)[4,10].
The fourth, a unique uncommon pattern of CAP is random nodules, suggestive of hematogenous pulmonary
infection or granulomatous infection.
In fact, many pathogens can cause pneumonia with
more than one pattern. In addition, consolidation, peribronchial nodules and GGO can often coexist in a case
of pneumonia although one of these findings usually
predominates. Virulence, amount or size of pathogens,
affinity to certain cells, and immune response of hosts
may relate to the different manifestations of CAP on imaging examinations. However, the reason why CAP has
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different patterns of imaging findings is unknown.
Consolidation predominant pattern (alveolar/ lobar
pneumonia)
Consolidation predominant pneumonia is referred to as
alveolar pneumonia (Figures 1-4). When it affects almost
an entire lung lobe, it is called “lobar pneumonia”. This
consolidation is believed to be formed by the spread
of inflammation through pores of Kohn or canals of
Lambert at the periphery of the lung. Thus, it usually appears in a nonsegmental consolidation in the early stage
of disease[10]. Most bacterial pneumonias exemplified by
Streptococcus and Klebsiella pneumonia appear in consolidation predominant pattern[4].
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A

B

A

Figure 5 Mycoplasma pneumoniae pneumonia showing bronchopneumonia in a man in his 10s. A: Chest radiograph shows reticulonodular opacities
and focal consolidation in the left middle to lower lung field (arrow). The left
pulmonary hilum appears enlarged; B: Thin-section computed tomography
demonstrates fluffy centrilobular nodules with surrounding ground-glass opacity
in the left lower lobe (arrows). Note that central bronchial wall is thickened (arrow
heads).

Figure 4 Tuberculous pneumonia in a woman in her 80s. A: Chest radiograph
shows extensive consolidations with poor aeration of the left lung and peribronchovascular consolidations of the right lung (arrows); B: Thin-section computed
tomography reveals extensive consolidation with air bronchograms and cavities
in the left upper lobe (black arrows). Note that the bronchi in the consolidation are
dilated. Dense centrilobular nodules are seen in the left lower lobe (white arrows).

A

Figure 6 Postprimary tuberculosis in a woman in her
40s. A: Chest radiograph shows faint nodular opacities in
the right middle lung field (arrow). There is also volume loss
of the left lung with patchy consolidations and thickening
of the pleura and possible left pleural effusion, indicative
of old tuberculosis; B: Thin-section computed tomography
demonstrates centrilobular branching opacities (tree-in-bud
appearance) in the right upper lobe (arrows). The branching
opacities are denser, more distributed and more peripherally
located than those of ordinary bronchopneumonia (compare
with Figure 3).

B

A

B

B

Figure 7 Chlamydophila pneumoniae pneumonia showing infectious bronchiolitis in a woman in her 60s. A: Chest radiograph shows faint reticulonodular opacities in
both lower lung fields (arrows); B: Thin-section computed tomography reveals centrilobular nodules (arrows) with bronchiectasis (arrow heads) in the middle lobe and lingula.

Peribronchial nodules predominant pattern
(bronchopneumonia)
This pattern is characterized by the predominance of
peribronchial nodules including centrilobular nodules
with or without peribronchial consolidations (Figure
5)[4,10]. In contrast to consolidation predominant pattern,
these consolidations are probably formed by enlargement
and coalescence of the peribronchial nodules. Bronchial
wall thickening is often associated. Pneumonia with this
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pattern is called bronchopneumonia. However, bronchopneumonia is sometimes indistinguishable from alveolar
pneumonia. When centrilobular nodules predominate,
namely when bronchioles and peribronchiolar areas are
mainly affected, it may be referred to as infectious bronchiolitis (Figures 6-9)[4]. Hemophilus influenzae, Mycoplasma
pneumoniae, Chlamydophila pneumoniae, and viruses are the
representative pathogens of this disease entity[4]. Tuberculosis and atypical mycobacterial infection also fall in
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A

*
*

B
Figure 8 Chronic transbronchial infection (diffuse aspiration bronchiolitis) in
a man in his 70s. This patient had a history of esophageal carcinoma and associated repeated aspiration. Thin-section computed tomography at the level of lung
base shows centrilobular nodules (arrows) with bronchiectasis (arrow heads). Low
attenuation areas suggestive of pulmonary emphysema are also present (*).

*

this category. However, in fact, most pathogens can take
this pattern of pneumonia[4].
Bronchopneumonia may follow a chronic clinical
course. In such a case, bronchiectasis, prominent reticular
opacities or architectural distortion, indicative of chronic
process of the disease, are usually present (Figures 7-9).

*

C

GROUND-GLASS OPACITY
PREDOMINANT PATTERN
Infectious pneumonia sometimes appears as predominantly GGO (Figures 10-14). Pathologically these GGO
may correspond to incomplete alveolar filling by inflammatory cells or exudate, pulmonary edema secondary to
infection leaving air in the alveoli, or interstitial infiltrates
of inflammatory cells (interstitial pneumonia). This pattern of infectious pneumonia is sometimes referred to as
interstitial pneumonia[4,10].
Viruses, Mycoplasma pneumoniae and Pneumocystis jirovecii
are the representative pathogens of pneumonia with this
pattern[4].
It should also be noted that resolving alveolar pneumonia can also appear in GGO predominant pattern
because alveolar aeration gets restored as pneumonia diminishes.

Figure 9 Sinobronchial syndrome in a man in his 70s. A: Chest radiograph
shows bilateral reticulonodular opacities in both lower lung fields (arrows); B:
computed tomography (CT) at the level of maxillary sinus demonstrates opacification of the maxillary sinuses (*) and bone sclerosis of the sinus walls (arrows),
suggestive of chronic paranasal sinusitis; C: Thin-section CT reveals bronchial
wall thickening with bronchiectasis (arrows) and minimal centrilobular opacities
(arrow heads).

unrelated to bronchovascular bundles on imaging examinations. The nodules are usually larger and sparser than
those of pneumonia caused by hematogenous spread.

RANDOM NODULES PREDOMINANT
The fourth pattern distinctive from common pneumonias
is random nodules. Random nodules are probably produced by hematogenous spread of the disease[1] or granulomatous infection. Some viral pneumonia epitomized by
varicella-zoster pneumonia can assume this pattern (Figure
15)[11]. Hematogenous dissemination of pathogens such
as military tuberculosis (Figure16)[12] or septic emboli
(Figure 17)[13] also falls in this category.
Granulomatous infection, such as tuberculosis, nontuberculous mycobacterial infection or fungal infection
(Figure 18), sometimes take a form of nodules that are

WCR|www.wjgnet.com

IMAGING FINDINGS OF REPRESENTATIVE
CAP CAUSED BY SPECIFIC PATHOGENS
Streptococcus pneumoniae pneumonia
Streptococcus pneumoniae pneumonia is the most common
CAP, accounting for 40% of CAP[4]. It usually appears in
alveolar/lobar pneumonia on chest radiograph and CT
(Figure 1)[4,14-16]. Lower lobe is preferentially involved but
multi-lobe involvement is also common[14]. Bilateral lung
disease is seen in about half of cases[14].
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A

Figure 10 Mycoplasma pneumoniae pneumonia showing groundglass opacity predominant pneumonia in a woman in her 30s. A:
Chest radiograph shows patchy ground-glass opacity (GGO) with peribronchial nodules in the right middle lung field (arrow); B: Thin-section
computed tomography reveals areas of GGO in the right upper lobe.
Note that the GGO are partly demarcated by interlobular septa (arrows).

B

Figure 11 Chlamydophila pneumoniae pneumonia showing ground-glass
opacity predominant pneumonia in a man in her 60s. Thin-section computed tomography shows patchy ground-glass opacity in the left lower lobe, in
which thickened bronchovascular bundles are present (arrows).

Figure 13 H1N1 influenza pneumonia in a man in his 40s. Thin-section computed tomography shows patchy ground-glass opacity that are sharply demarcated from the surrounding lung parenchyma by interlobular septa (geographic
distribution) in both lungs. Faint centrilobular nodules are also seen (arrow).

in central bronchi. This finding may be related to the
fact that Mycoplasma pneumoniae targets bronchial epithelium[14]. Bronchopneumonia with central bronchial wall
thickening in children and young adults are fairly specific
findings for Mycoplasma pneumonia. However, extensive GGO (Figure 10) or consolidation (Figure 2) is also
not uncommon[16]. GGO predominance in Mycoplasma
pneumoniae pneumonia may represent permeability edema
rather than cellular infiltrates with edema. Acute respiratory distress syndrome may ensue[18].
Chlamydophila pneumoniae pneumonia
It has been well known that Chlamydophila pneumoniae
pneumonia often appears as part of co-infection. Therefore, strict diagnostic criteria should be used to diagnose
this pneumonia. We have been using the diagnostic
criteria for acute infection of Chlamydophila pneumoniae
using ELISA kit established by Kishimoto et al[19,20]; Chlamydophila pneumoniae pneumonia is considered to be present when IgA or IgG index exceeds over 3.0, or there is
interval increase more than 1.0 in IgA or 1.35 in IgG in
paired serum specimens. These criteria were proved to
be accurate for acute Chlamydophila pneumoniae infection,
yielding a specificity of 93.4% (i.e., 7.6% of healthy population shows more than this cut-off value) and sensitivity
of 64.9%[19].
Chest radiograph shows patchy consolidations or
reticular opacities (Figure 3, Figure 7)[21]. At the time of

Figure 12 Legionella pneumophila pneumonia in a man in his 50s. Thinsection computed tomography shows extensive ground-glass opacity (GGO) in
the left lower lobe intermingled with focal consolidations that are sharply demarcated from the surrounding GGO (arrow).

Mycoplasma pneumoniae pneumonia
Mycoplasma pneumoniae pneumonia commonly affects
young people[4,16]. It is clinically characterized by dry
cough, fever, and general fatigue[8]. Chest radiograph
shows reticulonodular opacities or patchy consolidations[17]. On CT, centrilobular nodules and lobular to
acinar areas of consolidation or GGO with bronchial
wall thickening are the most common findings (Figure
5)[4,14,16,17]. These findings are consistent with bronchopneumonia. The bronchial wall thickening is often seen
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A

B

Figure 14 Pneumocystis jirovecii pneumonia in a man in his 20s. A: Chest radiograph shows bilateral reticulonodular opacities; B: Chest computed tomography
with a 5 mm slice thickness demonstrates bilateral ground-glass opacity with reticulations.

A

B

Figure 15 Random nodules predominant pneumonia (varicella-zoster
pneumonia) in a man in his 30s. Thin-section computed tomography demonstrates scattered small solid or ground-glass opacity nodules which are unrelated to centrilobular structures (arrows).

reinfection, reticular opacities predominate[21]. On CT,
various patters are seen, including alveolar pneumonia
(Figure 3), bronchopneumonia (Figure 7) and GGO
predominant pneumonia (Figure 11)[16,22]. Consequently,
imaging findings of Chlamydophila pneumoniae pneumonia
is virtually non-specific. However, bronchopneumonia or
infectious bronchiolitis in elderly patients with pulmonary
emphysema or other chronic debilitating lung disease
may be one of the characteristic manifestations of Chlamydophila pneumoniae pneumonia[16].

Figure 16 Miliary tuberculosis in a man in his 60s. A: Chest radiograph
diffuse reticulonodular opacities in both lungs; B: Thin-section computed tomography demonstrates diffuse military nodules with a random distribution.

Legionella pneumophila pneumonia
Legionella pneumophila pneumonia is a fatal pneumonia,
and therefore, early diagnosis and treatment is crucial[23].
Chest radiographic findings include unilateral nonsegmental poorly defined airspace consolidation[24]. CT findings
consist mainly of consolidation and GGO[25]. Bilateral
lung disease is seen in two thirds of cases[25]. It has been
reported that sharply marinated peribronchial consolidations within GGO are characteristic of Legionella pneumonia seen in about one third of the cases (Figure 12)[25].

are diverse. Viral pneumonia can virtually take any form
of the above mentioned patterns. Among them, bronchopneumonia and GGO predominance are the most
common presentations of viral pneumonia (Figure 13)[4].
Random nodule pattern is characteristic of varicella-zoster
(VZ) pneumonia (Figure 15)[11] although military tuberculosis or mycosis, or bacterial emboli shares this finding. It
is conceivable that random nodules seen in VZ pneumonia are due to the fact that VZ hematogenously infects
the lung[26]. Scattered small nodules with calcification are
also sometimes seen in patients with a past history of VZ
pneumonia[11,26].
Mixed infection, namely accompanying bacterial
pneumonia, is also common in viral pneumonia. In such

Viral pneumonia
There are innumerable causative viruses for pneumonia.
Therefore, the imaging findings of virus pneumonia
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A

B

Figure 17 Pulmonary septic emboli from paratonsillar abscess in a man in his 20s. A: Enhanced computed tomography (CT) at the level of oropharynx shows
an abscess at the right paratonsillar region (arrow); B: Chest CT with a 5 mm slice thickness reveals small nodules in both lungs (arrows), some of which are in contact with the periphery of pulmonary vessels (arrow head).

A

B

Figure 18 Cryptococcus neoformans pneumonia in a woman in her 50s. A: Chest radiograph shows a mass in the right lung base (arrow); B: Chest computed tomography with a 5 mm slice thickness shows a mass and nodule in the right lower lobe (arrows). Multiple nodules/masses in the same pulmonary lobe are considered
characteristic findings of Cryptococcus pneumonia.

a case, consolidation often predominates. However, pure
viral pneumonia may also demonstrate consolidations.
Therefore, it is difficult to make a diagnosis of mixed infection with imaging examinations alone.

this case, tuberculosis mimics alveolar pneumonia caused
by common bacteria. Tuberculous pneumonia, however,
shows mildly dilated air bronchograms within the consolidation (Figure 4). Tuberculosis may assume nodules
that are larger than centrilobular nodules and has no particular relation with the structures of secondary lobule
with or without cavitation. These nodules are referred to
as tuberculoma, representing granuloma on pathology[32].
Tuberculosis may also appear as random miliary nodules
(miliary tuberculosis)[12] (Figure 16).

TUBERCULOSIS
Although tuberculosis is distinct from common bacterial
pneumonia in terms of clinical presentation and treatment, it can manifest as CAP[4]. Tuberculosis is classified
into two forms in terms of clinical manifestation, namely
primary and postprimary tuberculosis. On CT, primary
tuberculosis shows hilar and mediastinal lymphadenopathy, pleural effusion and pulmonary nodules or consolidations[27], while postprimary tuberculosis demonstrates
centrilobular nodules with tree-in-bud appearance, and
relatively large nodules suggestive of granulomas with
or without cavities[28-30]. Tuberculosis shows finer and
denser branching opacities than bronchopneumonia of
common bacteria, which pathologically correspond to
filling of bronchioles with caseous material (Figure 6)[29].
This appearance is named “tree-in-bud appearance”[29].
Tuberculosis sometimes appears in alveolar pneumonia
(tuberculous pneumonia or caseous pneumonia)[31]. In

WCR|www.wjgnet.com

FUNGUS INFECTION
Fungal pneumonia is usually seen in patients with immune suppression. Therefore, it is relatively uncommon
to manifest as CAP. However, cryptococcosis can occur
in nearly immunocompetent patients[4]. Fungal pneumonia may appear in alveolar pneumonia, bronchopneumonia, or more commonly nodular lesions with or without
cavities, suggestive of granulomas (Figure 18)[33].
Pneumocystis that infects human was reclassified as
fungus and was renamed Pneumocystis jirovecii from Pneumocystis carinii[4]. It is a common pathogen of opportunistic
infection. However, it should be noted that Pneumocystis
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Table 1 Specific imaging findings of representative pathogens for community-acquired pneumonia
Pathogens

Specific imaging appearances

Streptococcus pneumoniae
Mycoplasma pneumoniae
Chlamydophila pneumoniae
Legionella pneumophila
varicella-zoster
Tubercle bacillus

Alveolar/lobar pneumonia
Bronchopneumonia with bronchial wall thickening affecting central bronchi
Infectious bronchiolitis with bronchial dilatation
Sharply marinated peribronchial consolidations within ground-glass opacities
Scattered nodules with a random distribution
Tree-in-bud appearance with finer and denser branching opacities than bronchopneumonia of common bacteria
(postprimary tuberculosis)
Multiple nodules/masses with or without cavities in the same pulmonary lobe
Bilateral patchy ground-glass opacities with a geographic distribution

Cryptococcus neoformans
Pneumocystis jirovecii
1

Note that these imaging findings may be fairly specific but are not sensitive (i.e., other imaging findings are also not uncommon.) for these pathogens.

Table 2 Particular clinical conditions related to community-acquired pneumonia
Pathophysiological conditions

Imaging findings

Aspiration pneumonia

Bronchopneumonia or patchy ground-glass opacities at dorsal parts of the lung (S2, S1+2, S6 and
S10) intrabronchial materials
Sinobronchial syndrome
Centrilobular or peribronchial nodules with bronchial wall thickening with bronchiectasis and
mucus in the bronchi findings of paranasal sinusitis
Pneumonia on a background of pulmonary emphysema Consolidation with pseudocavities or pseudohoneycombing, delayed resolution

jirovecii pneumonia can occur in mildly immunocompromised patients, such as those with diabetes or with steroid
medication. Therefore, it may be encountered in the clinical settings of CAP. Pneumocystis jirovecii pneumonia is
radiologically characterized by bilateral patchy GGO with
or without a parahilar distribution (Figure 14)[34]. Unless
the patient is treated, the GGO may progress to consolidations[34]. On CT, bilateral symmetric GGO are the most
common finding (Figure 14)[35,36]. Small nodules, foci of
consolidation, and linear opacities may be seen[35,36]. Cysts
may also be seen[35,36].

S6 and S10) and demonstrates findings of bronchopneumonia or infectious bronchiolitis (Figure 19)[37-40]. Aspirated
materials are sometimes seen in the bronchial lumens (Figure
19)[40]. Patchy GGO with peribronchial distribution are also
common manifestation (Figure 20). This finding is considered to be related to permeability edema due to endothelial
injury by aspirated gastric acid. Acute respiratory distress
syndrome (ARDS) may result from aspiration and is referred to as Mendelson’s syndrome[41].
Chronic infectious bronchiolitis radiologically mimicking diffuse panbronchiolitis is named diffuse aspiration
bronchiolitis (Figure 8)[42].

PARTICULAR CLINICAL CONDITIONS
RELATED TO COMMUNITY-ACQUIRED
PNEUMONIA

Sinobronchial syndrome
Sinobronchial syndrome is defined as chronic and repeated
infection of the lower respiratory tract and paranasal sinuses, which includes diffuse panbronchiolitis[43]. It was
once believed to be caused by aspiration of purulent discharge in the paranasal sinuses. However, altered immune
status is now considered to lead to both paranasal sinusitis
and infectious bronchiolitis[43]. Chest radiograph shows reticulonodular opacities with lower lung field predominance
(Figure 9). On CT, centrilobular or peribronchial nodules
with bronchial wall thickening and mucus in the bronchi
are seen (Figure 9). There are usually evidences of chronic
and repeated infection, such as bronchiectasis, parenchymal
distortion or reticular opacities. Comparison with previous
imaging examinations is essential to make a diagnosis of
acute exacerbation of infection.

Aspiration pneumonia
Aspiration pneumonia is caused by inhalation of bacteria,
food, gastric acid or other materials that provoke pulmonary inflammation or edema (e.g., paraffin liquid)[37],
Therefore, aspiration pneumonia has several different
pathophysiological aspects, namely bacterial pneumonia
caused by oral flora (usually anaerobic bacteria), chemical pneumonitis caused by gastric acid or exogenous
lipid, and granulomatous reaction to foreign bodies[37].
Aspiration pneumonia commonly occurs in patients with
deteriorated consciousness, chronic debilitating disease,
and tracheal or gastric tubes[37-40]. Therefore, it more
commonly appears in hospital-acquired pneumonia[37-40].
However, postoperative status for esophageal or gastric
cancer and reflux esophagitis are also known risk factors
of aspiration pneumonia and thus aspiration pneumonia
may manifest as CAP[37-40].
It commonly affects dorsal parts of the lung (S2, S1+2,
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Pneumonia on a background of pulmonary emphysema
When pneumonia develops on a background of pulmonary
emphysema, parenchymal consolidations caused by pneumonia appear to have multiple cavities due to underlying low
attenuation areas (Figure 21)[7,10]. This appearance is referred
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Figure 19 Aspiration pneumonia in a woman in her 70s (causative pathogen unknown). Thin-section computed tomography images show centrilobular
nodules with surrounding ground-glass opacities and subpleural non-segmental
consolidations (arrows) at the dorsal portions of the right lung. Note that the
lumens of segmental bronchi are filled with aspirated materials (arrow heads).

A

Figure 21 Pneumonia on a background of pulmonary emphysema in
a man in his 70s (causative pathogen unknown). Thin-section computed
tomography shows patchy consolidations with small air-containing spaces consistent with preexistent low attenuation areas in the left lower lobe.

B

Figure 20 Pneumonia caused by aspiration of gastric fluid in a man in his
50s. A: Initial thin-section computed tomography (CT) shows patchy groundglass opacity in the left lung with reticulations; B: Thin-section CT 2 d later demonstrates partly increased attenuation with concaved margin of the opacities as
well as a general resolution of pneumonia.

Figure 22 Pneumonia on a background of pulmonary emphysema mimicking honeycombing in a man in his 60s (causative pathogen unknown).
Thin-section computed tomography shows an extensive area of ground-glass
opacity intermingled with consolidation in the right lower lobe. Pseudohoneycombing is seen along the interlobar fissure (arrows).

to as “Swiss cheese appearance”[10]. If low attenuation areas
predominate, it may mimics honeycombing (Figure 22).
These pseudocavitations and pseudohoneycombing must
be distinguished from true cavities and honeycombing. Also,
resolution is delayed in pneumonia associated with pulmonary emphysema. It should also be noted that infection is
the most common cause of acute exacerbation of chronic
obstructive pulmonary disease[44].

can often be a diagnostic clue for infectious pneumonia.
Cryptogenic organizing pneumonia
Cryptogenic organizing pneumonia (COP) (formerly
bronchiolitis obliterans organizing pneumonia) is clinically characterized by dry cough and dyspnea that continue
for a couple of months[45]. A typical clinical scenario is
that the respiratory symptoms do not improve despite
medication with antibiotics[45]. On imaging examinations,
it typically shows patchy consolidations which sometimes
predispose peribronchial areas with or without extensive
areas of GGO[44-47]. Nodules are not uncommon[45-48].
There are often evidences of organization, such as concavity of the opacities, traction bronchiectasis, visualization of air bronchograms over the entire length of the
bronchi, or mild parenchymal distortion (Figure 23).
Reversed halo sign or atoll sign is also suggestive of COP
(Figure 24)[48]. This sign indicates a central GGO surrounded by a ring of consolidation with a thickness of
2 mm or more (just like the reverse of halo sign or atoll
in the sea)[48]. It is seen in 20% of patients with COP[48].
Although this sign was first considered specific for COP,

REPRESENTATIVE DIFFERENTIAL
DIAGNOSES OF COMMUNITY-ACQUIRED
PNEUMONIA
General consideration
There is no imaging finding that is 100% specific for
infectious pneumonia. Consolidation and GGO are
virtually non-specific. However, peribronchial nodules,
especially tree-in-bud appearance are fairly specific for
infection[4]. When viewed with CT, consolidation, GGO
and peribronchial nodules are coexistent in most cases of
infectious pneumonia. Therefore, peribronchial nodules
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Table 3 Representative differential diagnoses of community-acquired pneumonia
Discriminators from community-acquired pneumonia
Non-infectious pneumonia
Cryptogenic organizing pneumonia

Chronic eosinophilic pneumonia
Lipoid pneumonia
Neoplasm
Mucinous invasive adenocarcinoma
Malignant lymphoma

Relatively chronic clinical course (often for more than one month), evidences of organization (concavity of
the opacities, traction bronchiectasis, clear visualization of peripheral air bronchograms, or mild parenchymal
distortion), reversed halo sign
Bilateral nonsegmental consolidations with peripheral predominance
Presence of fat within the consolidation on both visual assessment and computed tomography value measurement
Lack of inflammatory response on laboratory data, chronic clinical course
bulging contour, stretching or thinning of bronchi, cavities
Infiltrative spread around the consolidation (halo sign, galaxy sign, or thickening of surrounding vessels, etc.)

A

B

C

Figure 23 Cryptogenic organizing pneumonia in a woman in her 50s. A: Chest radiograph shows a consolidation in the right lower lung field with depression of
the right minor fissure suggestive of volume loss of the middle lobe (white arrow). Retrocardiac consolidation is marginally seen (black arrow); B, C: Thin-section computed tomography of the right lung (B) and left lung (C) demonstrate consolidations with air bronchograms in both lungs. Note that the bronchi within the consolidations are mildly dilated and that the consolidations have concaved margins (arrows), suggesting organization of the disease.

A

B

Figure 24 Cryptogenic organizing pneumonia with reversed halo sign in a woman in her 50s: courtesy of Dr. Takahiro Haruyama and Dr. Asako Yamamoto,
attending radiologists at the department of Radiology, Teikyo University School of Medicine. A: Chest radiograph shows an ill-defined consolidation in the left
lower lung field (arrow); B: Thin-section computed tomography reveals bibasilar ground-glass opacity with a ring of consolidation (reversed halo sign (arrows).

to COP may develop secondary to infectious pneumonia,
organ transplantation, drug use or in association with
collagen vascular disease[45]. The imaging findings are the
essentially the same as COP. However, associated findings related to the primary diseases may be seen, such as
findings of bronchopneumonia or honeycombing.

it has been shown that other diseases may demonstrate
reversed halo sign since then. These diseases include
invasive pulmonary fungal infections, paracoccidioidomycosis, Pneumocystis jirovecii pneumonia, tuberculosis,
lymphomatoid granulomatosis, Wegener granulomatosis,
lipoid pneumonia and sarcoidosis. It is also seen in pulmonary neoplasms and infarction, and following radiation therapy and radiofrequency ablation of pulmonary
malignancies[49,50]. However, as it has not been reported
that reversed halo was seen in CAP so far, it is considered
useful to differentiate COP from CAP[50].
Organizing pneumonia that is histologically identical

WCR|www.wjgnet.com

Chronic eosinophilic pneumonia
Chronic eosinophilic pneumonia (CEP) is defined as eosinophilic pneumonia for more than 2 wk and is the most
common subtype in eosinophilic lung diseases[51,52]. It is
clinically characterized by eosinophilia, and coexistence
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A

B

Figure 25 Chronic eosinophilic pneumonia in a woman in her 30s. Chest
radiograph shows bilateral subpleural consolidations with upper to middle lung
field predominance, consistent with the appearance, “the photographic negative
of pulmonary edema”.

C

Figure 26 Invasive mucinous adenocarcinoma (formerly mucinous bronchioloalveolar carcinoma) in a woman in her 60s. Thin-section computed
tomography shows a nonsegmental consolidation with a bulging fissure (white
arrow) and narrowed air bronchograms (black arrows).

Figure 28 Exogenous lipoid pneumonia in a woman in her 30s: Courtesy
of Dr. Kazuhiro Suzuki, an attending radiologist, at the department of
Radiology, Juntendo University School of Medicine. This patient had been
taking petrolatum (paraffin) for intractable constipation. The presence of lipid
was confirmed by transbronchial lung biopsy. A: Chest radiograph shows bilateral consolidations in the lower lung fields (arrows); B: Thin-section CT demonstrates an area of clearly demarcated ground-glass opacity with a subpleural
consolidation (arrow); C: Chest computed tomography (CT) with a mediastinal
window setting reveals the subpleural consolidation to be of fat attenuation (arrow, mean CT value -45HU).

of pulmonary edema” (Figure 25)[51,52]. On CT, bilateral or
unilateral peripheral consolidations and GGO are seen[47,53].
Linear or band-like opacities parallel to the pleura may be
seen at the later stage of the disease[47,53]. CEP may mimic
COP. Thickening of interlobular septa is more commonly
seen in CEP, whereas nodules and peribronchial distribution of the opacities are more common in COP[47].

Figure 27 Pulmonary malignant lymphoma (mucosa associated lymphoid
tissue lymphoma) in a woman in her 30s. Thin-section computed tomography shows a focal consolidation with dilated air bronchograms in the lingula of
the left upper lobe. Note mild thickening of the vessels penetrating the consolidation (arrows), suggestive of infiltrative growth of malignant lymphoma along
the vessels.

of atopic medial otitis and asthma[51,52].
Chest radiograph typically shows bilateral nonsegmental consolidations with peripheral predominance[51,52]. This
appearance is referred to as “the photographic negative
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Neoplasm
Invasive mucinous adenocarcinoma (formerly mucinous
bronchioloalveolar carcinoma) and malignant lymphoma
may appear in alveolar consolidations, and thus may
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mimic alveolar pneumonia (Figures 26, 27)[54-56]. These
neoplasms lack evidence of inflammation on the laboratory data, or if any, the values of inflammatory markers
are milder than expected from the extent of disease on
imaging examinations. On CT, bronchi in the consolidation are stretched or narrowed, and the consolidation
may have a bulging contour at the interlobar fissures in
invasive mucinous adenocarcinoma (Figure 26)[55]. It has
also been reported that focal areas of the parenchymal
opacification on CT may suggest infectious pneumonia
rather than invasive mucinous adenocarcinoma when they
show bronchial wall thickening proximal to the lesion
and pleural thickening associated with the lesion, whereas
invasive mucinous adenocarcinoma is characterized as the
presence of a bubble-like low attenuation area within the
tumor[56].
Malignant lymphoma often assumes an infiltrative
growth, which may appear as halo sign (ground-glass
opacities around the nodule or consolidation)[57] or as surrounding miliary nodules or thickening of surrounding
vessels (Figure 27).

3

4
5

6
7

8
9

Lipoid pneumonia
Lipoid pneumonia is divided into endogenous and exogenous type. Exogenous lipoid pneumonia results from
the chronic aspiration or inhalation of animal, vegetable
or petroleum-based oils or fats [58]. Exogenous lipoid
pneumonia is considered as a subtype of aspiration pneumonia. CT shows consolidations and GGO with reticular
opacities (crazy-paving appearance). The consolidations
may have CT values indicative of fat (-150-300HU) (Figure 28)[57]. Visual assessment for the presence of fat is
also essential as consolidation even without fat may apparently have areas of low CT value comparable to that
of fat due to volume averaging between air and inflammatory infiltrates or exudate.

10
11
12
13
14

CONCLUSION

15

Imaging findings of CAP are varied and often nonspecific. However, some characteristic findings are sometimes
suggestive of specific pathogens. In addition, imaging examinations, especially CT, can offer clues to the differentiation between infectious pneumonia and noninfectious
diseases. To accomplish this differentiation, familiarity
with imaging characteristics of CAP as well as those of
noninfectious diseases is indispensable.
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Core tip: The Macklin effect can be frequently seen on
imaging by multidetector-row computed tomography
(CT) of patients who are found to have spontaneous
pneumomediastinum from respiratory causes other than
chest trauma. The collections of air dissect along the
bronchovascular sheaths to the hilum and into the mediastinum. The Macklin effect as seen on CT may help
differentiate respiratory from other etiologies of pneumomediastinum.
Original sources: Murayama S, Gibo S. Spontaneous pneumomediastinum and Macklin effect: Overview and appearance
on computed tomography. World J Radiol 2014; 6(11): 850-854
Available from: URL: http://www.wjgnet.com/1949-8470/full/v6/
i11/850.htm DOI: http://dx.doi.org/10.4329/wjr.v6.i11.850

Abstract
Spontaneous pneumomediastinum (SPM) is described
as free air or gas located within the mediastinum that is
not associated with any noticeable cause such as chest
trauma. SPM has been associated with many conditions and triggers, including bronchial asthma, diabetic
ketoacidosis, forceful straining during exercise, inhalation of drugs, as well as other activities associated with
the Valsalva maneuver. The Macklin effect appears on
thoracic computed tomography (CT) as linear collections of air contiguous to the bronchovascular sheaths.
With the recent availability of multidetector-row CT, the
Macklin effect has been seen in the clinical setting more
frequently than expected. The aim of this review article
is to describe the CT imaging spectrum of the Macklin
effect in patients with SPM, focusing on the common
appearance of the Macklin effect, pneumorrhachis, and
persistent SPM with pneumatocele.

INTRODUCTION
Pneumomediastinum is described as free air or gas located within the mediastinum. It can be precipitated by
various triggers that are either intrathoracic, such as stenosis or blockage of an airway, Valsalva maneuver, blunt
trauma to the chest, or ruptured alveoli; or extrathoracic,
such as fractured sinus, iatrogenic manipulation during
tooth extraction, or ruptured intestine[1].
Spontaneous pneumomediastinum (SPM) is described
as free air or gas located within the mediastinum that is
not associated with any noticeable cause such as chest
trauma. The first case series of SPM was reported by
Hamman[2] in 1939; therefore, the condition is called
Hamman syndrome[3]. Respiratory pneumomediastinum
is a result of rupture along the alveolar tree, which leads
to an abrupt increase in the intra-alveolar pressure. Released alveolar air centripetally dissects through the pulmonary interstitium along the bronchovascular sheaths

© 2015 Baishideng Publishing Group Inc. All rights reserved.
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patients without organ injuries. The former require admission, diagnostic studies, and surgical treatment, while
the latter can simply be observed, thereby avoiding unnecessary admissions and diagnostic tests[28].
SPM is uncommon in children. However, because of
the increasing concern regarding the risks to children exposed to radiation, Chapdelaine et al[29] studied whether
the extensive radiologic workup of SPM affects its management and outcome. Of 53 cases of SPM, 26 (49%)
were related to bronchospasm, 11 (21%) were associated
with respiratory infections, and 8 (15%) were of unknown etiology. Inhaled foreign bodies were associated
with 4 cases. No esophageal perforations were identified.
Posteroanterior chest x-ray (CXR) diagnosed every case
except 1, and the mean number of CXRs performed
during hospitalization was 3. Only 3 patients developed
subsequent pneumothorax, and no patient needed pleural drainage. Of the 8 patients with SPM of unknown
etiology, 5 underwent barium swallow and 2 underwent
chest CT, and all findings were within normal limits.
The authors concluded that SPM is usually self limited,
and the prognosis depends on the underlying disorder.
Therefore, for patients with clinical improvement, an aggressive work up and follow-up chest imaging are rarely
justified.

Figure 1 Chest computed tomography scan of an 82-year-old woman
shows an injury to the posterior wall of the trachea, massive pneumomediastinum, and subcutaneous emphysema due to ruptured pars membranosa (arrow).

toward the pulmonary hila, into the mediastinum[3]. This
pathophysiological mechanism was described by Macklin
et al[4] in 1944, and is known as the Macklin effect.
SPM is usually a benign, self-limiting illness affecting
young males. However, it is a condition that is not widely
recognized by clinicians. There have been several reports
describing the appearance of the Macklin effect on computed tomography (CT) images of patients with SPM[5-12].
This review article will describe the CT imaging spectrum
of the Macklin effect as observed in patients with SPM.

CT DEMONSTRATION OF THE MACKLIN
EFFECTS IN SPM

THE MAIN CAUSES OF SPM

Macklin and Macklin first observed that released alveolar
air from alveolar rupture centripetally dissects through
the pulmonary interstitium along the bronchovascular
sheaths toward the pulmonary hila and into the mediastinum[4]. Wintermark and Schnyder recently reported that
the rate of Macklin effect seen on chest CTs of patients
with blunt trauma to the chest was 39%. They concluded
that CT-associated Macklin effect was a sign of severe
blunt trauma to the chest[30]. However, there have been
several reports of the Macklin effect on the CT scans of
patients with SPM[5-12].
As demonstrated in Figures 2-5, the Macklin effect
appears on thoracic computed tomography (CT) as linear collections of air contiguous to the bronchovascular
sheaths[5-12]. The air dissects into the pulmonary hila and
from there enters the mediastinum. We previously reported that using multidetector-row (MD)CT, we detected
the Macklin effect in 8 of 9 patients with nontraumatic
pneumomediastinum , which was a higher rate of detection than had been previously reported[5]. Sakai et al[6] also
reported a high detection rate of the Macklin effect using
64-detector-row CT. They found interstitial gas in the
perihilar region of all 20 of their patients. We speculated
that the increased detection rate of the Macklin effect
was a result of using MDCT with application of thin
collimation, a one-breath-hold technique, and visualization of magnified images on a monitor with cathode ray
tubes. These factors might facilitate the identification of
subtle Macklin effects. Therefore, we may conclude that

[13,14]

SPM occurs predominantly in young males
, and is
an uncommon entity. The prevalence of SPM reportedly
ranges from 1 of 8005 to 1 of 42000 hospital accidents
and emergency admissions[13,15]. Three different mechanisms can produce pneumomediastinum: (1) disruption
of a cutaneous or mucosal barrier (usually the tracheobronchial tree or the esophagus), which allows the entry
of gas into the mediastinum; (2) gas produced by organisms in the mediastinum or adjacent chest; or (3) rupture
of an alveolus. Alveolar rupture is known as SPM[14,16].
SPM has been associated with many conditions and
triggers, such as bronchial asthma[17], diabetic ketoacidosis[18], forceful straining during exercise[19], inhalation of
drugs[20], childbirth[21], severe cough or vomiting[22], and
other activities associated with the Valsalva maneuver[23].
Recent case reports have shown that SPM has also occurred in patients with gastroesophageal reflux disease[24],
anorexia nervosa[25], in individuals swallowing a foreign
body such as a peach seed or pork rib[26], and in a patient
who practiced yoga[27].
Although pneumomediastinum can be spontaneous,
without known precipitating events and without injury to
mediastinal organs, pneumomediastinum can be an ominous sign of injury to mediastinal structures, including
ruptured esophagus (Boerhaave syndrome) or ruptured
trachea (Figure 1). Whenever pneumomediastinum is
identified on imaging studies, the problem is differentiating those patients with mediastinal organ injuries from
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A

B

Figure 2 A 21-year-old woman with hypothyroidism and symptoms of cervical discomfort and tenderness. Multidetector-row computed tomography scan
demonstrates air collection along the perivascular connective tissue, the Macklin effect (arrows), in the peripheral area (A) and in the perihilar area (B), and pneumomediastinum. Reprinted from ref. [5].

A

B
Figure 3 A 15-year-old girl with acute myeloid leukemia. Multidetector-row
computed tomography scan demonstrates air collection along the perivascular
connective tissue and the Macklin effect (arrow) in the perihilar area. A small
pneumomediastinum is also noted.

alveolar rupture described as the Macklin effect is even
frequently seen in patients with SPM.
CXRs are generally useful for diagnosing pneumomediastinum, although there have been false-negative results.
For false-negative cases, Okada et al[7] concluded that because of thin slices obtained on CT, CT is more effective
than CXR alone for diagnosing pneumomediastinum.
Sixty-four-detector-row CT reveals minute changes in organs and peripheral tissues. However, the Macklin effect
was not detected in the peripheral lung of 4 of our reported 12 cases[5] and in 11 of 20 cases in Sakai’s report[6].
We believe that since the Macklin effect develops as linear collections of air in the pulmonary interstitium that
extend along the bronchi and contiguous blood vessels to
gradually reach the perihilar bronchovascular sheath, the
longer that time passes after its onset, the less often it is
seen in the periphery of CT scans (Figure 3).

Figure 4 A 15-year-old girl with cryptogenic organizing pneumonia associated with graft-vs-host disease. Multidetector-row computed tomography
scan demonstrates air collection along the perivascular connective tissue, the
Macklin effect (arrows) in the peripheral area (A) and in the perihilar area (B),
and massive pneumomediastinum. This patient also has spinal pneumorrhachis
(arrowhead). Reprinted from ref. [5].

servatively[31]. This literature review described a 72-yearold man with progressive motor weakness and sensory
deficits in the lower extremities, who had a large accumulation of intraspinal air. He recovered completely after a
C7 laminectomy. Kono et al[32] reported pneumorrhachis
in 4 of 42 children with SPM, and the patients with
pneumorrhachis did not have neurological symptoms.
Therefore, in SPM, a collection of air within the spinal
canal is mostly self limiting and benign. Pneumomediastinum concomitant with pneumoperitoneum is very rare
in SPM, with only a few cases reported. It also appears
to resolve with conservative treatment, without intervention[33,34].

Complications of SPM
SPM is occasionally associated with pneumorrhachis, the
presence of air within the spinal epidural space (Figure 4).
A literature review of 48 patients with pneumorrhachis
revealed that only 1 case had neurologic symptoms and
signs; the other cases were successfully managed con-
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6

7

8

9
Figure 5 A 16-year-old girl with persistent spontaneous pneumomediastinum and pneumatocele. Computed tomography shows massive pneumomediastinum and perihilar and peripheral Macklin effects (arrows). In the left lower
lobe, a pneumatocele (arrowhead) is observed.

10

Although the Macklin effect appears on thoracic CT
as linear collections of air contiguous to the bronchovascular sheaths, the onset, which is alveolar rupture, is
rarely observed on CT. The released alveolar air rapidly
dissects into the pulmonary hila and from there enters
the mediastinum. We did have an SPM patient with a
pneumatocele (Figure 5). This young female patient had
interstitial pneumonia with prolonged SPM and cervical
subcutaneous air. Patients found to have a Macklin effect
involving peribronchovascular air and pneumatocele[35]
will have a prolonged SPM, and clinical intervention is
required.

11

12

13

14

CONCLUSION
The Macklin effect can be frequently observed on the
MDCT images of patients with SPM not associated with
trauma. A Macklin effect seen on CT may help differentiate respiratory from other etiologies of pneumomediastinum. However, especially in pediatric patients with
SPM who improve clinically, aggressive investigation and
follow-up CXRs are rarely warranted, and the efficacy of
CT is limited.
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Management of hepatocellular carcinoma: The role of
contrast-enhanced ultrasound
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ent advantages, such as sufficient high safety profile
making it suitable for patients with renal failure or allergic to iodine, absence of radiation, easy reproducibility and high temporal resolution. The tremendous
application of CEUS to the diagnosis and treatment of
HCC provides more opportunities for patients with HCC
diagnosed at different stages.

Shu-Guang Zheng, Hui-Xiong Xu, Lin-Na Liu, Department of
Medical Ultrasound, Tenth People’s Hospital of Tongji University, Shanghai 200072, China
Author contributions: Zheng SG, Xu HX and Liu LN conducted literature research; Zheng SG wrote the paper; Liu LN
prepared the figure; Xu HX edited and revised the paper.
Supported by National Natural Science Foundation of China,
Nos. 81371570, 81301229 and 81301299; Key Project from
Shanghai Health Bureau, No. 20114003; Shanghai Talent Development Project from Shanghai Human Resource and Social
Security Bureau, No. 2012045
Correspondence to: Hui-Xiong Xu, MD, PhD, Department of
Medical Ultrasound, Shanghai Tenth People’s Hospital, Tenth
People’s Hospital of Tongji University, No. 301 Yanchangzhong
Road, Shanghai 200072, China. xuhuixiong@hotmail.com
Telephone: +86-21-66301031 Fax: +86-21-66301031
Received: June 23, 2013
Revised: October 31, 2013
Accepted: November 15, 2013
Published online: March 28, 2015

© 2015 Baishideng Publishing Group Inc. All rights reserved.

Key words: Hepatocellular carcinoma; Contrast enhanced ultrasound; Ultrasound contrast agent; Imaging; Sonography
Core tip: Whether contrast enhanced ultrasound (CEUS)
is comparable to contrast enhanced computed tomography/magnetic resonance imaging (CECT/CEMRI) in
the management of hepatocellular carcinoma (HCC) is
a controversial topic recently. Regarding to this issue,
we list almost all the updated applications of CEUS in
this paper and discuss the main role of CEUS in the
management of HCC by comparison with CECT/CEMRI.

Abstract
Hepatocellular carcinoma (HCC) is the sixth most common neoplasm and the third cause of cancer death
worldwide. Contrast enhanced ultrasound (CEUS) has
been applied for more than ten years and plays increasingly important roles in the management of HCC.
On the basis of the Guideline and Good Clinical Practice
Recommendations for CEUS in the liver-update 2012
and related literature about the management of HCC,
we summarize the main roles and applications of CEUS
in the management of HCC, including HCC surveillance,
diagnosis, CEUS-guided treatment, treatment response
evaluation and follow-up. The diagnostic algorithm for
HCC is also suggested. Meanwhile, the comparisons
between CEUS and contrast enhanced computed tomography/magnetic resonance imaging (CECT/CEMRI)
in these areas are made. Although CEUS is subject to
the same limitation as ordinary US and is inferior to
CECT/CEMRI in some aspects, CEUS has proved to be
of great value in the management of HCC with inher-
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the sixth most common neoplasm and the third cause of cancer death
worldwide[1,2]. In most cases, HCC develops within an established background of chronic liver disease (70%-90%
of all patients) and most of the patients have a background of liver cirrhosis[3]. The development of HCC is
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is the diagnosis of nodules 1-3 cm in diameter[7]. It has
been proven that surveillance for HCC can decrease the
disease-related mortality. For screening HCC in high-risk
patients with viral-related cirrhosis or chronic alcoholic
liver disease, US follow-up (at 3-6 mo intervals) is recommended, according to the AASLD guidelines[2,6], due to
its simple, non-invasive, cost-effective and real-time features, although the tumor detectability by US is not high
enough[8,13]. CEUS has not yet been recommended as the
sole imaging tool for screening HCC, which is largely ascribed to that examining the entire liver during the arterial
phase to find hyperenhancing nodules is difficult or impossible by CEUS because of the short duration of the
arterial phase. Washout in the portal or late phase is helpful for detection, whereas it is only observable in about
50% of cases. Sonazoid, unlike SonoVue, is different
from pure blood-pool UCA, and its postvascular phase
lasts up to 60 min, which may improve the detection rate
of HCC by CEUS. CEUS with Sonazoid detects liver
malignancies as defects in the postvascular phase with a
sensitivity of 95%, specificity of 93%, positive predictive
value (PPV) of 99%, and negative predictive value (NPV)
of 97%[4,7,14-16].

thought to occur through a multistep process in about
90% of cases in the following sequence: large regenerative nodule (RN), low- or high-grade dysplastic nodule
(DN), DN with a focus of HCC, well differentiated
HCC, and moderately to poorly differentiated HCC[4].
On a histopathologic basis, portal tracts, including the
portal vein and normal hepatic artery, are decreased with
increasing grade of malignancy and are almost absent in
HCC. On the other hand, abnormal arteries due to tumour angiogenesis progressively increase in the course of
hepatocarcinogenesis. This progressive neo-angiogenesis
provides the clue for clinical diagnosis of HCC using imaging techniques.
With the progress in HCC research and the application of new techniques, the management of HCC is
updated frequently and patients with HCC at various
stages have more optional therapeutic strategies. The
patients can benefit from more effective treatments that
will dramatically improve their survival. Among these
new techniques, contrast enhanced ultrasound (CEUS)
plays increasingly important roles in the management
of HCC[2,5-8]. Since the advent of the second generation
microbubble contrast agents (such as SonoVue, Definity
and Luminity) and nonlinear harmonic contrast imaging
technique, CEUS has been applied to HCC management
for more than ten years, including HCC surveillance,
diagnosis, CEUS-guided treatment, treatment response
evaluation and follow-up[9]. A series of CEUS application modes, such as 2D or 3D transabdominal CEUS
and intraoperative CEUS (IO-CEUS), are developed and
applied clinically for management of HCC[8]. Beside the
above-mentioned vascular change, HCC tends to lack
Kupffer cells (reticuloendothelial cells), particularly in
case of progressive dedifferentiation from well to moderately and poorly differentiated HCC. This has become of
particular importance with the introduction of Sonazoid,
a new contrast agent which can be engulfed by Kupffer
cells. This contrast agent has a postvascular phase, which
begins 10 min after contrast administration and lasts for
60 min. HCC always shows an enhancement defect in
the postvascular phase due to the lack of Kupffer cells
whereas benign lesions always show sustained enhancement. The advent of Sonazoid brings CEUS into the era
of cell functional imaging or molecular US imaging[7,10-12].
Here, on the basis of the Guideline and Good Clinical Practice Recommendations for CEUS in the liver -update 2012[7] and other literature about the management
of HCC, we summarize the main roles and applications
of CEUS in the management of HCC.

CHARACTERIZATION OF HCC BY CEUS
HCC has generally been regarded as a hypervascular tumor. Conventional color Doppler US and power Doppler
US have limited ability to depict intralesional vascularity,
because both of them are insensitive to slow-ﬂowing,
deeply located blood vessels and are usually associated
with many artifacts. Thus, their diagnostic capability for
HCC is limited. On CEUS, HCC in cirrhotic livers typically exhibits arterial hyper-enhancement in comparison
with the surrounding liver tissue, which is encountered in
93.5%-97% of cases[17-20]. Hyper-enhancement in the arterial phase is usually homogeneous and intense in HCC,
but may be inhomogeneous in larger nodules (> 5 cm),
because of the regions of necrosis. A thin, perilesional,
rim-like hyperenhancement is seen in about 5%-34.6%
of HCC cases, which may represent the tumor capsule
or blood vessels around the lesion[17-20]. In most of the
cases, HCC always shows earlier enhancement than the
surrounding liver tissue. The detection rates of hyperenhancement in lesions ≤ 1.0 cm, 1.1-2.0 cm, and 2.1-3.0
cm are 67%, 83%-88%, and 92%-100%, respectively[19-23].
Apparently, CEUS has a relatively low ability to determine the characteristics of smaller lesions.
Washout in the late phase is observed overall in about
half of the cases of HCC but more rarely in small nodules
(20%-30% in those 1-2 cm)[7]. This is more frequent in
patients in Eastern countries, because washout is found
in 80.4% of HCC cases in the portal phase and in 95.3%
of HCC cases in the late phase[17,18]. However, in those 1-2
cm, only 53.5% exhibited washout in the portal phase and
69%-90.7% in the late phase[19,24]. Washout is observed
more frequently and quickly in HCC with poorer grades of
differentiation than in well-differentiated HCC, which tend

SURVEILLANCE FOR HCC
In cirrhotic livers, the risk of HCC increases with the
increase in nodule size. Nodules < 1 cm are rarely malignant. Attention should be paid to nodules > 1 cm. The
rate of HCC is 66% in nodules 1-2 cm in diameter, about
80% in nodules 2-3 cm and 92%-95% in nodules > 3 cm.
The most challenging situation for imaging techniques
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to be iso-enhanced in the late phase[25-27]. In comparison
with other liver malignancies such as intrahepatic cholangiocarcinoma (ICC) and metastatic liver cancer, washout
in the late phase is usually less marked in HCC[7,28-32]. In
addition, washout tends to start later in HCC, usually not
before 60 s after UCA injection, and in about 25% of
cases, appearing only after 180 s; therefore, it is important
to observe nodules in cirrhosis until very late (> 4 min) to
increase the sensitivity for the diagnosis of HCC[7].
The tumor thrombus in the portal or hepatic vein is an
important sign of HCC progression and determines HCC
stage and therapeutic strategy. Thus, it is crucial to differentiate the malignant thrombus from benign thrombosis.
CEUS is also valuable in evaluating the presence and extension of the portal or hepatic vein thrombosis caused
by tumor invasion. Hyper-enhancement of the thrombus in the arterial phase indicates malignant thrombosis
whereas non-enhancement indicates benign thrombosis.
CEUS seems to be superior to CT in detection (100%
vs 68%) and characterization (98% vs 68%) of the portal
thrombosis complicating HCC[33]. The tumor source of
the malignant portal vein thrombus may be invisible on
US, especially in the case of diffuse HCC in which portal
vein thrombus may be the only visible clue. Moving the
transducer from the thrombus to the adjacent liver tissue
is recommended to find if there is any washout region
and the washout regions should undergo reinjection to
observe the arterial hyper-enhancement[7].
In cirrhotic livers, arterial hyperenhancement with
subsequent washout facilitates the diagnosis of HCC
when other lesions such as hemangioma, ICC, abscess,
and hypervascular liver metastasis are excluded. On the
other hand, arterial hyperenhancement without subsequent washout is also highly suspicious for HCC, mainly
well-differentiated HCC, but is not conclusive[7,34-36]. An
inconclusive CEUS pattern should prompt other contrast
imaging (CECT or CEMRI), and if these are still inconclusive, biopsy is recommended. In general, the sensitivity, speciﬁcity, and PPV of CEUS in diagnosing HCC are
88.8%, 89.2% and 91.3%, respectively[18]. The diagnostic
ability is highly associated with the nodular size; the sensitivities in nodules 1.0-2.0, 2.1-3.0 and 3.1-5.0 cm are
69%-80%, 97% and 100%, respectively, and the accuracies are 82%-87%, 97% and 100%, respectively[17,19,24].
The 2005 American Association for the Study of
Liver Diseases (AASLD) guidelines has accepted CEUS
as a reference imaging for the diagnosis of HCC just like
contrast-enhanced CT or MRI[6]. CEUS is still a part of
the Japanese guideline on HCC and the Asian Pacific
Association for the Study of the Liver consensus recommendations on HCC but has been removed from the
latest American guidelines[6]. This is partly justified by the
fact that no UCA is licensed for the liver in the United
States and additionally because of perceived possibility of
false-positive HCC diagnosis in patients with ICC when
CEUS is used alone. The role of CEUS in differential diagnosis between HCC and ICC is still controversial. ICC
always enhances later and more slightly and washes out
more quickly than HCC on CEUS. In fact, in experienced
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hands, CEUS has the same accuracy as contrast-enhanced
CT in diagnosing ICC and the likelihood of misdiagnosis
is minimal[29-32].
The other major concern in cirrhotic livers is to make
a distinction between HCC and other nodules such as
large RN, low-grade and high-grade DN. Pathologically, large RN and low-grade DN generally show arterial and capillary supply similar to that detected in the
adjacent cirrhotic nodules, whereas high-grade DN and
HCC may show abnormally increased arterial supply.
About 33.3%-60% of high grade DN cases show arterial hyper-enhancement whereas 40%-66.7% show hypoenhancement[21,24]. Washout is seldom found in the late
phase for high grade DN, in contrast to typical HCC.
Occasionally, cancerous foci of very well differentiated
HCC is encountered within DN, which is called nodulein-nodule lesion or DN with a focus of HCC. Differentiation between HCC and these nodules is always a major
concern in cirrhotic livers, as the appearance in BUS may
be similar but their prognosis is substantially different
from each other. CEUS facilitates the detection of HCC
portion in DN, because HCC portion generally shows
arterial hyper-enhancement.
HCC in cirrhotic livers usually does not harbor reticuloendothelial (Kupffer) cells, different from normal and
cirrhotic liver parenchyma and from most solid benign
liver lesions. The absence of Kupffer cells causes a defect in Sonazoid uptake in the postvascular phase. The
diagnostic capability of CEUS with Sonazoid in the postvascular phase is similar to that of MRI with superparamagnetic iron oxide (SPIO) and has been endorsed in the
Japanese guidelines for the management of HCC[10-12,37,38].
Furthermore, CEUS has an inherent advantage over
CECT or CEMRI: its real-time imaging can not only
dynamically display the vascular perfusion of HCC, but
also carry on quantitative analysis for FLL on the basis
of time intense curve, which indeed helps radiologists to
read CEUS images accurately and to avoid misdiagnose
due to some subjective biases[2,5,7,8,19].
Little information is available for the role of CEUS in
the diagnosis of HCC in non-cirrhotic livers. On CEUS,
the enhancement pattern has no difference in comparison with that in cirrhotic livers. However, the lesions that
should be differentiated may be different, especially for
those appearing arterial hyper-enhancement and subsequent sustained enhancement. Under such circumstance,
the lesions need to be differentiated from those including
focal nodular hyperplasia, liver adenoma, and some small
hemangioma. For the lesions that show arterial hyperenhancement and subsequent washout, attention also
should be paid to exclude liver metastasis and ICC, because the latter two lesions are often encountered in noncirrhotic livers[29-32,39,40].

DIAGNOSTIC WORK-UP FOR HCC BASED
ON US AND CEUS
The diagnosis of HCC should be based not only on the
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FLL in cirrhotic liver

< 1 cm

≥ 1 cm

Repeat US at 3 mo intervals

Growing/changing
characteristics
Investigate
according to size

Hyper-E in the arterial phase

Stable

Yes

No
Iso-E in the late phase
Consider RN/DN

Arterial peripheral nodular E
centripetal E in portal/late phase

Yes
Hemangioma

Slight hypo-E in the late
phase Suspicious of HCC

No

Hypo-E in the
late phase
Consider HCC,
ICC or met

Sustained enhancement
in the late phase
Highly suspicious of
HCC, usually welldifferentiated

Marked hypo-E in the late
phase Highly Suspicious of
HCC, ICC or met

Figure 1 The diagnostic algorithm for hepatocellular carcinoma. FLL: Focal liver lesion; US: Ultrasound; RN: Regenerative nodule; DN: Dysplastic nodule; HCC:
Hepatocellular carcinoma; ICC: Intrahepatic cholangiocarcinoma; met: Metastasis; E: Enhancement.

imaging findings but also on clinical background, such as
liver cirrhosis or hepatitis. Recent studies show that alphafetoprotein determination lacks adequate sensitivity and
speciﬁcity for effective surveillance and diagnosis[41,42].
Thus, diagnosis of HCC should be based on imaging
techniques and/or biopsy. The application of dynamic
imaging criteria should be applied only to patients with
cirrhosis of any etiology and to patients with chronic
hepatitis B who may not have fully developed cirrhosis or
have regressed cirrhosis[6]. In view of the updated AASLD
guideline and the 2012 liver CEUS guideline, the diagnosis
algorithm for HCC is suggested as following (Figure 1).

localize the site for biopsy more accurately by demonstrating regions of the vascularized viable tumor, which
should be targeted, and regions of necrosis, which should
be avoided[7,44].
Besides surgical resection and liver transplantation,
local percutaneous therapy, such as ethanol ablation
(EA), radiofrequency ablation (RFA), microwave ablation
(MWA) and cryotherapy, is always the primary choice in
the management of HCC as a minimally invasive method,
especially for small, recurrent, and residual HCC lesions
after local ablation or transcatheter arterial chemoembolization (TACE)[5]. Survival after ablation in Child-Pugh
A patients is 50%-70% at 5 years, paralleling the outcome
after surgical resection[2,45,46]. As a new guidance tool,
CEUS represents a significant improvement in all steps
of HCC percutaneous therapy. Prior to the percutaneous
therapy, CEUS can be used to assess the HCC lesion size,
number, margins and its relationship with the surrounding structures, which is helpful to devise the best therapeutic strategy, to reduce the risk of complications, and to
compare the patterns before and after treatment[7]. CEUS
can not only accurately tell the location of HCC but also
guide real-time puncture during the arterial phase, or its
sufficient long portal-venous and late phases. Moreover,
UCA can be administrated repeatedly to guide percutaneous therapy at multiple sites or for multi-lesions[7,8,47].

CEUS-GUIDED PERCUTANEOUS BIOPSY
AND THERAPY
Clinically, percutaneous biopsy and therapy are commonly
operated under the guidance of US or CT, whereas a
part of HCC in patients with cirrhotic livers or repeated
treatment history usually cannot be figured out on unenhanced US[7,13,43]. Although CT-guided percutaneous treatment is a well-established technique and a useful method
for HCC lesions undetected by US, its inconvenience and
radiation exposure have to be taken into account[13].
In order to get the definite pathologic diagnosis before therapy, US-guided percutaneous biopsy has already
been regarded as the preferred choice for the cases that
cannot show typical manifestations on imaging. CEUS
prior to biopsy procedures can increase the diagnostic
yield by 10% and decrease the false negative rate, especially in large tumors with areas of necrosis. CEUS can
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TREATMENT RESPONSE EVALUATION
AND FOLLOW-UP
With respect to the evaluation of HCC treatment re-
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detecting local tumor progression were 67.5%, 97.4%,
81.8%, 94.4% and 92.3%, respectively, and for detection of new intrahepatic recurrence were 77.7%, 92.0%,
92.4%, 76.7% and 84.0%, respectively[15,16]. Thus, CEUS
is not comparable to CECT, because, similar to surveillance, it is difficult to provide an overview of the liver
to detect all possible HCC progressions and intrahepatic
recurrences on CEUS even if reinjection of UCA is carried out[5,7,15,16]. But when follow-up CECT or CEMRI
is contraindicated or not inclusive, CEUS as a substitute
or complementary method can be applied to assess the
HCC progression and intrahepatic recurrence[7,15].
Thus, for the treatment response assessment of HCC,
CEUS can be equal to CECT/CEMRI. And as a complement to CECT/CEMRI, CEUS may be used in followup protocols.

sponse, currently, the use of contrast enhanced imaging
to detect the viable tumor or recurrent HCC is widely
accepted[8,47-49]. Previously, CECT or CEMRI has been regarded as the reference standard for treatment response
evaluation after local therapies. Recently, several studies
have proven that CEUS has the same ability to evaluate
treatment response as CECT or CEMRI, thus CEUS can
be performed as an alternative method to spare CECT or
CEMRI for this purpose[8,50-53]. CEUS, similar to CECT
or CEMRI, also follows the guideline of the modified Response Evaluation Criteria in Solid Tumor (mRECIST)[54].
In this guideline, viable HCC is defined as uptake of contrast agent in the arterial phase of CEUS; while complete
response is defined as disappearance of any intratumoral
arterial enhancement in HCC lesions[54]. In past decades,
the assessment of HCC treatment response is mainly on
the basis of change in tumor size, but it disregards the
extent of necrosis and seems unsuitable for TACE and
some targeted therapies, such as Sorafenib or monoclonal antibodies, in which anti-tumor effect mainly results
from destroying the tumor blood vessel or suppressing
angiogenesis. The change of microvascularization is also
confirmed as the criterion for treatment response evaluation in mRECIST. Thus, on CEUS, the disappearance of
intratumor arterial enhancement indicates internal necrosis after the treatment of HCC[54,55].
It should be noted that the time point of treatment
response evaluation by CEUS is not limited except for
percutaneous therapy. Because on CEUS the reactive
hyperemia generated in the procedure of percutaneous therapy, such as RFA, EA and MWA, will cover the
ablated HCC lesions in several days, the residual viable
tumor may be missed. Within 2 wk after percutaneous
therapy, the reactive hyperemia around the ablated lesion
is apt to be misdiagnosed as false positive residual HCC.
Given the above-mentioned phenomena, some experts
have recommended that CEUS should be performed in a
month after percutaneous therapy. However, there is still
controversy over the role of CEUS vs CECT in the treatment response evaluation of HCC after ablation, which is
probably influenced by the individual opinion and familiarity with the techniques[16]. Frieser et al[56] has concluded
that CEUS is equal to CECT in evaluating treatment response; Gallotti et al[57] found that CEUS was excellent in
evaluating treatment response after RFA, whereas it was
inadequate for evaluating treatment response after EA.
After the treatment of HCC, contrast enhanced imaging in a month may fail to detect the tiny viable tumor
tissue, especially when neoangiogenesis is not obvious. Therefore, the follow-up should aim to detect the
progression of incomplete necrotic HCC and find the
intrahepatic recurrence as early as possible, so that the
patients can benefit timely from additional and effective
therapy that will improve their survival, save the costs
and reduce the side effects[15,58,59].
According to the previous studies, compared with
CECT after HCC ablation, the sensitivity, specificity,
PPV, NPV and overall accuracy of follow-up CEUS in
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IO-CEUS
IO-CEUS is commonly used for intraoperatively detecting and locating HCC before resection and has attracted
more attention of surgeons. Generally, CECT or CEMRI
are considered as standard and basic imaging tools for
preoperative staging and detection of metastasis or primary liver tumors. However, intraoperative ultrasound
(IOUS) is increasingly used by most centers as several
studies showed that up to 40% of malignant lesions are
missed by the preoperative cross-sectional imaging[60,61].
Even though the cross-sectional imaging techniques have
continuously improved, IOUS was still able to detect additional liver lesions in 10% of patients[60]. The use and
value of IO-CEUS during surgery was reported firstly
by Leen et al[62] in 2006, and IO-CEUS also showed even
significantly better sensitivity in detecting liver metastasis
compared to CECT, CEMRI and IOUS with an alteration of surgical management in almost 30% of cases[60,62].
Recently, Loss et al[60] reported that more than 50% additional liver lesions were found on IO-CEUS compared to
preoperative imaging and IOUS, and that with IO-CEUS
equipped with a high frequency linear transducer, some
liver lesions even smaller than 10 mm in diameter can be
detected and characterized[60]. The improved sensitivity
of IO-CEUS was also confirmed by other studies[63-65].
Though most of the above-mentioned studies were not
focused on HCC, IO-CEUS remains to be of potential
value. It is now recognized that the more aggressive the
surgical approach adopted, the higher the impact of IOCEUS becomes[7,62].
In conclusion, although CEUS is subject to the same
limitation as baseline US and is inferior to CECT/CEMRI in some aspects, CEUS is proved to be of great value
in management of HCC with inherent advantages, such
as sufficient high safety profile suitable for patients with
renal failure or allergic to iodine, absence of radiation,
easy repeatability and high temporal resolution. The tremendous application of CEUS to the diagnosis and treatment of HCC provides more opportunities for patients
with HCC at different stages.
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Abstract
The prognosis of patients with metastatic liver disease
remains dismal with a median survival of only 6-12 mo.
As 80%-90% of patients are not candidates for surgical
therapy, there is a need for effective non-surgical therapies that would improve outcomes in these patients.
The body of evidence related to the use of stereotactic
ablative radiotherapy (SABR) in metastatic liver disease has substantially grown and evolved over the past
decade. This review summarizes the current evidence
supporting liver SABR with particular attention given to
patient selection, target delineation, organ at risk dose
volume constraints, response evaluation imaging and
the various SABR techniques for delivering ablative radiotherapy to the liver. Even though it is unclear what
dose-fractionation scheme, delivery system, concomitant therapy or patient selection strategy yields the optimum liver SABR outcomes, clear and growing evidence
is available that SABR is a safe and effective therapy for
the treatment of oligometastatic liver disease.

INTRODUCTION
Metastatic disease to the liver constitutes the most common malignant hepatic tumor, accounting for 45% of
all liver tumors followed by hepatocellular carcinoma at
28%[1]. Any clinical or radiological evidence of cancer cells
in the liver would deem the patient as stage Ⅳ no matter what the primary source of the malignancy is and the
intent of treatment traditionally has been palliative. With
advances in systemic and local therapies a steady decline
in the nihilistic approach to patients with liver metastasis
has evolved. The definition of the term “oligometastases”
as an intermediate state in the multi-step nature of cancer spread between stages of purely localised and widely
spread metastases has made its way into the common
vernacular of the clinic. The implication is that patients
with oligometastatic disease can be cured with metastasis
directed therapy before it disseminates further. This ap-
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A

Figure 1 Images demonstrating tumors close to the
critical structures. In these cases stereotactic ablative
radiotherapy could prove useful than radiofrequency
ablation or other alternative non-surgical therapies. A
more fractionated regimen would be useful to minimise
toxicity when abutting luminal structures. A: tumor abutting vascular trunk; B: Tumor close to luminal gastrointestinal structures (stomach in this case).

B

pears to be true for liver metastasis arising from cancers
of the colon or rectum where the natural history of
cancer can be relatively indolent and spread can be paradoxically limited to just one organ (the liver) for a long
time before ever metastasizing elsewhere. The majority of
the experience with liver metastasis-directed therapies is
with colorectal cancer (CRC) liver metastases (CRCLM).
Approximately 50% of colon cancer patients will be diagnosed with hepatic metastases, either at the time of initial
presentation or as a result of disease recurrence[2]. With
improved outcomes with systemic agents in non-colorectal malignancies an increased demand for liver metastasisdirected therapies in other histopathologies that presents
with oligometastases is on the rise.
Among the liver metastasis-directed therapies currently available, surgery forms the standard of care. Modern
series analyzing post liver resection survival for patients
with CRCLM report 5-year survival of 37%-58% and
10-year survival of 22%-28%[3]. This improved survival
confirms the hypothesis that there could be a subset of
patients with liver metastasis who could benefit from
liver metastasis-directed therapy; especially when one
considers the fact that the 5 years survival for patients
with CRCLM without treatment is less than 10% (median
survival 6-12 mo)[4]. In patients with non-CRC, non-neuroendocrine metastasis, a 5- and 10-year survival of 36%
and 23% respectively has been reported with resection,
with liver metastases originating from breast cancer having the best survival and melanoma and squamous cell
cancers or any origin having the worst survival[5]. Despite
the benefits of liver metastasis resection, 80%-90% of
patients of such patients are not resectable at diagnosis
and hence cannot avail this benefit[6]. The quandary in
patients with inoperable oligometastatic disease lies in
deciding what treatment options would provide the best
outcomes. Traditionally chemotherapy would be the next
option. Numerous histopathology and biology specific
chemotherapy agents and targeted therapies have been
developed to improve outcomes. However with neoadjuvant chemotherapy, only 10%-30% of these tumors
are converted into a resectable status[7,8]. Also the high
systemic toxicity from most of the therapies precludes
many patients from completing their course and generally
would seek alternative liver directed therapies especially
when they have only 1-5 metastasis confined to liver.

WCR|www.wjgnet.com

Traditionally, radiation therapy for liver metastases
was considered to be a palliative therapy due to the low
tolerance of the whole liver (20-30 Gy in 2-3 Gy per
fraction) and the potential for radiation induced liver disease (RILD). Also the associated survival was very poor.
Though less used, radiotherapy to the whole or partial
liver still continues to be used for symptom palliation[9].
Other options for liver metastases are radiofrequency ablation (RFA), cryotherapy, laser-induced thermotherapy,
and high-intensity focal ultrasound[10]. However these
liver metastasis-directed ablative therapies have some
limitations such as maximum diameter of the metastasis, number of metastases and location within the liver,
susceptibility to trauma for adjacent intestine or biliary
vessels or for RFA specifically loss of effectiveness with
large vessels in proximity which may act as a heat sink
(Figure 1)[11]. Hence there is demand for a non-surgical
therapeutic option which can globally treat tumors in
most locations and sizes and produce a good response.
Liver stereotactic ablative radiotherapy (SABR) is one
such technique that may be able to overcome some of
these limitations.

SABR FOR LIVER METASTASIS
The Canadian Association of Radiation Oncology has
defined stereotactic body radiotherapy (SBRT) as the
precise delivery of highly conformal and image-guided
hypofractionated external beam radiotherapy, delivered
in a single or few fraction(s), to an extracranial body
target with doses at least biologically equivalent to a radical course when given over a protracted conventionally
(1.8-3.0 Gy/fraction) fractionated schedule[12]. SABR,
stereotactic radiotherapy or radiosurgery are other terms
used to describe this technique. Advanced radiation planning and delivery techniques have helped in conforming the ablative radiation doses tightly to the target with
a surrounding sharp dose gradient, and have enabled
greater confidence of intra-fraction tumour position with
improved image guidance.
The initial experience with SABR for liver tumors was
based on the principles of intracranial radiosurgery with
a fixed body frame for rigid immobilisation. The earliest
report was in 1995 in Stockholm, Sweden where investigators reported the results of 42 extracranially (solitary
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Table 1 Prospective clinical trials in the literature studying stereotactic ablative radiotherapy in liver metastases and their results
Ref.
Scorsetti et al[15]

Goodman et al[16]

Ambrosino et al[17]
Lee et al[18]

Rusthoven et al[19]

Høyer et al[10]
Méndez Romero
et al[20]
Herfarth et al[21]

Design

No of patients

Tumor size

SABR dose

Phase Ⅱ
(preliminary
report)

61 (76 tumors)

1.8-134.3 cm3
(mean 18.6 cm3)

75 Gy in 3
fractions

Phase Ⅰ (HCC
and liver
mets)
Prospective
cohort
Phase Ⅰ-Ⅱ

26 (19 liver
mets)

Phase Ⅰ-Ⅱ

47

Phase Ⅱ (CRC
oligomets)
Phase Ⅰ-Ⅱ
(HCC and
mets)
Phase Ⅰ-Ⅱ

64 (44 liver
mets)
25 (17 liver
mets)

0.8-146.6 mL
(median, 32.6
mL)
20-165 mL
(median, 69 mL)
1.2-3090 mL
(median, 75.9
mL)
0.75-97.98 mL
(median, 14.93
mL)
1-8.8 cm (median,
3.5 cm)
1.1-322 mL
(median, 22.2
mL)
1-132 mL
(median, 10 mL)

27
68

35

Toxicity

Outcomes

No case of RILD. Twenty-six percent
1-yr LC94, 22-mo LC
had grade 2 transaminase increase
90.6%
(normalised in 3 mo). Grade 2 fatigue
in 65% patients, one grade 3 chest wall
pain which regressed within 1 year.
Dose escalation,
No dose-limiting toxicity
1-yr local failure, 3%
18-30 Gy (1 fr) 4 cases of Grade 2 late toxicity (2 GI, 2 2-yr OS, 49% (mets only)
soft tissue/rib)
25-60 Gy (3 fr)
No serious toxicity
Crude LC rate 74%
Individualized
dose, 27.7-60 Gy
(6 fr)
Dose escalation,
36-60 Gy (3 fr)

No RILD, 10% Grade 3/4 acute
toxicity
No Grade 3/4 late toxicity
No RILD, Late Grade ¾ < 2%

45 Gy (3 fr)

One liver failure, two severe late GI
Toxicities
Two Grade 3 liver toxicities

30-37.5 Gy (3 fr)

Dose escalation,
14-26 Gy (1 fr)

No significant toxicity reported

1-yr LC, 71% Median
survival, 17.6 mo
1-yr LC, 95%
2-yr LC, 92%
Median survival, 20.5 mo
2-yr LC, 79% (by tumor)
and 64% (by patient)
2-yr LC, 86%
2-yr OS, 62%
1-yr LC, 71%
18-mo LC, 67%
1-yr OS, 72%

SABR: Stereotactic ablative radiotherapy; RILD: Radiation induced liver disease; CRC: Colorectal cancer; HCC: Hepatocellular carcinoma; GI:
Gastrointestinal; LC: Local control.

tumors in lung, liver or retroperitoneal space) treated
tumors in 31 patients. They reported a response rate of
43% for 14 liver metastases treated with 20-45 Gy in 1-4
fractions, with a prolonged time to maximum response
(approximately 16 mo for a 13-cm liver metastasis).
No liver toxicity was observed but 1 patient developed
grade 4 hemorrhagic gastritis[13]. In a 1998 update, the
local control rate was 95% with a mean survival of 17.8
mo after SABR for 21 patients with liver metastases[14].
However due to the highly mobile nature of liver tumors
with respiration and also their capacity to deform with
this motion relative to the external frame, improved image guidance techniques were required to ensure accurate
delivery of the high radiation doses. Soon various groups
embarked on liver SABR programs and presented their
institutional data. Table 1 shows the various prospective
clinical trials in the literature studying SABR in liver metastases[10,15-21].
From various prospective and retrospective trials,
SABR for liver metastases shows a local control rates
ranging from 70%-100% at 1 year and 60%-90% at 2
years. Median overall survival after SABR ranges from 10
to 34 mo, with 2-year overall survival rates ranging from
30% to 83%, with occasional long-term survivors[10].

metastasis. In general, patients with 1-3 liver metastasis
with maximum tumor diameter < 6 cm, liver confined
disease, good performance status with pre-treatment
Child-Pugh status A are the best candidates for SABR.
Patients with underlying hepatic conditions (e.g., chronic
hepatitis or cirrhosis) may not be good candidates but
this is mainly an issue in SABR for hepatocellular cancers
and not with metastases.
In our centre, generally select patients with 1-3 oligometastatic liver metastases with pre-treatment ChildPugh status A/B and tumor size ≤ 6 cm are selected for
SABR treatment. In addition tumors unsuitable for RFA
treatment due to their size criteria or location close to
vessels or gastrointestinal structures are also selected for
treatment.

SABR PLATFORMS AND TECHNICAL
CONSIDERATIONS
There are various platforms for delivering SABR therapy
for patients with liver tumors. The most common is using a modern linear accelerator equipped with some form
of image guidance system to deliver SABR. SABR specific units such as the Vero® (Mitsubishi Heavy Industries
Ltd., Tokyo, Japan and BrainLAB AG, Feldkirchen, Germany) and CyberKnife® (Accuray Inc., Sunnyvale, CA,
United States) are also on the market. All these modalities
report comparable outcomes with their techniques. The
CyberKnife® is a robotic SABR platform where a miniaturised linear accelerator is mounted on a robotic arm
possessing 6 axis of freedom and aligns accurately to the

PATIENT SELECTION
There is no consensus regarding the selection criteria for
patients for liver SABR. Even though tumors of most
histopathologies are selected, the most common are
CRCLM. Table 2 demonstrates the most commonly accepted criteria for selecting patients for SABR for liver
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Table 2 Organ at risk constraints in various prospective trials depending on their fractionation schemes
Normal Liver D30% = 6-12 V15 Gy < 700 30% < 21
mL
Gy, 50%
(Liver- CTV- Gy, D50% =
< 15 Gy
4-7 Gy
RFA cavities)
Stomach

Dmax ≤ 12 Gy

NA

D5 mL < 21
Gy

Bowel

Small bowel D < 5% volume D5 mL < 21
Dmax ≤ 35 Gy
< 20 Gy
Gy

Esophagus

Dmax ≤ 14 Gy

V15 Gy <
700 mL

V15 Gy <
700 mL

V5 Gy ≤ 700
mL, Dmean <
15 Gy

[10,15,19,21,28-29,31]

V15 Gy <
700 mL

V21 Gy < 700 mL

Dmax ≤ 30 D1 mL < 21 Gy Dmax < 30 Gy; V21 Gy < 1%
Gy
D5 mL < 22.5
Gy
Dmax ≤ 30 D1 mL < 21 Gy Dmax < 30 Gy Duodenum,
Gy
small bowel
V21 Gy < 1%

NA

Kidney

NA

D5 mL < 21
NA
D1 mL < 21 Gy
Gy
75% volume of
NA
Total kidney Total kidney
each kidney <
D35% < 15
D35% < 15
5 Gy
Gy
Gy

Spinal cord

NA

Dmax < 12 Gy

NA

Heart/
pericardium
Skin
Great vessels
Chest wall

NA

NA

NA
NA
NA

NA
NA
NA

D5 mL < 21
Gy
NA
NA
NA

NA

V21 Gy < 1%

NA

V15 Gy < 35%
for both
kidneys

Dmax ≤ 18 Dmax < 18 Dmax ≤ 20 Gy
Gy
Gy
NA
D1 mL < 30 Gy
NA
NA
NA
NA

NA
NA
NA

NA
NA
NA

D0.1 cm3 < 18
Gy
V30 Gy < 1%

Dmax ≤ 32 Gy , D10 mL < 28 Gy

Duodenum:
Dmax ≤ 32 Gy; D5 mL< 18 Gy
Jejunum/ileum:
Dmax ≤ 35 Gy, D5 mL ≤ 19.5 Gy
Colon: ≤ 38 Gy, D20 mL ≤ 25 Gy
Dmax ≤ 35 Gy, D5 mL < 27.5 Gy
Renal hilum/vascular trunk <
2/3 ≤ 23 Gy
Renal cortex (right and left): 200
mL < 17.5 Gy (3.5 Gy/fraction)
Dmax ≤ 30 Gy, D0.25 mL < 22.5 Gy
Dmax ≤ 38 Gy, D15 mL < 32 Gy

NA
NA
D30 cm3 < 30 Gy

Dmax ≤ 32 Gy, D10 mL < 30 Gy
Dmax ≤ 53 Gy, D10 mL < 47 Gy
NA

CTV: Clinical target volume; Dx%: Dose to x%; Dx mL/cm3: Dose to x mL/cm3; RFA: Radiofrequency ablation; NA: Not available.

tumor and delivers the radiation in forms of hundreds of
beamlets which allows optimisation of tumor dose and
spares nearby normal tissues. The CyberKnife Synchrony®
Respiratory Tracking System utilizes real time imaging of
chest position and correlates that with tumor position via
two orthogonally mounted X-ray units. Implanted fiducials are tracked in real time and used as a surrogate for
tumour position. During treatment the system adjusts the
position of the delivered beam during respiration so that
the dose is delivered consistently to the moving tumor.
The different SABR platforms perform image guidance
using various imaging modalities such as megavoltage
(MV) orthogonal imaging, fluoroscopy, ultrasound, or
MV/kV cone beam CT for checking the tumor location
prior to treatment.
The various SABR systems rely on imaging of some
form of surrogate for the tumor(s) such as the liver itself,
implanted fiducials, air-diaphragm interface or air-rib interfaces to help ensure that dose is delivered accurately[10].
Modern linac-based radiation delivery techniques such as
volume modulated arc therapy have made the radiation
delivery much faster and hence lessen the amount of uncertainties during treatment.

treatment planning magnetic resonance imaging (MRI)
sequences that gives the best tumor definition and hence
a fiducial to fiducial based image registration while treatment planning is possible[22]. The location of implanted
fiducials is also important. Seppenwoolde et al[23] showed
that for liver treatment a close arrangement of fiducials
to the tumour is recommended. An ideal implantation
would surround the tumor (Figure 2), where the tumor
centre is closer to the fiducial centroid[10]. The fiducials
are usually implanted transcutaneously or through endoscopic ultrasound guidance depending on where they
are located in the liver. For robotic SABR using the CyberKnife system, identifying fiducials as distinct entities
on orthogonal X-rays acquired on the unit is required.
Optimal conditions for this include a minimum of 2
cm distance between any two fiducials and a minimum
of 15° degree angle within any three fiducials. Fiducials
should not be placed in the same plane in such a way
that they form about a 45-degree angle with the horizon.
No fiducial should be greater than 5 to 6 cm away from
the lesion. To track rotational movement, a minimum of
three fiducials placed in three different orthogonal planes
is necessary.
The treatment planning simulation is usually done
after a week of fiducial implantation to allow for development of fibroblastic reaction around the fiducials, making
it more fixed to the implanted tissue[24]. Depending on the
SABR platform used, the patient is simulated in the treatment planning position. Use of a body frame with reference fiducial markers or equivalent customized external
vacuum-type or synthetic body mould is used in most linac based system to reduce both the patient and respiratory
liver motion. Respiratory control is usually achieved by

FIDUCIAL IMPLANTATION, TREATMENT
SIMULATION AND PLANNING
For those centres that use fiducials to help identify tumour position within the liver, implantation is usually
performed at least one week prior to simulation. For the
purpose of image guidance, gold based fiducials are commonly used. There is some evidence that platinum fiducials are better as they are better visualized on the same
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Tumor

Tumor

Figure 2 Diagram showing ideal post implantation distribution of the fiducials around the tumor (Adapted from Seppenwoolde et al[23]). Ideally the fiducial
arrangement should be centred around the tumor, bracketing the lesion (B) and not lateralized to one side (A). At least 3 fiducials should be implanted.

A 4D-CT scan is also of benefit for assessing liver tumor
motion and creating larger margins to account for tumor
motion. The planning CT and MRI images are registered
in the treatment planning system. Some centres use planning PET-CT scans for target delineation[26].
A gross tumour volume (GTV) is defined as all tumor
appreciated on clinical and radiological studies. The clinical target volume (CTV) is generally the same as the GTV
for SABR treatments. Centres using 4D-CT to account
for respiratory motion may use the minimum intensity
projection or maximum intensity projection or a combination to contour the internal target volume (ITV), alternatively they may fuse the 4D-CT images at end-inspiration
and end-expiration and contour the tumor in each image
and sum of the two would generate the ITV[27]. The CTV
to planning target volume (PTV) margin varies depending
on the SABR technique and platform. Most centres use a
5 mm radial margin and a 10 mm cranio-caudal margin to
create a PTV. Centres that use fiducial based guidance may
use a symmetrical 5 mm margin or less.
The goal of SABR treatment planning for liver metastasis is to produce highly conformal dose distributions
with multiple beams using either coplanar or non-coplanar geometries (Figure 3). The prescription dose is generally prescribed to the planning isodose covering the PTV
(generally the 80%-90% isodose line). Intensity modulation radiotherapy can be more beneficial around concave
targets compared to spherical targets in liver SABR[28]. In
contrast to conventionally fractionated radiotherapy; dose
heterogeneities with the target are generally acceptable in
the form of a higher dose within the primary tumor, as
long as there is no overlap with an organ at risk. Radiobiologically this distribution may also be desirable because
as the tumor centre is considered to be relatively hypoxic
and hence relatively radioresistant[29].

Figure 3 Demonstrating the tight prescription isodose (long broken arrow) around the planning target volume (solid arrow). The steep dose
fall gradient is demonstrated by the 50% isodose curve (short broken arrow)
around the prescription isodose. Platinum fiducials showed as arrow head as
seen in both computed tomography and magnetic resonance imaging.

gating, active breath control or simply using an abdominal
compression plate[25]. Robotic SABR system that perform
real time tracking do not require patients to be in any rigid
or semi-rigid immobilisation as the system will track the
fiducials with breathing. A non-contrast CT scan, contrast
enhanced CT scan and ideally a contrast enhanced MRI
is used for treatment planning purposes, usually acquired
in the same phase of respiration to facilitate easy fusion.

WCR|www.wjgnet.com

TUMOR AND ORGAN AT RISK DOSE
VOLUME CONSTRAINTS
Due to lack of clear evidence, various dose fractionation
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schemes are used by various centres depending on the
technique available and also based on the clinical scenario
such as size or location of the tumor. In a phase Ⅰ trial
led by the group at the University of Colorado, it was
shown that it is safe to treat up to 3 liver metastases to
60 Gy in 3 fractions as long as a minimum of 700 mL of
normal liver receives < 15 Gy total dose in 3 fractions[19].
Another phase Ⅰ dose escalation trial from UTSW did
not reach maximal tolerated dose but reached the predefined maximal dose of 60 Gy in 5 fractions. In this trial
at least 700 mL of normal liver had to receive < 21 Gy[30].
Goodman et al[16] reported a phase Ⅰ trial of single session SABR to the liver where doses where safely escalated
from 18 Gy to 30 Gy in 1 fraction for liver tumors (both
metastases and hepatocellular carcinomas). There was no
dose limiting toxicity. Lee et al[18] reported the results of
a phase Ⅰ trial which gave individualised tumor prescriptions in 6 fractions guided by NTCP calculations using
the Lyman model of normal tissue complication probability. Using this model, the calculated risk of hepatic
toxicity was escalated from 5% to 20%. However due to
the lack of any RILD noted in none of the 68 patients in
the study, there is criticisms that even though this model
may be a useful tool for guiding dose selection, it may not
predict the actual risk of liver toxicity[9]. As fractionations
beyond the above mentioned are considered to be less
ablative and higher total doses may increase liver toxicity,
that has been attempted less.
It may be logical to say that for tumor abutting luminal GI structures, a more protracted dose fractionation
may be reasonable. Also due to the lesser experience with
SABR for larger tumors (> 6 cm in maximal diameter), a
more individualised approach similar to the University of
Toronto approach or use of a less ablative dose per fraction may be reasonable[9].
The existence of a dose-response ratio with liver
SABR has also been studied. A pooled analysis of 47
CRCLM patients demonstrated that total dose, dose
per fraction and biological effective dose (BED) were
significant for local control on multivariate analysis. The
estimated dose of 46-54 Gy in 3 fractions or a BED of
117 Gy10 (EQD2 = 98 Gy) would be required for a 1-year
local control rate of > 90%[31]. Vautravers-Dewas et al[32]
in their series of 42 patients could not demonstrate a
clear dose response, however their dose prescription was
limited to 40 Gy in 4 fractions and 45 Gy in 3 fractions
(BED 80-113 Gy10, EQD2 = 66-94 Gy). The similarity
in the BED between the regimens may have contributed
to the results. Lanciano et al[11] in a retrospective series
treating a cohort of patients mixed histopathologies with
higher SABR doses with time also demonstrated that a
dose response relationship is possible. An increase local
control was noticed for a BED > 100 Gy10 (EQD2 =
90 Gy). All three studies mentioned above did not show
tumor size to be a predictor of outcome, counter to traditional beliefs.
Severe (grade 3 or above) toxicity due to SABR to the
liver is uncommonly reported. Currently there is no con-

WCR|www.wjgnet.com

sensus regarding the organ at risk (OAR) dose volume
constraints due to the different fractionation schemes and
techniques that each centre uses. The Quantitative Analyses of Normal Tissue Effects in the Clinic recommends
a mean liver dose of < 15 Gy in three fractions and < 20
Gy in 6 fractions and ≥ 700 mL of normal liver receives
≤ 15 Gy in three to ﬁve fractions for a < 5% risk of
RILD[34]. Pre-existing liver dysfunction, as measured by
the Child-Pugh score, should be recorded, as well as any
change in status of Child-Pugh score after treatment[9].
Gastrointestinal toxicity is also less commonly reported even though it depends on the location of the
tumor. Intestinal ulceration and perforations were reported in 3 patients with bowel doses greater than 30 Gy
in 3 fractions[10]. Grade 3 subcutaneous toxicity has been
reported in a single patient with skin doses of 48 Gy in
3 fractions[30]. Rib fractures has been reported in patients
receiving maximum doses to 51.8 Gy and 66.2 Gy in 6
fractions to 0.5 cm3 of rib[18]. The various prospective
trials for liver metastases with their OAR dose volume
constraints depending on their fractionation schemes are
given in Table 2[10,15-16,19,21,30,33-34]. Many centres also follow
the Rule et al[30] publication of dose volume constraints
which even though unvalidated, provides some basic
planning constraints for the planners to achieve. But in
general, SABR treatments which spare at least 700 cc of
liver is associated with almost no toxicity.
In our centre, we would treat with a risk adapted strategy based on the tumor size and capacity for liver sparing.
For smaller tumors, we adopt an aggressive strategy with
lesser number of fractions such as 54 Gy in 3 fractions
and for larger tumors which are close to the intestine, we
use protracted fractionation upto 5 fractions (48 Gy in
5 fractions). As fractions more than 5 are not generally
classified as SBRT in the United States, the experience
with higher doses with protracted fractions is limited.

POST TREATMENT RESPONSE
EVALUATION
Post treatment response imaging is usually done by contrast enhanced CT scan or MRI scan at frequent intervals,
generally starting 3 mo following treatment and then at
least every 3 mo for a year. After a year, the follow-up protocol varies between centres[15-16,19,21,30,33-34]. Some centres
also use PET-CT scan for the post SABR follow-up[15].
Herfarth et al[35] studied the CT changes of patients
treated in a prospective phase Ⅰ-Ⅱ post SABR (single
fraction) using non-enhanced and contrast enhanced
scans acquired at different times after contrast injection.
He described three different types of reaction based on
time after imaging post SABR corresponding to the histological changes seen in veno-occlusive disease (VOD).
Type Ⅰ occurred up to 3 mo, type Ⅱ occurred at 3 to 6
mo, and type Ⅲ occurred more than 6 mo after SABR.
The post treatment change is usually a hypodense area
(liver metastasis are also typically hypodense) which
reduces in size with time. This hypodense area may be

109

March 28, 2015|First Edition|

Nair VJ et al . SABR for liver metastasis

larger than the primary tumor size as the prescription
isodose conforms around the PTV which is larger than
actual tumor. However there may be a surrounding radiation reaction which may be initially enhancing (pseudo
progression) and may undergo change with time.
There are concerns regarding the use of RECIST criteria for post SABR liver imaging. A recent retrospective
study by Jarraya et al[36] also reports the use of changes in
enhancement in addition to size criteria for response evaluation following SABR. They report that the post SABR
VOD that was seen in early imaging as a hypodense area
would become fibrotic, becoming smaller and denser on
successive follow-ups. The “thin” rim enhancement radiation reaction seen early during the post SABR imaging is
likely due to the presence of granulation tissue related to
inflammatory response to the treatment. Usually there is
a clear border between the target and normal parenchyma
at the treatment margin especially with robotic SABR.
The authors also described a thick lobular enhancement
pattern which could be suggestive of local recurrence,
which could present earlier than a size progression. In
order to objectively identify necrosis, a objective definition of a difference of ≤ 10 Houndsfield units between
the non-contrast and contrast-CT scans in the hypodense
areas was used, even if there was an increase in size[36]. It
is important for the treating physician and the radiologist to be aware of these treatment induced changes post
SABR, and in case of any suspicion serial imaging may be
required to assess these tumors closely and to distinguish
between tumor recurrence and pseudo progression due
to radiation reaction.

ity with other competing ablative therapies.
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absence of cyst wall enhancement may be helpful to
distinguish SCN from mucinous cystic neoplasm. However, oligocystic SCN and branch duct type IPMN may
morphologically overlap. In addition, solid serous adenoma, an extremely rare variant of SCN, is difficult to
distinguish from neuroendocrine tumor.
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Core tip: Most serous cystic neoplasm (SCN) consist of
a combination of microcystic, macrocystic, and solidappearing components. The imaging appearance of
each component simply reflects the different sizes of
cysts that comprise the SCN. The diagnostic key of SCN
is to look for a cluster of microcysts (honeycomb pattern). However, differentiation between oligocystic SCN
and branch duct type intraductal papillary mucinous
neoplasm, and between neuroendocrine tumor and extremely rare solid serous adenoma, may be difficult.
Original sources: Ishigami K, Nishie A, Asayama Y, Ushijima Y,
Takayama Y, Fujita N, Takahata S, Ohtsuka T, Ito T, Igarashi H, Ikari
S, Metz CM, Honda H. Imaging pitfalls of pancreatic serous cystic
neoplasm and its potential mimickers. World J Radiol 2014; 6(3):
36-47 Available from: URL: http://www.wjgnet.com/1949-8470/
full/v6/i3/36.htm DOI: http://dx.doi.org/10.4329/wjr.v6.i3.36

Abstract
The aim of this article is to clarify diagnostic pitfalls
of pancreatic serous cystic neoplasm (SCN) that may
result in erroneous characterization. Usual and unusual imaging findings of SCN as well as potential SCN
mimickers are presented. The diagnostic key of SCN
is to look for a cluster of microcysts (honeycomb pattern), which may not be always found in the center.
Fibrosis in SCN may be mistaken for a mural nodule of
intraductal papillary mucinous neoplasm (IPMN). The
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INTRODUCTION
Pancreatic serous cystic neoplasm (SCN) is almost always
benign[1-3]. Surgical resection may be indicated when it
is large or symptomatic (e.g., recurring pancreatitis), or
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when it is difficult to distinguish from potentially malignant mucin-producing pancreatic cystic neoplasms, such
as intraductal papillary mucinous neoplasm (IPMN) and
mucinous cystic neoplasm (MCN)[4-8]. However, unusual
imaging findings of SCN may result in mischaracterization and lead to unnecessary surgical resection. Therefore, it is important to be aware of unusual imaging findings of SCN and possible causes of mischaracterization.
The aim of this manuscript is to clarify unusual imaging
findings and diagnostic pitfalls of SCN that may result in
erroneous characterization. Surgically resected SCN cases
were reviewed and compared to the imaging findings of
MCN and IPMN. Additionally, imaging findings of SCN
mimickers are presented.

cases based on the following inclusion criteria: (1) branch
duct type IPMN; (2) no communication with the pancreatic duct on MRCP; (3) no downstream MPD dilatation; and
(4) no large solid component occupying the cystic space.
There were seven branch duct type IPMN cases that
fit the inclusion criteria. All seven cases were surgically
proven. There was one male patient and six female patients. The ages ranged from 45 to 72 years old (mean
62 years old). All were found in the pancreatic body/tail.
The sizes ranged from 3.4 to 4.6 cm (mean 3.8 cm).

IMAGING REVIEW
Imaging classification of SCN
MRCP and contrast-enhanced dynamic MDCT or MRI
studies of SCN were reviewed, and components of the
SCN were classified into three types: microcystic, macrocystic, and solid-appearing. A microcystic component
referred to a cluster of microcysts that displayed a honeycomb pattern (high signal on MRCP, Figure 1)[9-14]. A
macrocystic component was defined as a cyst larger than
2 cm (Figure 2)[15-17]. A solid-appearing component was
defined as having no high signal on MRCP with iso to
high attenuation/signal intensity on the pancreatic parenchymal phase (radiologically solid regardless of whether
it was histologically solid or microcystic, Figure 3).
Based on the SCN components, SCN were classified
as: (1) microcystic type; (2) oligocystic type (consisting of
a macrocyst and a few small cysts without a honeycomb
pattern)[15-17]; (3) solid-appearing type; and (4) mixed type
(combination of at least two different components, Figure 2).
Based on the imaging classification of SCN, nine mischaracterized cases were reviewed and potential causes of
mischaracterization were clarified.

SCN
Between 2001 and 2011, 16 cases of pancreatic SCN were
surgically resected. On preoperative imaging, seven of 16
(43.8%) were correctly characterized as SCN (no other
differential diagnoses or most likely diagnosis). However,
nine of 16 (56.2%) were not correctly diagnosed as SCN.
Two were diagnosed as less likely for SCN (SCN was
included in the differential diagnoses, but it was not the
most likely diagnosis), and seven were mischaracterized as
unlikely for SCN (SCN was not included in the differential diagnoses). Of these nine mischaracterized cases, the
most likely imaging diagnoses were IPMN (n = 5), MCN (n
= 3), and neuroendocrine tumor (NET) (n = 1).
There were 6 male and 10 female patients. The ages
ranged from 27 to 75 years old (mean 57 years old). Six
of the SCNs were found in the pancreatic head and 10
were in the pancreatic body/tail. The sizes ranged from
2.1 to 7.4 cm (mean 4.5 cm).
Because SCN is not usually surgically resected, there
were a substantial number of mischaracterized SCN cases in this patient population. We retrospectively reviewed
these 16 cases and clarified the potential causes for mischaracterization.

Wall enhancement and wall thickness
Presence or absence of cyst wall enhancement and wall
thickness were compared between macrocysts in SCN
and control groups (branch duct type IPMN and MCN).
Cyst wall enhancement was evaluated on the axial images
of the equilibrium phase of contrast-enhanced CT (4
min after initiation of the intravenous contrast). For this
evaluation, the portions where lesions abutted the pancreatic parenchyma or adjacent organs were avoided.
If wall enhancement was appreciated, wall thickness was measured. Cyst wall thickness was classified as
follows: (1) wall thickness was 2 mm or more; (2) wall
enhancement was perceptible but wall thickness was less
than 2 mm; and (3) no wall enhancement. Cyst wall thickness was compared between macrocysts in SCN and control groups (IPMN and MCN).

CONTROL GROUPS
MCN
Between 2001 and 2011, there were 23 surgically resected
pancreatic MCN cases. There was one male patient and
22 female patients. The ages ranged from 17 to 76 years
old (mean 42 years old). All but one case were found in
the body/tail. The sizes ranged from 2.5 to 13.7 cm (mean
5.7 cm).
IPMN
Between 2007 and 2011, there were 72 IPMN cases that
were further evaluated by multidetector-row CT (MDCT)
and magnetic resonance imaging (MRI)/MR cholangiopancreatography (MRCP) for preoperative planning. In
the clinical setting, many IPMNs are easily diagnosed if
the communication with the main pancreatic duct (MPD)
and prominent downstream MPD are evident. To focus
on diagnostically problematic cases, we selected IPMN
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ADDITIONAL CASE PRESENTATION
To better illustrate imaging findings of SCN, additional
cases of usual and unusual SCN and SCN mimickers are
presented.
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Figure 1 A 65-year-old male with clinically diagnosed typical microcystic serous cystic neoplasm. A: Unenhanced axial computed tomography (CT) shows a
low density mass (arrow) relative to the pancreatic head; B: The pancreatic parenchymal phase of a contrast-enhanced CT shows mild patchy tumor enhancement
(arrow); C: The equilibrium phase shows the mass to be low density (arrow); D: Coronal T2-weighted single-shot fat saturation-echo magnetic resonance image
clearly demonstrate the mass (arrow) consisting of a cluster of microcysts (honeycomb pattern).

A

B

Figure 2 A 57-year-old female with mixed microcystic and macrocystic serous cystic neoplasm. A: Coronal T2-weighted single-shot fast spin-echo magnetic
resonance (MR) image with fat saturation shows a cystic mass (large arrow) in the pancreatic head consisting of central microcysts and peripheral macrocysts. The
small arrow indicates dilatation of the upstream main pancreatic duct. B: Axial T1-weighted gradient-echo MR image with fat saturation shows high intensity fluid in the
macrocysts (arrows), representing hemorrhage. Hemorrhage may be seen in macrocysts, although it is uncommon.

five oligocystic (Figures 5 and 6), two microcystic, one
mixed micro and macrocystic, and one solid-appearing
type. All five oligocystic SCN were mischaracterized as either IPMN (Figure 7) or MCN. In two microcystic SCNs,
fibrosis in the cystic lesion was erroneously characterized
as a mural nodule of IPMN (Figures 8 and 9). In two of
three mixed micro and macrocystic SCN, a cluster of microcysts was noted at the peripheral portion (not centrally
located) (Figure 10), and one was mischaracterized as a
branch duct type IPMN. One solid-appearing SCN was
mischaracterized as a neuroendocrine tumor (Figure 3).
The presence or absence of cyst wall enhancement

OUTCOME
Of the surgically resected pancreatic SCN, there were six
microcystic, five oligocystic, four mixed, and one solidappearing type (Figure 3). Of the four mixed types, three
were mixed microcystic and macrocystic, and one was
mixed microcystic and solid (Figure 4). Therefore, ten of
16 (62.5%) had microcystic and eight of 16 (50%) had
macrocystic components. Eight cases were further evaluated for the presence or absence of cyst wall enhancement and wall thickness.
Of the nine mischaracterized SCN cases, there were
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Figure 3 A 43-year-old female with solid-appearing serous cystic neoplasm in the pancreatic head. A: The arterial phase of an axial contrast enhanced (CE)
T1-weighted gradient-echo (GRE) magnetic resonance (MR) image with fat saturation shows an enhancing mass in the pancreatic head (arrow); B: The equilibrium
phase of an axial CE T1-weighted GRE MR imaging shows the tumor (arrow) to be low intensity (wash-out); C: The pancreatic head mass (arrowhead) is not clearly
demonstrated on MR cholangiopancreatography. The pancreatic head mass appears radiologically solid (solid-appearing). An arrow shows a concomitant small
intraductal papillary mucinous neoplasm; D: Macroscopic view of the resected specimen shows the mass appears solid; E: Microscopic view shows the tumor consisting of small cystic structures with intervening fibrous stroma.
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B

C

D

Figure 4 A 64-year-old female with mixed microcystic and solid-appearing serous cystic neoplasm. A: The pancreatic parenchymal phase of an axial contrast
enhanced-computed tomography (CT) shows a large enhancing mass in the pancreatic body. The right side of the tumor shows avid arterial enhancement (arrow),
and the left side is low density (arrowheads); B: Magnetic resonance cholangiopancreatography shows a microcystic component at the left side of the tumor (arrowhead)
that corresponds to the low density area on CT. In contrast, the right side of the tumor is radiologically solid-appearing (arrow); C: Microscopic view of the left side of
the tumor [microcystic component (arrowheads in A and B)] consists of various sizes of small cystic spaces; D: Microscopic view of the right side of the tumor [solidappearing component (arrows in A and B)] consists of smaller sized microcysts. It is radiologically solid-appearing but histologically microcystic.

and wall thickness is shown in Table 1. In SCN, seven of
eight showed no wall enhancement (Figures 5 and 10).
In contrast, all of the MCN cases (n = 23) showed wall
enhancement and 15 (65.2%) showed 2 mm or more wall
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thickness. Of the branch duct type IPMN cases (n =7),
four showed wall enhancement but three did not. There
was a significant difference with respect to wall enhancement and wall thickening between SCN and MCN (P
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Figure 5 A 40-year-old female with oligocystic serous cystic neoplasm (unilocular). A: The pancreatic parenchymal phase of an axial contrast enhancedcomputed tomography shows a unilocular cystic mass arising from the pancreatic body (arrow); B: The equilibrium phase shows no cyst wall enhancement (arrow).

A

B

Figure 6 A 61-year-old female with oligocystic serous cystic neoplasm showing a cyst-by-cyst pattern. A: Magnetic resonance cholangiopancreatography
demonstrates a cystic mass (arrow) in the pancreatic tail consisting of a macrocyst and two adjacent smaller cysts; B: Axial T2-weighted single-shot fast spin-echo
magnetic resonance image shows a lobulated macrocyst (arrowhead) with adjacent smaller cysts (small arrows) in the pancreatic tail (cyst-by-cyst pattern).

A

Figure 7 A 45-year-old female with branch duct type
intraductal papillary mucinous neoplasm mimicking oligocystic serous cystic neoplasm (also see Figure 6). A:
Magnetic resonance cholangiopancreatography shows a cystic
mass (arrow) in the body of the pancreas. The communication
with the main pancreatic duct (MPD) is not apparent even with
the source images (not shown). There is no downstream MPD
dilatation; B: Axial T2-weighted single-shot fast spin-echo magnetic resonance image with fat saturation demonstrates a mass
showing a cyst-by-cyst pattern (arrow); C: Endoscopic retrograde pancreatography shows the cystic lesion to be opacified
(arrow), representing communication with the pancreatic duct.

B

C

nificant difference between SCN and branch duct type
IPMN.

Table 1 Cyst wall enhancement and wall thickness n (%)

SCNb
MCNb
IPMN

No wall
enhancement

Wall thickness
< 2 mm

Wall thickness
≥ 2 mm

7 (87.5)
0
3 (42.9)

1 (12.5)
8 (34.8)
3 (42.9)

0
15 (65.2)
1 (14.3)

DISCUSSION
Pancreatic SCN is almost always benign (> 98%)[1,2]. The
American College of Radiology[18] recommends consideration of surgical resection for SCN larger than 4 cm.
However, most previously reported malignant SCNs with
evidence of metastatic disease were larger than 10 cm[1,2]
(Figure 11). Therefore, a threshold of 4 cm potentially
includes many benign SCNs. As long as it is not symptomatic, this size criterion alone may not warrant surgical
resection. Moreover, to avoid unnecessary surgical resection, it is important, not only to be familiar with typical
imaging findings of SCN, but to also understand unusual
imaging findings and diagnostic pitfalls.

SCN: Serous cystic neoplasm; MCN: Mucinous cystic neoplasm; IPMN:
Intraductal papillary mucinous neoplasm. Typically, macrocysts in SCN
show no wall enhancement and MCNs show wall enhancement. IPMN
may or may not show wall enhancement. There is a significant difference
between SCN and MCN (bP < 0.01, Kruskal-Wallis test), although no significant difference is shown between SCN and IPMN. The presence or absence of wall enhancement is helpful for differentiating SCN vs MCN, but
it is not for SCN vs IPMN. In addition, MCN may present as a relatively
thin-walled cyst (< 2 mm).

< 0.01, Kruskal-Wallis test), although there was no sig-
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Figure 8 A 74-year-old female with microcystic serous cystic neoplasm and intraductal papillary mucinous neoplasm. A: Magnetic resonance cholangiopancr
-eatography (MRCP) shows a cystic mass (arrow) in the pancreatic head with mild upstream main pancreatic duct (MPD) dilatation; B: Follow-up MRCP 5 years after
Figure 8A shows interval increase in size of the cystic lesion (arrow) with fusiform dilatation of the upstream MPD (arrowhaed) and cystic dilatation of multiple branch
ducts. In retrospect, the cystic lesion in the pancreatic head appears microcystic without downstream MPD dilatation; C: The portal venous phase of an axial contrast
enhanced-computed tomography shows an enhancing component (arrow) within the cystic lesion. Intraductal papillary mucinous neoplasm (IPMN) with solid component was suspected; D: Endoscopic retrograde pancreatography shows extrinsic compression of the MPD due to the cystic lesion in the pancreatic head (arrow) without cyst opacification, although fusiform dilatation of the upstream MPD (arrowhead) is demonstrated; E: Resected specimen shows the cystic mass in the pancreatic
head consisting of microcysts. The enhancing component eventually represented fibrosis (arrow) within microcystic serous cystic neoplasm. In addition, the fusiform
dilatation of the MPD turned out to be IPMN.

A

B

C

D

Figure 9 A 74-year-old male with microcystic serous cystic neoplasm mischaracterized as intraductal papillary mucinous neoplasm with a solid component. A: The pancreatic parenchymal phase of an axial contrast enhanced-computed tomography shows a cystic lesion with an enhancing component (arrow) in the
pancreatic tail; B: Magnetic resonance cholangiopancreatography (MRCP) shows the cystic lesion to be elongated, and the upstream main pancreatic duct (MPD) appears to be dilated (arrow). There is no dilatation of the downstream MPD. The extrahepatic bile duct is tortuous, likely due to distal gastrectomy (Billroth I reconstruction); C: Endoscopic retrograde pancreatography shows the cystic lesion to be unopacified. There is no communication with the pancreatic duct or upstream MPD
dilatation. MRCP findings eventually represented a part of the cystic lesion along the course of the pancreas rather than MPD dilatation (arrow, B); D: Macroscopic
view of the resected specimen (short axis cut section) shows the cystic lesion consisting of microcysts and fibrosis (arrow).

called “honeycomb pattern”[10-14] (Figure 1). Microcystic
SCN can be hypervascular and may appear solid on con-

Typical imaging findings of SCN are well known. Microcystic SCN consists of a cluster of microcysts; the so-
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Figure 10 A 27-year-old female with mixed microcystic and macrocystic serous cystic neoplasm. A: The pancreatic parenchymal phase of an axial contrast
enhanced- computed tomography shows a lobulated cystic mass (arrow) in the pancreatic tail; B: The equilibrium phase shows no cyst wall enhancement (arrow); C:
Magnetic resonance cholangiopancreatography clearly shows a cluster of microcysts (honeycomb pattern) in the peripheral portion of this cystic lesion (arrow).

A

Figure 11 A 78-year-old female with a large serous cystic
neoplasm with liver metastasis. A: The pancreatic parenchymal phase of an axial contrast enhanced- computed
tomography (CT) demonstrates a large low density mass with
patchy enhancement in the body and tail of the pancreas.
Central calcification is noted (arrow); B: Axial CT cranial to
Figure 11A shows a low density liver mass with peripheral and
patchy enhancement in segment Ⅷ (arrow). The appearance
is similar to the pancreatic mass.

B

trast-enhanced computed tomography. MRI and MRCP
can clearly demonstrate the microcystic nature of the
lesion[9]. A macrocyst is defined as a cyst measuring more
than 2 cm (or 1 cm) in diameter[1,15-17]. The mixed type
most commonly consists of microcystic and macrocystic
components[10,11,19]. Typically, microcysts are noted in the
center and macrocysts are located peripherally[10,11,19]. In
addition, fibrosis with or without calcification may be
seen in the center[10,11,19].
In our series, two microcystic SCNs were mischaracterized as IPMN with mural nodule because fibrosis
in the SCN mimicked a mural nodule. One case showed
interval growth (Figure 8) with dilatation of the MPD.
Dilatation of the MPD turned out to be a concomitant
IPMN. In spite of benignancy, it has been reported
that SCN may show interval growth on imaging followup[19-21]. Another case demonstrated an elongated shape
along the course of the pancreatic tail (Figure 9), and
part of the cystic lesion was erroneously considered
MPD dilatation. In retrospect, neither case demonstrated
downstream MPD dilatation, nor did endoscopic retrograde cholangiopancreaticography (ERCP) demonstrate
communication between the cystic lesions and the MPD.
When diagnosing mixed micro and macrocystic SCN,
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the diagnostic key is to look for a honeycomb pattern. It
should be emphasized that the honeycomb pattern may
not always be in the central portion. The honeycomb
pattern may be seen peripherally (Figure 10), and MRI/
MRCP can better characterize and demonstrate a cluster
of microcysts than CT. In addition, it may be helpful to
understand the imaging spectrum of SCN by explaining
that most SCNs consist of the combination of microcystic, macrocystic, and solid-appearing components. The
imaging appearance of each component simply reflects
the different sizes of cysts that comprise the SCN.
Solid variant SCN (solid serous adenoma) is extremely
rare[22-24]. Even though imaging findings often appear
solid (not very bright on MRCP with hypervascularity), it
may be histologically microcystic (Figure 3). That is why
we call such imaging findings “solid-appearing”. Solidappearing components may be seen in mixed type SCNs
(Figure 4). The differential diagnosis of solid serous adenoma (histologically solid) and solid-appearing SCN is
neuroendocrine tumor (NET). Hayashi et al[25] reported
that the Hounsfield units of SCN on unenhanced CT
were lower than those of NET, and the relative washout ratio was higher in SCN than in NET. According to
Hayashi et al[25], unenhanced CT showed all three SCNs to
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Figure 12 A 65-year-old female with solid serous adenoma. A: Unenhanced axial computed tomography shows a large mass with central calcification (arrow) in
the tail and body of the pancreas. The lesion is isodense to the normal pancreatic parenchyma; B: The pancreatic parenchymal phase shows avid tumor enhancement
(arrow); C: The equilibrium phase shows the mass to be high density (arrow) relative to the normal pancreatic parenchyma, representing persistent enhancement (no
wash-out); D: Magnetic resonance cholangiopancreatography does not show the mass or cystic spaces; E: Microscopic view of the resected specimen shows a solid
nest of tumor cells with abundant fibrous stroma.

be low density and only one of 14 NETs to be low density. The delayed phase showed two of three SCNs to be
low density (wash-out) but NET did not show wash-out.
These criteria may be useful for the differential diagnosis between solid-appearing (histologically microcystic)
SCN and NET because no contrast stasis is expected in
the microcystic spaces of SCN. However, for solid serous adenoma (histologically solid), it is uncertain if this
criteria is helpful for the differential diagnosis because
fibrosis in solid serous adenoma may cause delayed enhancement of the lesion (Figure 12). Additionally, the
enhancement pattern of NET is variable, and NET can
be low density in the delayed phase (Figure 13). If imaging findings do not suggest a microcystic nature, endoscopic ultrasound-guided biopsy should be considered to
exclude NET.
Von Hippel-Lindau (VHL) associated SCN is another
variant of SCN (Figure 14)[26]. VHL-associated SCN is
usually multifocal, and it may present as diffuse pancreatic involvement[26]. In patients with VHL disease, concomitant NET may be encountered[26,27]. In addition, cases of SCN concomitant NET and mixed SCN and NET
have been reported in patients with and without VHL
disease[28-30]. Similar to solid serous adenoma, prospective
imaging diagnosis of mixed SCN and NET is difficult.
Oligocystic SCN consists of a macrocyst and a few
small cysts showing a “cyst-by-cyst” pattern[15-17]. In our
series, the cyst wall of the macrocyst was thin, and wall
enhancement was not typically seen. Owing to a common
capsule, wall enhancement is seen in MCN[31,32]. We evaluated cyst wall enhancement in the equilibrium phase CT
because we hypothesized that the contrast enhancement
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of fibrosis in the capsule would be more conspicuous in
equilibrium than in the arterial or portal venous phases.
The presence or absence of cyst wall enhancement may
be helpful for the differential diagnosis between oligocystic SCN and MCN (Figure 5), although the cyst wall of
MCN may be thin (< 2 mm) in some cases. On the other
hand, distinguishing oligocystic SCN from branch duct
type IPMN may be difficult[33,34], especially when MDCT
or MRI/MRCP fails to demonstrate the communication
with the pancreatic duct (Figure 7). Because the presence or absence of cyst wall enhancement is not helpful,
and oligocystic SCN lacks a honeycomb pattern, imaging findings of oligocystic SCN and IPMN may overlap
(Figures 6 and 7). Even though it is morphologically suspicious for an oligocystic SCN, branch duct type IPMN
cannot be excluded because branch duct type IPMN
is more common than oligocystic SCN. In such cases,
ERCP (to evaluate the communication with the MPD) or
EUS-guided cyst aspiration may be necessary to differentiate the two[35-40].
Other than IPMN and MCN, non-neoplastic pancreatic cysts such as lymphoepithelial cyst (LEC)[41,42] (Figure
15) and extensively necrotic/hemorrhagic pancreatic tumors such as solid pseudopapillary neoplasm (SPN) (Figure 16) may mimic SCN[43-46]. Both LEC and SPN may
present as high intensity masses on T2-weighted images
and MRCP. Diffusion-weighted imaging (DWI) is helpful
for the differential diagnosis because LEC and SPN may
show high intensity on DWI owing to high proteinaceous
fluid and hemorrhage/solid components, respectively. In
contrast, it is unusual for SCN to contain proteinaceous
or hemorrhagic fluid although SCN can be partially hem-
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Figure 13 A 65-year-old male with neuroendocrine tumor (well-differentiated neuroendocrine carcinoma). A: Unenhanced axial computed tomography shows
a large mass with central calcification (arrow) in the pancreatic body; B: The venous phase shows moderate and relatively homogeneous tumor enhancement (arrow).
(The arterial phase was not available for this case); C: The delayed phase shows the tumor to be low density (arrow). Wash-out may not always be suggestive of serous cystic neoplasm (also see Figure 12).
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B

Figure 14 A 43-year-old female with von Hippel-Lindau disease. A: The arterial phase of an axial contrast enhanced-computed tomography demonstrates numerous cystic lesions in the body and tail of the pancreas. There is a solid hypervascular lesion in the pancreatic body (arrow), representing neuroendocrine tumor; B: A
multilocular cystic lesion in the pancreatic head consists of a punctate central calcification (arrow) with microcystic (right side) and macrocystic (left side) components,
representing serous cystic neoplasm.

A

B

C

Figure 15 A 72-year-old female with pancreatic lymphoepithelial cyst. A: Axial T2-weighted fast spin-echo magnetic resonance (MR) image with fat saturation
shows a high intensity mass (arrow), which is exophytic from the neck of the pancreas (not shown); B: Axial T1-weighted gradient-echo (GRE) MR image with fat saturation shows the mass to be high intensity (arrow). Findings on T2-weighted image (Figure 14A) may mimic microcystic serous cystic neoplasm (SCN). However, the
widespread distribution of high signal is somewhat unlikely for hemorrhage within microcysts of SCN because each locule should be separated by multiple septations;
C: Axial diffusion-weighted MR image (b-factor = 1000) shows the mass to be high intensity (arrow), unlikely for SCN.

orrhagic (Figure 2)[19]. In addition, care should be taken
to exclude extrapancreatic masses such as peripancreatic
lymphadenopathy. Necrotic lymph nodes or metastasis
from mucinous adenocarcinoma may mimic pancreatic
cystic neoplasms (Figure 17).
Pancreatic pseudocyst is a common non-neoplastic
cystic lesion occurring after pancreatitis or trauma[47-49].
Pancreatic pseudocyst typically presents as a unilocular
cyst. The thickness of cyst wall varies depending on the
ages of pseudocysts. Cyst wall enhancement may not be
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seen or may be barely seen at an earlier age. However,
differentiating acute pseudocysts from SCN may not be
problematic because recent episodes of pancreatitis or
trauma should be documented. In chronic pseudocyst,
a thickened enhancing cyst wall can be seen (Figure 18).
For chronic pseudocyst without documented history of
pancreatitis, the distinction from MCN may be more difficult. Additionally, cases of SCN with subtotal cystic degeneration have been reported[50], which may be difficult
to distinguish from pseudocyst.
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Figure 16 A 39-year-old male with solid pseudopapillary neoplasm. A: Magnetic resonance cholangiopancreatography shows a high intensity pancreatic tail
mass (arrow) that appears as a cluster of microcysts, mimicking microcystic serous cystic neoplasm (SCN); B: Axial diffusion-weighted magnetic resonance (MR) image (b-factor = 1000) shows the mass to be high intensity (arrow), unlikely for microcystic SCN; C: The equilibrium phase of an axial contrast enhanced T1-weighted
gradient-echo MR image shows peripheral solid enhancing component within the tumor (arrows).
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B

Figure 17 A 32-year-old female with lymph node metastasis from mucinous adenocarcinoma of the transverse colon (not shown). A: The portal venous
phase of an axial computed tomography shows a low density mass (arrow) adjacent to the pancreatic head (asterisk); B: Axial magnetic resonance cholangiopancreatography shows the mass to be high intensity, mimicking microcystic serous cystic neoplasm (SCN). However, the presence of primary tumor and the lesion location
(transverse mesocolon) are suggestive of lymph node metastasis rather than microcystic SCN.

A

B

Figure 18 A 56-year-old male with chronic pancreatic pseudocyst. A: The venous phase of an axial contrast enhanced T1-weighted gradient-echo magnetic
resonance image demonstrates a cystic lesion with thick cyst wall and septation (arrows) arising from the pancreatic tail. Although this is a male patient, making mucinous cystic neoplasm unlikely, imaging findings of chronic pseudocyst may still mimic mucinous cystic neoplasm; B: The axial fast spin-echo T2-weighted magnetic
resonance image with fat saturation shows non-enhancing debris (A) attached to the cyst wall and the septum (arrows).

CONCLUSION
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Core tip: Acute gastrointestinal bleeding can lead to
significant morbidity and mortality without appropriate treatment. The role of interventional radiology is
crucial in patients that have persistent bleeding despite medical and endoscopic treatment. Computed
tomography angiography and nuclear scintigraphy can
localize lesions and provide information helpful for the
Interventional Radiologist. The source of bleeding can
be then be stabilized with endovascular angiography/
transcatheter arterial embolization which is safe and effective with minimal complications due to the advances
in catheter technology.

Abstract
Acute gastrointestinal bleeding (GIB) can lead to significant morbidity and mortality without appropriate
treatment. There are numerous causes of acute GIB
including but not limited to infection, vascular anomalies, inflammatory diseases, trauma, and malignancy.
The diagnostic and therapeutic approach of GIB depends on its location, severity, and etiology. The role
of interventional radiology becomes vital in patients
whose GIB remains resistant to medical and endoscopic
treatment. Radiology offers diagnostic imaging studies
and endovascular therapeutic interventions that can be
performed promptly and effectively with successful outcomes. Computed tomography angiography and nuclear
scintigraphy can localize the source of bleeding and
provide essential information for the interventional radiologist to guide therapeutic management with endovascular angiography and transcatheter embolization. This
review article provides insight into the essential role of
Interventional Radiology in the management of acute
GIB.
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INTRODUCTION
Acute gastrointestinal bleeding (GIB) is a common clinical presentation that can lead to significant morbidity and
mortality without appropriate treatment. The estimated
annual incidence is approximately 40-150 cases per 10000
persons for upper GIB and 20-27 cases per 100000 persons for lower GIB[1,2]. Mortality rate for both upper and
lower GIB is estimated to be around 4%-10%[1,2]. GIB can
be a sequelae of many different etiologies, such as infec-
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formations, post-polypectomy, and angiodysplasia[12,18].
Although most lower GIB resolves spontaneously with
conservative management, 10%-15% of cases eventually
require endovascular intervention[19].
Endoscopy is the first diagnostic and therapeutic
intervention of choice for both upper and lower GIB
and thus a consultation with a gastroenterologist should
not be delayed when a patient presents with GIB. For
patients suspected of having an upper GI source of
bleeding, esophagoduodenoscopy (EGD) is performed.
Factors that may predict endoscopic treatment failure
include patients that present with shock, hemoglobin less
than 10, greater than six units of blood transfused, and
significant comorbidities.
With regards to upper GI bleeding, larger ulcer size
and location of an ulcer on the posterior wall of the
duodenal bulb are also associated with increased rates of
technical failure[20,21].
Patients that present with hematochezia and suspected of having a lower GI source, colonoscopy is the
initial diagnostic test of choice. For active lower GIB that
is rapid and heavy, endoscopic view may be limited and
yield inconclusive results. If a colonoscopy fails to identify the source of bleeding, then EGD may be performed
in addition. Some studies have shown that endoscopy has
a 92% sensitivity and near 100% specificity of identifying
upper GI lesions and sensitivity of 90% and positive predictive value of 87% for identifying lower GI lesions[22,23].
An unprepared colon limits the colonoscopy study and
while blood may be seen within the colon lumen the exact site of bleeding is difficult to identify[23].
If a lesion is identified endoscopically, therapeutic
intervention can be done to effectively stabilize bleeding. Endoscopic therapies include epinephrine injection,
sclerotherapy, and metal clip placement. Metal clips are
especially useful in patients who require transcatheter or
surgical intervention later on as clips can be visualized by
imaging studies and facilitate lesion localization during
angiography or surgery[9,17].

tion, vascular anomaly, inflammatory diseases, trauma, and
malignancy[2-9]. GIB is conventionally categorized by the
anatomical location of the bleeding source. A GIB source
proximal to the ligament of Treitz, which occurs more
frequently, is classified as part of upper gastrointestinal
(GI), and a source distal to the ligament of Treitz is considered to be part of lower GI. Diagnostic and treatment
approach of GIB depends on its location, severity, and
etiology. The role of radiology becomes especially important in patients whose GIB remains resistant to medical
and endoscopic treatment. Radiology offers diagnostic
imaging studies and endovascular therapeutic interventions that can be performed promptly and effectively.

CLINICAL EVALUATION AND
MANAGEMENT OF THE PATIENT
Initial evaluation of patients with GIB begins with a
history and physical examination[10,11]. GIB can manifest with various signs, such as tachycardia, orthostatic
hypotension, and chronic anemia[11,12]. In patients who
are hemodynamically unstable, resuscitation with fluid
replacement and blood product administration should
occur promptly to maintain intravascular volume and stabilize vital signs[10]. Correction of coagulopathy may also
be needed in certain cases[10]. Diagnostic workup should
immediately follow assessment and resuscitation, if not
occurring simultaneously, to minimize adverse patient
outcomes[10,13,14].
Patient history and physical examination can help to
determine whether GIB is of upper or lower GI source
and guide subsequent workup[11,15]. GIB that manifests as
hematemesis or melena are commonly due to an upper
GI source[11,13]. Patients with active brisk upper GIB can
also present with hematochezia and without any associated
hematemesis or melena[11,13,15]. Nasogastric tube lavage is
sometimes performed to confirm an upper GI source of
bleeding, but a negative result does not necessarily rule it
out[11,13,15]. Because of the intermittent nature of GIB and
the possibility of a bleeding source distal to the pylorus,
gastric lavage test is expected to yield negative results in
certain cases. Approximately one quarter of upper GI
hemorrhage is due to peptic ulcer disease and often associated with non-steroidal anti-inflammatory drug use and
Helicobacter pylori infection[15,16]. Other causes of acute upper
GIB include varices, vascular abnormalities, angiodysplasia,
gastritis, esophagitis, post Endoscopic Retrograde Cholangiopancreatography-papillotomy, and neoplasms[2,4,10].
Patients with lower GIB commonly presents with
hematochezia as most lower GIB sources are located in
the colon. Less commonly, patients may present with
melena if the source of bleeding is located in the small
bowel or right colon. Of note, 10% to 15% of patients
with hematochezia are reported to have an upper GI
bleeding site[17]. Diverticulosis is the most common cause
of hematochezia, with the incidence increasing with ages
older than 65. Other causes include inflammatory bowel
disease, ischemic colitis, neoplasia, polyps, vascular mal-
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INDICATIONS FOR ANGIOGRAPHY
When a patient has non-diagnostic endoscopic results or
remains refractory to medical and endoscopic treatment,
radiologic imaging and endovascular intervention are the
next intervention of choice. Non-invasive radiologic imaging options include computed tomography angiography
(CTA) and nuclear scintigraphy. However, these imaging
modalities are only diagnostic and require subsequent endovascular or surgical intervention to stabilize bleeding[24,25].

COMPUTED TOMOGRAPHY
CTA can detect flow rates as low as 0.3 mL/min and has
a sensitivity of 50%-86% and specificity of 92%-95% for
identifying lesions responsible for GIB[24,26,27]. In addition
to identifying the site of bleeding; CTA can often identify the etiology of GIB which may be useful for further
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management.
At our institution, we use the following protocol for
CTA: noncontrast (unenhanced), arterial phase, and portal venous phase with intravenous contrast at 4-5 mL/s.
We also recommend the following acquisition parameters:
section thickness of 1 mm with reconstruction interval
of 0.8 mm, pitch of 0.900, rotation time of 0.5 s, tube
voltage of 120 kV, and automatic tube current modulation in the x/y/z axis directions. We do not administer
oral contrast as this may mask the bleeding source.
On nonenhanced CT, focal hyperattenuation within
the bowel is indicative of recent hemorrhage and may
represent a “sentinel clot”. Extravasation of contrast is
the hallmark finding used to determine the source of
bleeding. Further, a changing appearance of the focus of
extravasated contrast with time between phases confirms
the presence of active bleeding[25]. Although CTA can
only serve as a diagnostic tool; it provides important information about vascular anatomy variance that becomes
useful for endovascular intervention or surgical planning.

our institution, based on clinical scenario (patient history,
CTA, endoscopic findings) the most suspected bleeding
vessel is first studied. For suspected upper GIB, the celiac
artery is commonly interrogated first as a majority of
upper GIB is caused by gastroduodenal ulcers which are
supplied by branches of the celiac artery[35-38] (Figure 1).
If angiographically negative, selective left gastric and the
gastroduodenal artery evaluation is done. If the source
of bleeding is thought to be in the small bowel or if no
evidence of bleeding is seen upon interrogation of the
celiac artery or its branches, the superior mesenteric artery (SMA) is evaluated next[36,37]. If these angiographic
studies are all negative, then evaluation of the inferior
mesenteric artery (IMA) is considered. Selective injections are used to confirm any findings that are suspicious
on nonselective angiograms[36,37].
For suspected lower GIB, the SMA and IMA are examined[36]. If bleeding appears to originate the proximal
colon, the SMA is initially evaluated. If bleeding appears
to originate in the distal colon, the IMA is selected[36,39].
The two most common causes of lower GIB are colonic
diverticular disease and angiodysplasia[2,32] (Figures 2 and
3). However, when congenital variant vascular anatomy is
suspected, such as in cases where a lower GI bleed simulates an upper GI bleed, all three major arterial supplies
should be evaluated[36]. If negative, the internal iliac arteries should be evaluated as the middle and inferior rectal
arteries can be a source of hemorrhage[36,39].
At our institution, under fluoroscopy we use nonionic contrast is injected at a flow rate of 5-7 mL/s for
celiac and super mesenteric arteriography, and 2-3 mL/s
for inferior mesenteric arteriography. Digital subtraction
angiogram is used to better visualize the vasculature by
subtracting pre-contrast image from later images and effectively removing soft tissue and bones from the images.
This is limited by peristalsis (consider giving glucagon)
or patient breathing (which can be dealt with by studying
unsubtracted images). Extravasation of contrast agent is
indicative of active bleeding[36]. Positive findings include
mucosal blushes with abnormal vessels suggestive of
tumor, prolonged contrast spots suggestive of inflammation, and visualization of arteries and veins on the same
phase of the study suggestive of an arteriovenous malformation. Other lesions to consider include pseudoaneurysms and arteriovenous fistulas[36,39].
There are several artifacts that mimic extravasation including bowel subtraction artifact, hypervascular mucosa,
parts of the renal collecting system, and adrenal gland
opacification[39]. With respect to angiography, contrast
extravasation may not been seen; however, a pathologic
finding may indicate the source of bleeding. For example,
visualization of varices at unsuspected sites may indicate
the site of pathology. Further, angiodysplasia is often diagnosed by early and persistent filling of a draining vein
and by abnormal clusters of vessels within the bowel
wall. Possible pitfalls for failing to identify the bleeding
focus include bleeding from a venous origin and technically related issues such as failure to inject the correct

NUCLEAR SCINTIGRAPHY
The role of nuclear medicine for the detection of acute
GI bleeding varies on an institutional basis. Nuclear
scintigraphy plays a very important role in the detection
of lower GI bleeding and when positive, has the ability
to stratify patients that would benefit from intervention
versus medical management. Although there is significant variability in reported detection of bleeding site by
scintigraphy, the Society of Nuclear Medicine procedure
guidelines states that bleeding rates as low as 0.1-0.35
mL/min can be detected[28]. Tc-99m labeled red blood
cell studies have an overall sensitivity of 95% and specificity of 93%[29]. Patients with immediate blush on red
blood cell scintigraphy are more likely to require urgent
angiography and those with delayed blush have low angiographic yield[30]. GI bleeding often is intermittent and
nuclear scintigraphy has the advantage of continuous
monitoring to localize sites of intermittent bleeding for
potential angiography and intervention[31].

ANGIOGRAPHIC EVALUATION OF ACUTE
GI HEMORRHAGE
In emergent cases or in hospitals where CTA or nuclear
scintigraphy is not available, patients with active GIB who
fail medical and endoscopic intervention should undergo
endovascular angiographic evaluation. Angiography is
able to identify an active bleeding rate of at least 0.5 to
1 mL/min[32,33]. For lower GIB, angiography performed
with digital subtraction has a sensitivity of 60%, specificity of 100%, positive and negative predictive values of
100% and 24%, respectively[34].
Access for endovascular angiography is gained via the
common femoral artery[35,36]. The aim of endovascular
angiography is to identify bleeding vessel(s) and use selective catheterization to prepare for embolization[36,37]. At
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Figure 1 Upper gastrointestinal bleed secondary to gastric/duodenal ulcers. Fifty-four-year-old male with history of gastric ulcers which were treated by clipping through endoscopy. Despite endoscopic intervention, the patient presented with dropping hematocrit requiring transfusion. A: Noncontrast; B and C: contrast
enhanced computed tomography imaging demonstrates active extravasation at the level of the gastric antrum with blood product filling the stomach; D and E: Active
extravasation was found at the gastroduodenal artery (not shown) which was embolized with coils and gelfoam.
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Figure 2 Lower gastrointestinal bleeding secondary to angiodysplasia. Sixty-one-year-old female with multiple bloody stools prior to admission and negative
colonoscopy. A: Tc-99m red blood cell study demonstrates active bleeding in the region of the cecum; B and C: Selective catheterization of the distal ileocolic artery
demonstrates a small focus of hemorrhage consistent with an area of angiodysplasia; D and E: Coil embolization was performed with two 3 mm coils. Post embolization images demonstrates resolved bleeding.
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Figure 3 Lower gastrointestinal bleed secondary to diverticulitis. Sixty-eight-year-old male with history of esophageal carcinoma with acute diverticulitis with
drifting hematocrit. A: Tc-99m labeled red blood cell study demonstrates bleeding at the hepatic flexure of the colon; B: Selective catheter angiography at the middle
colic artery demonstrates active extravasation into a diverticulum present at the hepatic flexure the colon; C: Coil embolization of the right lateral aspect of the middle
colic artery, across a small perforating vessel associated with a diverticular hemorrhage.

artery and bleeding outside the field of imaging[39,40].
If patient is not actively bleeding or contrast extravasation is not visualized under fluoroscopy, the interventional radiologist may choose to restudy the same vessels
or sub-selectively catheterize vessels likely supplying the
suspected site of bleeding identified by prior endoscopic
clipping or imaging studies to help increase the diagnostic
yield and reduce false negative studies[39,40].

minimize the risk of bowel infarction[43]. A 5 French angiographic catheter is used to access the celiac, superior
mesenteric, or inferior mesenteric arteries depending on
the suspected location of bleeding and its supplying vasculature. In some cases this catheter can be guided to the
site of bleeding; however, if it does not reach the bleeding site, then a smaller coaxial 3 French microcatheter can
be advanced through the 4 or 5 Fr catheter.
Smaller guidewires, such as 0.018 in or smaller are
used to guide the microcatheters as close as possible to
the bleeding site. Caution must be taken to move the
guide wire and microcatheter as carefully and steadily
as possible to avoid vessel perforation, dissection, and
vasospasm while reaching as close as possible to the site
of bleeding. When no contrast extravasation is visualized under fluoroscopy, blind embolization of suspected
bleeding vessel may be done at the discretion of the interventional radiologist[38,45].
For upper GI bleeding, bleeding visualized in the
stomach fundus is treated by left gastric artery embolization and bleeding in the gastric antrum/proximal duodenum by gastroduodenal embolization. When embolizing
the gastroduodenal artery, if only the proximal portion
is occluded, then bleeding may by the pancreaticoduodenal arcade, also known as bleeding via the “back door”.
mpiric embolization has also shown to be effective[40,42]
(Figures 4 and 5).
For lower GI bleeding the catheter should be positioned as close to the bleeding site as possible. If the
source is in the SMA, the catheter advanced to the vasa
rectum and if in the IMA the catheter should be placed
in the marginal or terminal artery if possible. Embolization should only be performed when the catheter has
been advanced to the mesenteric border of the colon.
The bowel distal to the ligament of Treitz does not have
a dual supply; therefore, the risk of bowel infarction is
higher[39,40,42] (Figures 6 and 7).
The type of embolic agent used is conventionally dependent on the interventional radiologist’s experience and
preference, etiology of bleeding, and availability of the
agent. Embolic agents include coils, glue, onyx, Gelfoam,

ANGIOGRAPHIC MANAGEMENT OF
ACUTE GI HEMORRHAGE
One of the advantages of endovascular angiography is
that it can be both a diagnostic and therapeutic tool. Also,
endovascular angiography can be performed emergently
without any bowel preparation. However, if the patient
had prior oral contrast this may limit the diagnostic ability of a mesenteric angiogram thus oral contrast should
be avoided in patients who undergo CT imaging prior to
angiographic intervention[40-42].
Endovascular angiography serves as an effective and
safe alternative to surgical intervention for patients whose
GIB is refractory to medical and endoscopic treatment.
Hemostasis is achieved by reducing blood flow to the
bleeding vessel and thus decreasing perfusion pressure
and facilitating clot formation at the site of bleeding[40-43].

TRANSCATHETER ARTERIAL
EMBOLIZATION
Transcatheter arterial embolization (TAE) is effective
for controlling acute GIB[41]. Some studies have shown
that TAE is safer than surgical intervention in the high
risk patient population and has a lower 30-d mortality
rate[38,44]. TAE is a viable option and temporizing measure
in circumstances where endoscopic and/or surgical approach is not ideal.
The goal of TAE is super-selective embolization
of bleeding vessels to reduce arterial perfusion pressure while maintaining adequate collateral blood flow to
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Figure 4 Sixty-six-year-old male with ongoing gastrointestinal hemorrhage requiring
multiple transfusions over the last 72 h. EGD
performed revealed ulcers in the first and second
portion of the duodenum. A: Technetium-99m
tagged RBC scan demonstrates brisk hemorrhage
arising from the proximal small bowel/duodenum;
B and C: Digitally subtracted images reveal active
extravasation in the second portion of the duodenum from the inferior pancreaticoduodenal artery
corresponding to area of hemorrhage on tagged
RBC scan; D: Successful and uncomplicated coil
embolization of the inferior pancreaticoduodenal
artery with cessation of active hemorrhage. EGD:
Esophagoduodenoscopy; RBC: Red blood cell.

Figure 5 Seventy-two-year-old female with worsening abdominal pain and acute gastrointestinal
hemorrhage. Upper gastrointestinal endoscopy reveals
multiple large bleeding ulcers in the duodenum. A and
B: Selective catheter angiography of the gastroduodenal
and pancreaticoduodenal arteries demonstrates active
extravasation; C: A combination of gelfoam slurry and
coils were used to embolize branches of the pancreaticoduodenal and gastroduodenal artery; D: Representative
post embolization image demonstrates no further evidence
of active extravasation or bleeding.

polyvinyl alcohol particles (PVA), and Amplatzer vascular
plugs. The most commonly used embolic agents are coils
and PVA[46-49].
Coils come in a variety of sizes and shapes, ranging
from sub-millimeter to centimeters. Coils are composed
of a metal component that acts as a physical occlusion
and a fiber component that stimulates the thrombogenic
process. Coils can be visualized under fluoroscopy after
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placement which is an important advantage when compared to Gelfoam or PVA. Newer types of embolization
coils have the ability to be removed after deployment if
the initial placement is felt to be unsatisfactory[46,50].
Gelfoam (absorbable compressed sponge) is a temporary agent made of subcutaneous porcine adipose tissue
that remains effective for weeks to months before recanalization occurs. For this reason, Gelfoam is not rec-
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Figure 6 Lower gastrointestinal bleed from
acute diverticulitis. Seventy-three-year-old
male patient with bloody diarrhea, severely
hypotensive (blood pressure 70/40) requiring 10
units of packed red blood cells. A and B: Contrast enhanced computed tomography abdomen
demonstrates acute diverticulitis at the hepatic
flexure, with active hemorrhage; C: Visceral
angiography demonstrates the region of active
bleeding in the ascending colon at the hepatic
flexure; D: Successful distal Gelfoam and coil
embolization of the supplying right colic artery
branches.
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Figure 7 Lower gastrointestinal bleed secondary to supratherapeutic international normalized ratio. Seventy-six-year-old female with supratherapeutic INR (3.5)
with painless hematochezia. A: Tc-99m labeled RBC study demonstrates brisk gastrointestinal bleeding localized to the sigmoid colon; B and C: Catheter angiography
demonstrates active extravasation from a tertiary branch of the inferior mesenteric artery supplying the distal sigmoid colon which was subsequently embolized; D:
With coils and no evidence of continued bleeding. RBC: Red blood cell.

ommended as a single agent. Gelfoam can also be mixed
with saline to form a slurry, which helps with delivery.
Advantages of gelfoam include: widespread availability,
cost-effectiveness, and allows future access to emboli-
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zed vessels after resorption. Disadvantages include that
the preparation of particles can be time consuming and
recanalization of vessels is unpredictable[51]. In addition,
because Gelfoam is made of small particulates, it is dif-
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ficult to control its placement and can be deployed more
distally than intended, which can result in higher risk of
bowel ischemia from embolization of nearby collateral
vessels[36,50,51].
Several studies have shown that recurrent bleeding
is more likely to occur when PVA particles, Gelfoam,
or coils are used alone[46,48,52]. Using coils with Gelfoam
or PVA particles on both sides of the bleeding vessel
is recommended to avoid “backdoor” bleeding and decrease the risk of recurrent bleeding[48,53]. Some studies
have shown that for upper GIB, which is commonly
due to gastroduodenal ulcers, successful hemostasis can
be achieved by embolizing the gastroduodenal artery or
pancreaticoduodenal artery using coils alone[54-56], or using coils and Gelfoam together to embolize distally and
proximally in the gastroduodenal arterial trunk[46,48,52].
Clinical success rate of embolization for upper GIB have
been cited to be around 44%-100%[41,44,46,57].
For lower GIB, some studies recommend against using Gelfoam, and instead advocate using coils and larger
PVA particles[43,58,59]. Small PVA particles, less than 250
μm, and Gelfoam particles may travel distally and occlude
vessels at the arteriolar level. This results in occlusion of
intramural circulation or submucosal plexus beyond the
level of collateralization and increases the risk of bowel
infarction[59,60]. More peripheral embolization just proximal to the vasa recta is recommended to minimize the
length of bowel at risk for ischemia. In most of the reported series in the literature, the target artery of embolization was the vasa recta and in technically difficult cases
the marginal artery or more proximally[57,61,62].
Anecdotally, coil embolization at the marginal artery
may result in a higher rebleeding rate. Further, if a secondary intervention is required, this may close the door
for future access to the bleeding vessel. Advantages to using microcoils include the ability to visualize under direct
fluoroscopy and permitting decreasing perfusion pressure
while collateral flow prevents infarction. Early rebleeding (less than 30 d) is reported to range from 10%-30%.
Rebleeding may be secondary to a new site of bleed or
recanalization of the previously embolized artery. Success rate for embolization of lower GIB has ranged from
88%-93%[43,57,60].
N-butyl 2-cyanoacrylate (NBCA) glue or ethylenevinyl alcohol copolymer (Onyx®, Micro Therapeutics,
Inc., Irvine, CA, United States of America) is a promising newer embolic agent to control GI bleeding. There
is a growing body of evidence that supports the use of
cyanoacrylates in embolization for lower GI hemorrhage.
Advantages of using NBCA include the ability to occlude vessel beyond the most distal site of microcatheter
advancement, permanent vessel closure, the option for
using ultra-microcatheters not suitable for microcoil
delivery, and more efficient obliteration of bleeding
pseudoaneurysms with complex anatomy. Further, the
rebleeding rate after use of cyanoacrylate is 4%-15%,
which appears lower than the rate reported from employing coils or particles 0%-26%[39,63-66].
However, NBCA is considerably more expensive and
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requires a steeper learning curve. It has been reported in
the literature that the time for TAE using NBCA was significantly lower than when using other liquid agents[49,55].
There is a significant risk of glue reflux, bowel infarction,
and future bowel stenosis[67]. Also, the glue may polymerize with the catheter tip, which may subsequently get
stripped off as the catheter is retracted. This poses the
risk of non-target embolization or the catheter becoming
adherent to the artery. Prompt catheter removal and aspiration of the guide catheter after microcatheter removal
can significantly reduce this risk[52,68].
Another potential agent, Onyx, is a liquid embolic
agent composed of ethylene-vinyl alcohol copolymer dissolved in dimethyl sulphoxide (DMSO). In 2010, Lenhart
et al[69] reported their experience with the use of Onyx in
the setting of acute upper GIB, becoming the first study
published on arterial embolotherapy with Onyx as an
embolic agent in the gastrointestinal tract. Their reported
success rate was 81% and the complication rate minimal.
The main advantages of Onyx® are its nonadhesive properties, high radiopacity and long solidification periods
which make the embolization procedure more predictable. The DMSO solvent has disadvantages including
severe vasospasm, excretion via respiration/perspiration
which can cause an odor for days. The most prohibitive
and restrictive factor however is its high cost and requirement for DMSO compatible catheters[52,69].

VASOPRESSIN INFUSION
Vasopressin infusion is a less frequently used treatment
for acute GIB[58]. It was more commonly used before
the advancement and improvement of transcatheter
technique. Vasopressin acts by constricting arteries and
reducing blood flow to the target site, but can also cause
systemic side effects such as cardiac arrhythmia and bowel ischemia. In addition, vasopressin infusion has a high
rebleeding rate after infusion is stopped. It requires much
longer procedure time including catheter placement for
24-48 h and intensive monitoring during vasopressin
infusion. However, when GIB is caused by diffuse lesions or super-selective catheterization is not possible,
vasopressin infusion may be the remaining therapeutic
option before surgical intervention. Vasopressin infusion is used more often for lower GIB than upper GIB
as vessels responsible for lower GIB tend to be smaller
in diameter and thus more responsive to the constricting
effect of vasopressin[58,70]. Some studies have shown that
the cardiac side effects of vasopressin can be alleviated
by using intravenous nitroglycerin infusion to increase
coronary blood flow and cardiac output[70]. Vasopressin
infusion has a success rate of 59%-90% and a high rate
of rebleeding rate of up to 36%-43%[70].

COMPLICATIONS
Endovascular embolization and vasopressin infusion can
increase the risk of bowel ischemia by reducing blood
flow to the segment of bowel supplied by the target ves-
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sel[71,72]. Non-target embolization can occur as well[41].
However, the advancement of super-selective catheterization technique has helped to reduce such risk in recent
years[42,73]. Other complications with transcatheter intervention include arterial injury such as dissection, perforation, pseudoaneurysm, and vasospasm. For vasopressin
infusion, there is a higher risk of catheter associated
infection or thrombus formation because of the need for
much longer duration of catheter placement[74,75]. Contrast use during fluoroscopy can induce nephropathy, but
with adequate hydration and vigilance of contrast use, the
risk can be decreased[76,77]. Hematoma is a common minor complication associated with puncture site. Patients
may complain of temporary minor abdominal pain after
the procedure but this most often resolves spontaneously.
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CONCLUSION

14

Although many cases of acute GIB resolve spontaneously or respond to medical and endoscopic treatment,
patients with GIB refractory to such treatment are at
higher risk for adverse outcome. Various subspecialties
contribute to the care of bleeding patients. Patients with
acute GIB should be considered for prompt radiologic
imaging studies and endovascular intervention to prevent
morbidity and mortality. CTA can localize lesions and
provide information helpful for endovascular intervention and surgery. Rapid GIB stabilization can be achieved
with endovascular angiography and transcatheter embolization. It is a safe and effective alternative to surgery.
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Core tip: Multi-detector computed tomography is
the most accurate imaging technique that must be
promptly performed in all patients with bowel ischemia.
Thanks to the new dedicated reconstruction program,
its diagnostic potential is much improved compared to
the past and currently it is superior to that of any other
noninvasive technique. In the field of bowel ischemia,
MDCT allows for correct diagnosis, is useful for appropriate treatment planning and provides important prognostic information as it is able to define the nature and
extent of the disease.

Abstract
Acute intestinal ischemia is an abdominal emergency
occurring in nearly 1% of patients presenting with
acute abdomen. The causes can be occlusive or non
occlusive. Early diagnosis is important to improve survival rates. In most cases of late or missed diagnosis,
the mortality rate from intestinal infarction is very high,
with a reported value ranging from 60% to 90%. Multidetector computed tomography (MDCT) is a fundamental imaging technique that must be promptly performed
in all patients with suspected bowel ischemia. Thanks
to the new dedicated reconstruction program, its diagnostic potential is much improved compared to the
past and currently it is superior to that of any other
noninvasive technique. The increased spatial and temporal resolution, high-quality multi-planar reconstructions, maximum intensity projections, vessel probe,
surface-shaded volume rending and tissue transition
projections make MDCT the gold standard for the diagnosis of intestinal ischemia, with reported sensitivity,
specificity, positive and negative predictive values of
64%-93%, 92%-100%, 90%-100% and 94%-98%, respectively. MDCT contributes to appropriate treatment
planning and provides important prognostic information
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INTRODUCTION
Acute intestinal ischemia is an abdominal emergency occurring when blood flow to the bowel loops decreases
because of mesenteric arterial hypoperfusion, impaired
venous drainage or occlusion[1-3]. It is estimated that nearly
1% of patients presenting with acute abdomen have
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ischemic intestinal disease involving the small bowel or
colon[3-5].
Bowel ischemia is considered a potentially transient
and reversible event; however, it may lead to intestinal
infarction that requires surgical or interventional management. For this reason, early diagnosis is important to improve survival rates[6]. In most cases of late or missed diagnosis, the mortality rate from intestinal infarction is very
high, with a reported value ranging from 60% to 90%[6-8].
Multi-detector computed tomography (MDCT) is a
fundamental imaging technique that must be promptly
performed in all patients with acute abdomen and suspected bowel ischemia. In fact, MDCT allows for correct
diagnosis, contributes to appropriate treatment planning
and provides important prognostic information thanks
to its ability to define the nature of the disease and the
extent of the anatomical damage[9].

In cases of venous ischemia, the initial phase is
characterized by spastic reflex ileus and is followed by
hypotonic reflex ileus masked by progressive intestinal intramural and mesenteric edema. Prolonged stasis reduces
the arterial flow and the progression to intestinal infarction causes an extensive submucosal hemorrhage and
edema. The consequent loss of bowel wall integrity and
the intestinal bacteria proliferation cause intestinal necrosis and peritonitis[9,10].

DIAGNOSIS AND COMPUTED
TOMOGRAPHY
In the 1950s, the diagnosis of bowel ischemia was generally performed only during surgical exploration or at
autopsy, but since the 1970s, the constant progress in
imaging technology has gradually changed the diagnostic
possibilities. Traditional radiography detects advanced
stage findings such as bowel overdistension with the presence of air-fluid levels, pneumatosis and gas in the portal
venous system. Ultrasonography is generally difficult to
perform in patients with mesenteric infarction due to the
presence of abundant intestinal meteorism and the poor
compliance of these patients. However, its use is justified
in order to rule out other diseases that could cause acute
abdominal symptoms[19,20]. The gold standard investigation for detecting intestinal ischemia is angiography with
its diagnostic and therapeutic applications[21]. However,
this investigation is invasive, has a high cost and is often
not available[10,22,23].
Since its introduction into clinical practice, computed
tomography (CT) has been used more and more often
for recognizing early signs of intestinal ischemia and infarction. While the first results reported in the literature
did not to be appear very encouraging[24,25], the spread of
spiral CT equipment has certainly increased the potential
of this investigation[26].
MDCT, thanks to the increased spatial and temporal resolution, high-quality multi-planar reconstructions
(MPR), maximum intensity projections (MIP) and threedimensional rendering, is considered the gold standard
for the diagnosis of intestinal ischemia, with reported
sensitivity, specificity, positive and negative predictive values of 64%-93%, 92%-100%, 90%-100% and 94%-98%,
respectively. It allows the visualization of the early signs
of bowel ischemia and infarction and the etiological diagnosis of the disease, which is crucial for treatment planning in acute patients[9,10].
Recent experiences reported that dual-energy CT
(DE-CT) provides a variety of post-processing options
in the assessment of abdominal vascular diseases. In fact,
DE-CT has also been reported to improve diagnostic
accuracy and reduce radiation exposure and contrast
material dose in the field of mesenteric vascular diseases.
Besides, it seems to improve image quality in the study
of abdominal and lower extremity arteries by virtual manipulation of keV-settings[27-30].

ETIOLOGY AND PATHOPHYSIOLOGY
The causes of intestinal ischemia can be occlusive or non
occlusive. Occlusive causes are due to the embolic or
thrombotic occlusion of arterial or venous vessels and account for about 80% of all cases of intestinal ischemia[10].
Between 36% to 50% of intestinal infarctions are caused
by embolic obstruction of the superior mesenteric artery
in patients with cardiac pathology, while in 50%-60% of
cases intestinal ischemia is caused by arterial thrombosis[10,11]. Venous thrombosis accounts for about 10%-15%
of all cases of intestinal ischemia[10-12]. The most frequent
cause of venous infarction is secondary to bowel closedloop obstruction. This event does not lead to vascular
thrombosis but to the twisting of the loops on their
vascular pedicle which produces severe venous stasis.
Another cause of venous intestinal ischemia is bowel
obstruction, which causes an overdistension of the bowel
wall, preventing the outflow of the venous blood[13-18].
More rarely, intestinal infarction of the occlusive type
can be due to generalized vasculitis or hypercoagulable
states[10,16].
Non occlusive causes account for about 20%-30% of
all intestinal ischemia[17]. In these forms, there is a significant reduction in blood flow within the arteries and veins.
Hypovolemic shock, severe heart failure, abnormal blood
concentration, episodes of neurogenic vasodilation and
vasoconstriction secondary to drugs determine non occlusive bowel infarction in most cases[7].
In cases of arterial and non occlusive ischemia, the
first bowel reaction is in the spasm of the involved loops.
In a more advanced phase, the microvascular wall damage
causes hemorrhagic foci on the thinned bowel wall and
the microflora proliferation leads to the hypotonic bowel
dilatation. If the bowel ischemia persists for long enough,
the entire bowel wall becomes necrotic and intramural air
spreads through the mesenteric veins and into the portal
venous system. If the underlying pathological process is
removed, blood plasma or red blood cells may migrate
from the disrupted mucosa into the lumen[1,2,9].
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CT TECHNIQUE

CT POST-PROCESSING

The use of CT devices with volumetric image acquisition
and high temporal resolution is crucial because of the
critical clinical conditions and consequent poor compliance of patients suspected of having bowel infarction
and referred for CT examination. The study protocol
consists of unenhanced and contrast enhanced scans
from the diaphragm dome to the pubic symphysis with
the patient in the supine position.
After the intravenous injection of contrast medium
(120-140 mL at a flow rate of 3-3.5 mL/s), scans are
performed with a biphasic technique in the arterial (40 s
mean delay) and venous (65 s mean delay) phases, with
different technical parameters according to the CT device being used. Contrast medium injection may not be
necessary if the unenhanced images clearly demonstrate
the presence of the typical alterations of advanced stage
bowel infarction. With single detector row spiral CT, the
following parameters are used: slice thickness, 5 mm; reconstruction index, 2.5-5; pitch, 1.5; tube rotation time,
1 s. With multi-detector row CT, the parameters are: slice
thickness, 0.5 mm; reconstruction index, 1-2.5 mm; pitch,
1.25-1.75; tube rotation time, 0.5-0.75 s. The administration of oral contrast medium to distend the bowel
loops is not recommended because of the severe clinical
condition and in order to keep the investigation time to
a minimum. It is always recommended to visualize the
obtained images with different window and level settings.
In fact, a window set on the soft tissue values (width-W:
300-350; level-L: 40-50) can demonstrate alterations of
the bowel wall, abdominal organs, mesentery and vascular
structures; the window setting used to visualize the lung
parenchyma (W: 450-1000; L: -100-0) will aid the recognition of extraluminal gas[10].
Unenhanced CT is reportedly required for the diagnosis of intestinal ischemia[31,32] in order to evaluate submucosal hemorrhage, hyperdense/calcified thrombi and
atherosclerotic plaque and to obtain a baseline attenuation measurement of the bowel wall for the assessment
of the enhancement. The arterial phase is performed for
evaluating arterial stenoses, thrombi/emboli and occlusion[32,33], while the venous phase is for evaluating venous
patency and abdominal organs which may be affected by
ischemia.
On the other hand, a recent study which aims to reduce the radiation dose demonstrates that unenhanced
CT is not necessary for the diagnosis of acute mesenteric
ischemia because bowel enhancement can be assessed by
using normal enhancing bowel as an internal reference
and because of the low sensitivity of submucosal hemorrhage for the diagnosis. Major abdominal lesions can be
readily diagnosed by using standard venous phase imaging, although important errors occur when relying only
on the portal phase to assess the arterial system. The arterial phase is an integral component in the diagnosis of
intestinal ischemia and should not be excluded to achieve
dose reduction[32-34].

The widespread introduction of MDCT has revolutionized the field of computed tomography thanks to the
high spatial and temporal resolution and the ability to create isotropic voxel data and, consequently, reliable MPR
and three-dimensional (3D) reconstructions. Specialized
3D reconstruction techniques allow the visualization of
the anatomical details which are difficult to evaluate by
using axial images alone. Such details may require the use
of oblique or curved reconstructions, or more complex
methods such as MIP, minimum intensity projection
(MinIP), surface-shaded volume rending (SS-VRT) and
virtual endoscopy[35-37].
3D reconstructions are obtained by means of dedicated computer software that can handle the volumetric data
of CT. Even if the use of 3D reconstructions increases
the total exam evaluation time, it has been demonstrated
how using 3D reconstruction techniques for examining
volumetric data improves the interpretation, recognition
and description of specific clinical conditions[37-39].
In cases of intestinal ischemia, MPR and 3D reconstructions allow easy detection and understanding of CT
findings. In fact, reconstructions such as curved MPR,
MIP, vessel probe (VP), SS-VRT and tissue transition projections (TTP) are particularly useful for the assessment
of the vascular and bowel signs of intestinal ischemia.
Curved MPR are a subcategory of MPR reconstructions; they display all voxels contained in a selectable
curved surface as a single bi-dimensional image which
allows following winding structures along their natural
path of development in a single image. This technique
is particularly useful for the study of the vascular system. The vessel is displayed as a straight line resulting
in vascular defects, stenoses and dilatations being easily
detected.
MIP is a data visualization method that enables the
detection of highly dense structures, distinguishing them
from the surrounding tissues in order to better understand
the extension of some structures, such as vessels, nodules,
calcifications, surgical clips and foreign bodies. MIP is
used in CT angiography because it can follow the complete course of vessels even if they are tortuous, allowing
the evaluation of eventual enlargements and defects[35].
VP is a program that allows vessels to be simultaneously examined in 3D, curved reformat and cross-sectional reformat views. It can study and measure arteries
from between 0.5 and 18 mm in diameter and calculate
the degree of stenosis. It can display images in a variety
of formats, including automatic and simultaneous orthogonal cross-sections, orthogonal MPR, oblique and
curved MPR, 3D and curved reformat views. This fast
and simple software has also been used in the field of the
preoperative T staging of esophageal and gastric cancer
for examining the visceral wall[40,41].
In cases of intestinal ischemia, curved MPR, MIP and
VP are useful for evaluating the course of mesenteric
vessels, searching for any filling defect (Figure 1A).
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Figure 1 Arterial mesenteric ischemia. A: Vessel probe in multiplanar (MPR) mode reconstructions showing bowel ischemia caused by the occlusion of the superior
mesenteric artery (arrows). Bowel loop dilatation is associated (arrowheads); B and C: Computed tomography transverse scans show bowel wall dilatation (arrowheads)
with loss of wall enhancement (arrows) in a case of arterial bowel ischemia diagnosed in the early stage; D: Coronal maximum intensity projection reconstruction; E:
Coronal MPR reconstruction. Bowel ischemia caused by the occlusion of the superior mesenteric artery. Bowel loop dilatation (arrowheads) and parietal pneumatosis
of the right colon (short arrows) are associated.

SS-VRT is a technique that creates a 3D visual illustration of CT volumetric data from any desired perspective. SS-VRT images provide a three-dimensional view
that is significantly superior to other volume rendering
techniques[35,37]. These techniques typically select voxels
to be included in a surface rendering based on a selected
range of Hounsfield values. By properly choosing the
Hounsfield range, different types of tissues can be selected: parenchyma, bone, airways and vessels. By analyzing a combination of Hounsfield ranges, a volume of CT
data can be segmented into several tissue types. The main
diagnostic utility of SS-VRT techniques is its ability to
reproduce structures of a specific density with great detail. With successive interactive steps of exclusion/inclusion of different tissue types and resizing/trimming of
the regions of interest, surfaces that would otherwise be
very difficult to visualize can be detected. In patients with
intestinal ischemia due to vascular occlusion, SS-VRT images allow a 3D assessment of the course of mesenteric
vessels.
Moreover, the application of a range of densitometric values corresponding to the transition zone between
the bowel content (air or contrast medium) and the surrounding tissue makes the bowel wall transparent. These
reconstructions, called tissue transition projections, allow
the evaluation and extent of loop dilatation which are
prognostic indicators in patients affected by intestinal
ischemia[35,37].
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CT FINDINGS
There is a significant correlation between the CT findings
of bowel ischemia and the pathological damage. Unenhanced scans can show atherosclerotic calcification and
the hyperdense aspect of the vascular structure involved
in cases of recent thrombosis, parietal pneumatosis, air in
the mesenteric vessels or portal branches, and pneumoperitoneum or retropneumoperitoneum. In all other cases, intravenous injection of contrast medium is essential
in order to detect the causes and signs of the ischemia.
In occlusive, embolic or thrombotic forms, CT allows
visualization of the site of the vascular obstruction, appearing as a defective opacification of the vascular lumen. It is most easily recognized when the occlusion is at
the level of the main trunks[10,26]. Most changes occurring
during the initial phase of ischemia affect the cells and
cannot therefore be visualized. The earliest recognizable
alteration in the course of ischemia is vasodilation; in this
phase, CT examination after contrast medium injection
will show diffuse parietal hyperdensity at the level of the
involved loops[3,10,26,42]. This hyperdensity is already evident in the arterial phase and persists during the venous
phase; it can most easily be recognized by comparing the
density of the normal and pathological segments of the
bowel[3,10]. This sign occurs in about 51% of patients and
indicates that the ischemia has not yet caused irreversible damage of the bowel and can be treated conserva-
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tively[10,43]. Without treatment, the mentioned alterations
will evolve parallel with the anatomical damage. The
hyperemic phase is followed by intense vasoconstriction
that is aggravated by the compression of the intramural
capillaries due to the overdistension of the bowel wall.
The characteristic CT findings in this phase are the reduced or absent enhancement of the ischemic bowel
after intravenous injection of the contrast medium. The
persistence of the vasospasm causes an increase in capillary permeability with submucosal edema leading to the
wall thickening and the interruption of the peristaltic activity, followed by bowel dilation[26] (Figure 1B and C). In
venous infarction, venous stasis and hemorrhagic bulging
of the mucosal and sub-mucosal layers lead to a higher
degree of wall thickening than in the arterial type, associated with the typical target appearance of the loop (Figure 2)[26,44]. In 30%-70% of cases, vascular stasis causes
edema and vascular bulging at the level of the mesentery
which can be detected as an irregular hyperdensity of the
mesenteric adipose tissue. These density changes indicate
the onset of cellular necrosis that starts at the level of the
mucosal epithelium and then extends to the other wall
layers. In fact, the damage to the mucosal epithelium removes an important mechanical barrier between the bowel lumen and the bowel wall, causing the migration of
intestinal gas, enzymes and anaerobic bacteria from the
lumen into the wall thickness, as well as the passage of
fluid from the wall into the bowel lumen. In this phase,
CT shows the presence of air within the wall thickness,
a sign known as parietal pneumatosis (Figure 1D and E).
This is certainly one of the most important lesions in
cases of suspected bowel ischemia; it has an incidence
ranging between 22% and 72% in the literature and indicates advanced stage disease. The air within the wall may
be arranged in a linear or curved shape; the bubbles are
sometimes located in the central part of the wall and take
on the ray-like appearance described as the “kiwi sign”. In
order to determine whether any gas is present within the
intestinal wall, other diseases or factors that could induce
pneumatosis must first be excluded, such as lung disease,
peptic ulcer, collagen disturbances and steroid treatments.
However, the clinical data need to be considered for a
differential diagnosis[10,26,44,45]. Reactive endoabdominal
fluid collections may be observed in this phase, generally
located close to the ischemic loops. With the progression of the anatomical damage, air may migrate from
the bowel wall into the branches of the portomesenteric
veins. If air can be seen at the level of the main branch
of the portal vein or the intrahepatic portal branches,
this is a sure sign of a very advanced phase of mesenteric
infarction (present in 9%-36% of cases), although it does
not necessarily indicate transmural bowel necrosis. The
only pathognomonic sign of transmural necrosis is bowel
perforation, which is seen as pneumoperitoneum or retropneumoperitoneum (described in 6%-20% of cases)
and diffuse ascites (20%-22% of cases)[10,26,44].

emia has been already reported in the literature and can
be explained by the correlation between the progression
of intestinal ischemic damage and the corresponding alterations detected on imaging.
Usually, outcome is closely correlated with the kind
of vascular obstruction, with a reported mortality rate of
89% in the arterial and 11% in the venous forms[9].
Parietal hyperdensity, the absence of wall enhancement and bowel wall thickening all indicate a good
outcome, whereas loop dilatation, parietal and portomesenteric pneumatosis and pneumoperitoneum/pneumoretroperitoneum are all indicators of unfavorable
outcome[1-3,9,10,46].
Bowel wall hyperdensity reflects vasodilation, which
is the first consequence of hypoxic damage. The absence
of wall enhancement corresponds to the ensuing vasoconstriction; bowel-loop thickening and dilatation are related to the increased capillary permeability, pneumatosis
and the presence of air within the mesenteric-portal system reflect the necrosis of the intestinal mucosa, whereas
pneumoperitoneum/pneumoretroperitoneum corresponds to a transmural extension of the necrosis[3,9,10,47].
Therefore, wall hyperdensity, the absence of enhancement and wall thickening are an early stage of the disease,
in contrast to loop dilation, parietal and portomesenteric
pneumatosis and pneumoperitoneum/pneumoretroperitoneum which reflect an advanced stage of disease and
are characterized by high mortality rates. Furthermore,
hyperdensity and bowel wall thickening significantly correlate to venous forms, whereas loop dilatation, parietal
pneumatosis, the presence of gas within the mesenteric
venules and portal branches, as well as pneumoperitoneum/pneumoretroperitoneum are typical of arterial forms
of ischemia. On the other hand, the absence of wall
enhancement and the presence of ascites are not specific
CT findings with respect to the nature of ischemia as
their incidence is almost the same in both arterial and venous obstructions.
These findings may have a temporal justification; in
fact, it has been demonstrated that in arterial obstructions, the pathophysiological events leading to wall necrosis occur in rapid succession, whereas a longer time interval is required for the initial vascular damage of venous
occlusions to develop into the anatomical damage. Thus,
the possibility of detecting wall abnormalities typical of
the early phase of the disease is greater in venous infarctions than in the arterial forms. Wall thickening and the
target appearance of the intestinal loops indicate a good
prognosis, more frequently associated with venous infarction owing to a larger intramural hemorrhagic component
and superinfection. Portomesenteric pneumatosis is considered to be a negative sign with an associated mortality
rate of 75%-90%[10,48]; it indicates advanced bowel necrosis and correlates with unfavorable outcome, especially
when associated with other ischemic wall abnormalities.

CT PROGNOSTIC CORRELATIONS

DIFFERENTIAL DIAGNOSIS

The prognostic value of CT findings of intestinal isch-

CT signs of bowel ischemia have different levels of spec-
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Figure 2 Venous mesenteric ischemia. A and B: Transverse computed tomography (CT) scans; C and D: Coronal
MPR reconstructions. Bowel ischemia caused by the occlusion of the superior mesenteric vein (short arrows). The
target sign with concentric bowel wall thickening is well
evident (long arrows). Ascites is associated (arrowheads);
E and F: Transverse CT scans; G and H: Coronal curved
multiplanar reconstructions. Bowel ischemia caused by the
occlusion of the superior mesenteric vein (long arrows).
The target sign with concentric bowel wall thickening is
well evident (short arrows). Ascites is associated (arrowheads).

ificity. For this reason, differential diagnosis with other
abdominal disease is crucial.
Thickening of the bowel wall is the most common
but least specific CT finding. Most bowel tumors present
as focal thickenings, while benign conditions present as
segmental and diffuse bowel thickenings extending for
6-40 cm or greater than 40 cm, respectively. Segmental or
diffuse bowel wall involvement usually does not exceed
1 cm in thickness and may have a stratified white or grey
attenuation pattern in contrast-enhanced scans[48,49].
The stratified pattern of attenuation, including the
“target sign”, indicates bowel inflammation or ischemia.
In cases of bowel ischemia, this finding should be evaluated in the clinical context and in association with other
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imaging findings, such as occlusion of the mesenteric
vessels, intestinal pneumatosis, air in the mesenteric or
portal veins, bowel dilatation and ascites. Bowel wall
thickening with a stratified pattern may also be seen in
the active phase of Crohn’s disease (CD). However, CD,
which predominantly affects the ileum and right colon, is
characterized by CT signs such as discontinuous involvement of the bowel wall, prominent vasa recta, fistulas
and abscesses, and proliferation of the fat tissue along
the mesenteric border of the bowel[44-46].
The white pattern of attenuation is caused by intense
enhancement of the bowel wall and may occur in both
ischemic and inflammatory bowel disease (Figure 3). Hyperenhancement of the ischemic bowel may be due to
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Figure 3 Crohn’s disease. A: Computed tomography (CT) coronal reconstruction shows terminal
ileal loop thickening with white attenuation pattern
(arrow) and perivisceral vasa recta (arrowhead);
B: Transverse CT scan shows thickening of the
terminal ileal loop (arrow) associated with perivisceral endoperitoneal fluid (arrowhead).

B

A

A

B

Figure 4 Intrahepatic portal air from diverticulitis. A: Computed tomography transverse scan shows the presence of intrahepatic portal air (arrows); B: Pelvic sigmoid diverticulitis complicated by peridiverticular abscess (arrow).

the early vasodilation at the level of the involved loops,
the mesenteric venous occlusion or to the reperfusion after occlusive or non-occlusive ischemia. Associated imaging findings of bowel ischemia have to be considered for
the correct diagnosis.
The grey pattern of attenuation indicates decreased
enhancement of the bowel wall. Its acute onset reflects a
decreased blood supply and is pathognomonic of intestinal ischemia. The hypoattenuating bowel wall is caused
by intense vasoconstriction and by wall edema in cases of
mesenteric venous occlusion and bowel obstruction[49-51].
The delayed onset of grey pattern reflects transmural fibrosis and occurs in patients with chronic CD or chronic
radiation enteritis.
The combination of parietal pneumatosis and portomesenteric venous gas is a highly specific finding because
it is associated with the presence of bowel ischemia in
approximately 70% of cases. On the other hand, the sole
finding of portomesenteric vein gas is associated with
several causes besides mesenteric ischemia. In fact, it can
be caused by some conditions such as wall alterations,
bowel distension and abdominal sepsis. Wall alterations
include several gastrointestinal ulcerative diseases, such
as gastric ulcer, perforated gastric carcinoma and inflammatory bowel disease. Portomesenteric vein gas secondary to bowel distension can be due to iatrogenic visceral
dilatation, paralytic or mechanical ileus, blunt trauma
and barotrauma. Besides, some infectious abdominal
processes, including diverticulitis, abdominal abscess and
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appendicitis, have been associated with portomesenteric
vein gas (Figure 4)[49-51].
Parietal pneumatosis has to be distinguished from
pneumatosis cystoides intestinalis, an uncommon disease
characterized by the presence of multiple gas-filled cysts
in the submucosa and subserosa of the intestinal wall.
The parietal cysts cause bowel obstruction in 16.3% of
cases and the diagnosis of the disease is based on endoscopy. Plain radiography of the abdomen and CT easily
detect the typical grape-like gas clusters into the bowel
wall, allowing a differential diagnosis of intestinal pneumatosis with its typical linear shape[51,52].

CONCLUSION
Bowel infarction is an uncommon but often underestimated cause of non traumatic acute abdomen and early
diagnosis is crucial in order to avoid irreversible damage
to the bowel wall. MDCT is a fundamental imaging technique that must be promptly performed in all patients
with acute abdomen and suspected bowel ischemia.
Thanks to the dedicated reconstruction program, its diagnostic potential is much improved compared to the past
and currently is superior to that of any other noninvasive
technique. In the field of bowel ischemia, MDCT allows
for correct diagnosis, is useful for appropriate treatment
planning and provides important prognostic information
as it is able to define the nature of the disease and the
extent of the anatomical damage.
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Core tip: Splenomegaly is a common sequela of cirrhosis, and is frequently associated with decreased hematologic indices including thrombocytopenia and leukopenia. Partial splenic artery embolization (PSE) has
been demonstrated to effectively increase hematologic
indices in cirrhotic patients with splenomegaly. This is
particularly valuable amongst cirrhotic patients that are
not viable candidates for splenectomy. Although PSE
was originally developed decades ago, it has recently
received increased attention. Presently, PSE is being
utilized to address a number of clinical concerns in the
setting of cirrhosis, including: decreased hematologic
indices, portal hypertension and its associated sequela,
and splenic artery steal syndrome.

Abstract
Splenomegaly is a common sequela of cirrhosis, and
is frequently associated with decreased hematologic
indices including thrombocytopenia and leukopenia.
Partial splenic artery embolization (PSE) has been demonstrated to effectively increase hematologic indices
in cirrhotic patients with splenomegaly. This is particularly valuable amongst those cirrhotic patients who are
not viable candidates for splenectomy. Although PSE
was originally developed decades ago, it has recently
received increased attention. Presently, PSE is being
utilized to address a number of clinical concerns in the
setting of cirrhosis, including: decreased hematologic
indices, portal hypertension and its associated sequela,
and splenic artery steal syndrome. Following PSE patients demonstrate significant increases in platelets and
leukocytes. Though progressive decline of hematologic
indices occur following PSE, they remain improved as
compared to pre-procedural values over long-term follow-up. PSE, however, is not without risk and complications of the procedure may occur. The most common
complication of PSE is post-embolization syndrome,
which involves a constellation of symptoms including
fever, pain, and nausea/vomiting. The rate of complications has been shown to increase as the percent of
total splenic volume embolized increases. The purpose
of this review is to explore the current literature in re-
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INTRODUCTION
Portal hypertension in the setting of cirrhosis commonly
leads to splenomegaly[1]. Additionally, cirrhosis is frequently associated with decreased hematologic indices,
including thrombocytopenia and anemia. The prevalence
of leukopenia amongst cirrhotic patients is more common than in the general population, and varies from
5% to 61%[2]. The pathogenesis of each hematologic
deficiency in cirrhotic patients is multi-factorial in nature.
Splenic sequestration, however, serves as a common
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link; and is a contributing factor in the development of
thrombocytopenia, anemia, and leukopenia in cirrhotic
patients[3].
Decreased hematologic indices can have significant
clinical ramifications. Thrombocytopenia increases a patient’s risk of spontaneous bleeding, and may preclude
surgical or endovascular interventions. Leukopenia decreases the patient’s ability to overcome infection, and
may serve as a contraindication to the use of chemotherapies in hepatocellular carcinoma. Anemia places a
patient at increased risk should bleeding occur, may prevent surgical or endovascular interventions and can leave
a patient dependent on transfusions[2].
Operative splenectomy can be used to treat splenomegaly in cirrhotic patients. While splenectomy is an
effective treatment of splenomegaly in the setting of
cirrhosis, it is not without risk[4]. Major complications
include portal vein thrombosis and sepsis[4,5]. Additionally,
some cirrhotic patients may be poor surgical candidates,
thus necessitating alternative approaches to splenomegaly
amongst some cirrhotic patients. In 1973, Maddison performed the first splenic artery embolization. A farmer
with non-alcoholic cirrhosis presented with intractable
esophageal variceal bleeding which was resistant to treatment with intra-splenic arterial infusion of vasopressin.
In the setting of significant prior bleeding surgical intervention was contraindicated, and Maddison[6] performed
an intra-arterial embolization of the splenic artery utilizing autologous clot as the embolic agent. The patient
responded well and no complications were reported at 5
mo follow-up.
Despite Maddison’s[6] early success, numerous complications of total splenic artery embolization were soon discovered[7]. Complications included splenic abscess, splenic
rupture, pneumonia, septicemia, and death. In response
to these complications, Spigos et al[8] transitioned to partial
splenic embolization (PSE) paired with antibiotic prophylaxis and demonstrated significantly better outcomes.
Soon partial splenic embolization gained popularity and
served as a therapeutic option for cirrhotic patients with
hypersplenism who were poor surgical candidates.
Amin published a 2009 prospective randomized trial
of 40 cirrhotic patients who presented with hypersplenism, treating half with PSE and half with splenectomy.
Over the six-month follow-up period cohorts receiving
splenectomy and PSE both demonstrated a significant
increase in their leukocyte and platelet counts. Patients
treated with PSE had slowly decreasing leukocyte and
platelet levels during the follow-up period, though they
remained significantly above pre-PSE levels. Of the 20
patients treated with PSE one died of myocardial infarction within one day postop, one developed splenic abscess, and one developed a portal vein thrombus. Of the
20 patients treated with splenectomy, three patients developed portal vein thrombosis. The surgical cohort had
longer procedure times, longer hospitalizations, required
transfusions more frequently, and reported more postprocedural pain[9].

WCR|www.wjgnet.com

CLINICAL APPLICATIONS AND
OUTCOMES OF PSE
In 2007 Koconis et al[10] published a review of partial
splenic artery embolization in patients with portal hypertension, thoroughly summarizing the English language
literature and addressing numerous utilizations of PSE.
Benefits included increased hepatic protein synthesis,
increased circulating platelet and leukocyte levels, and
improvements in hepatic encephalopathy. The most contemporary study noted in the Koconis et al[10] review was
published in 2005. We performed a review of the English
language literature for PSE and focused on papers from
2005 through the present. Ultimately, eight studies were
identified, and have been included in our review (Table
1)[9,11-17]. In 2012, Smith et al[18] also published an excellent
review of splenic artery embolization, which followed a
similar structure.
Hematologic indices
One of the primary goals of PSE is to increase circulating platelets and leukocytes. Resultantly, serum platelet
and leukocyte counts are a natural choice for measuring
procedural effectiveness. Prior to exploration of the data
it should be noted that Zhu et al[14] reported trends in
laboratory values following PSE via a line graph without
citing specific values. Consequently, reported values from
Zhu et al[14] represent approximations. Assessment of
leukocyte and platelet values following PSE demonstrates
a few trends (Table 1). First, within two weeks of PSE
both platelet and white blood cell values significantly
increase. This was found to be consistent in all included
studies. Pre-PSE platelet values ranged from 37.4-56
K/μL, and at two weeks following PSE platelet values
ranged from 80-240.7 K/μL. Leukocytes also increased,
with pre-PSE values ranging 2.3-4.2 K/μ L and then
jumping to 4.0-12.6 K/μL at two weeks. A second trend,
which was uniform across every study and cohort, is the
consistent decline in both leukocyte and platelet values
in the months and years following PSE. Though the rate
of decline varied from study to study, the presence of a
decline is consistent. Finally, there is a direct relationship
between the percent of spleen which is targeted via PSE
and the magnitude of the response of circulating platelets and leukocytes. By dividing their study into cohorts
based upon the percent of spleen targeted, the 2009 Zhu
et al[14] study further demonstrated this point. Simply put,
the larger the volume of targeted spleen, the greater the
resultant increase in circulating leukocytes and platelets.
PSE’s ability to increase platelet and leukocyte counts
has produced other clinical applications. Pegylated interferon and ribavirin induces sustained virological response
in 42%-82% of patients with hepatitis C, however,
thrombocytopenia is an absolute contraindication to the
administration of therapy[19]. Over the past decade the
use of PSE to increase platelet counts has facilitated antiviral treatment in patients who would have otherwise
been too thrombocytopenic. Tahara completed a retro-
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1

2007

2005

Lee et al[15]

N'Kontchou et
al[13]

France

China

Japan

China

23

11

Nonrandomized
prospective trial
Retrospective
review

Nonrandomized
prospective trial

Randomized
control trial

Randomized
control trial

32

10

42

Total 60
GF: 32
PVA: 28

Total 40
PSE: 20
SPL: 20

1-87 mo

1 yr

1 yr

3 yr

6 mo

5 yr

2 yr

6-28 mo

Number of Length of
Pts
follow-up

Nonrandomized
Total 62
prospective trial Group A: 12
Group B: 34
Group C: 16

Case series report

Case series report

Study type

48 ± 14

56 ± 8.0

45 ± 11.7

GF: 47.06 ±
14.85
PVA: 44.36 ±
16.67

Group A: 40.2 ±
13.0
Group B: 37.4 ±
12.3
Group C: 43.6 ±
11.7
PSE: 39.7 ± 9.7
SPL: 47.2 ± 10.3

41.3 ± 13.0

K/μL
Not provided

Indication for PSE
count at 2

count at 1

Group A:
1001
Group B:
901
Group C:
501
Not
provided

94.1 ± 12.9

yr in K/μL
Not
provided

Group A:
7.51
Group B:
6.51
Group C:
4.01
PSE: 12.6 ±
2.6
SPL: 7.7 ± 1.9

8.26 ± 1.54

Not
provided

at 2 wk in

Group A:
6.01
Group B:
5.51
Group C:
3.71
Not
provided

6.53 ± 1.74

K/μL
Not
provided

Group A:
4.51
Group B:
4.01
Group C:
3.01
Not
provided

4.62 ± 1.13

yr in K/μL
Not
provided

at 1 mo in count at 1

137.5 ± 77.4

Not provided

116 ± 51

Not
provided

145

103 ± 34

Not
provided
Not
provided

Not
provided

Not
provided
6.5 ± 2.9

Not
provided

Not
provided
Not
provided

Not
provided

GF: 113.2 ± 17.6 GF: 95.8 ± GF: 6.6 ± 1.5 GF: 5.1 ± 0.9 GF: 4.2 ±
PVA: 125.4 ±
13.9
PVA: 7.5 ± PVA: 5.7 ±
0.6
23.3
PVA: 106.2
1.7
1.2
PVA: 4.7 ±
± 17.2
1.0

Not provided

Group A: 1301
Group B: 1101
Group C: 701

115.8 ± 18.4

K/μL
Not provided

at 1 mo in

Mean ±
Mean ± SD,
Mean ± Mean ± SD, Mean ± SD, Mean ±
SD, platelet platelet count SD, platelet WBC count WBC count SD, WBC

targeted wk in K/μL
70%-80%
Not
provided

spleen

Extent of

All patients S/P
OLT; 6/11 w/
thrombocytopenia, 5/11
w/refractory ascites
2.3 ± 0.47
Hypersplenism in
50%-70% 124.3 ± 23.9
Cirrhosis w/leukopenia
and thrombocytopenia,
no HCC, and no SBP
Group A:
Hypersplenism
50%-70% Group A:
2.42 ± 0.44
in Cirrhosis, w/
1701
Group B:
thrombocytopenia or
Group B:
2.54 ± 0.57 neutropenia. No SBP, no
1301
Group C:
Severe Jaundice
Group C:
2.64 ± 0.4
801
PSE: 3.3 ± 0.7 Cirrhosis w/o bone
50%
PSE: 211.5 ±
SPL: 2.8 ± 1.1
marrow disease,
36.2
ischemic heart
SPL: 240.7 ±
disease, renal failure,
52.0
malignancy, or medical
unstability
GF: 2.62 ±
Hypersplenism
50%-70% GF: 135.4 ±
0.67
in cirrhosis w/
28.1
PVA: 2.57 ±
thrombocytopenia
PVA: 153.4
0.63
or neutropenia. No
± 37.1
SBP, no HCC, no
hyperbilirubinemia
2.9 ± 1.0
Thrombocytopenia
70%-80%
Not
caused by
provided
hypersplenism due to
cirrhosis
Not
Thrombocytopenia in 20%-40%
192
provided
setting of cirrhosis
4.2 ± 1.6
Cirrhosis w/severe
50%
Not
cytopenia/leukopenia
provided
preventing treatment
or severe purpur, or
painful splenomegaly

in K/μL
Not
provided

prior to PSE in prior to PSE

Mean ± SD, Mean ± SD,
platelet count WBC count

Data From Zhu et al[14,16] was extracted from a graph without exact values, values used are the authors closest approximations. PSE: Partial splenic artery embolization; SPL: Splenectomy; GF: Gel foam; PVA: Polyvinyl alcohol.

2007

Hayashi et al[17]

2009

Amin et al[9]

2008

China

2009

Zhu et al[14]

Zhu et al[16]

Egypt

Elmonem et al[12] 2010

Egypt

South
Korea

Year Country

2012

Kim et al[11]

Ref.

Table 1 Study demographics and outcomes of partial splenic embolization
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spective cohort study of 30 hepatitis C patients who were
unable receive antiviral therapy secondary to thrombocytopenia and consequently were treated with PSE[20]. All
30 patients were able to receive therapy with pegylated
interferon and ribavirin following a PSE-related increase
in their platelet counts. A handful of other studies have
demonstrated similar findings over the past decade[21-23].
Similar to the use of PSE to improve platelet counts
prior to antiviral therapy in patients with hepatitis C,
PSE has been used to increase hematologic indices to
facilitate treatment of hepatocellular carcinoma. Hidaka
et al[24] reported a 20 subject trial in which patients with
multiple hepatocellular carcinoma lesions measuring less
than 3 cm and platelet counts less than 80 received PSE
to facilitate further treatment with radiofrequency ablation. Of the 20 patients, 18 demonstrated significant
increases in prothrombin function as well as platelet
counts, and ultimately were treated with radiofrequency
ablation. A smaller study demonstrated PSE to be an effective preoperative therapy to increase platelet counts
prior to hepatectomy[25]. Five patients received PSE prior
to hepatectomy, while 23 patients received concomitant
splenectomy with hepatectomy. The patients in the PSE
arm received fewer blood transfusions and experienced
fewer postoperative complications. Survival rates between
the two arms were not significantly different.

ing episodes from 4.3 prior to treatment to 1.1 after PSE.
Ohmoto conducted a study of 84 cirrhotic patients with
large esophageal varices and thrombocytopenia[33]. 42 patients were treated with endoscopic variceal ligation (EVL)
and 42 were treated with EVL and PSE. The combination therapy cohort demonstrated a reduced development
of new varices from 88% to 67% (p = 0.038), decreased
episodes of variceal bleeding from 34% to 17% (p =
0.024), and improved overall survival from 31% to 50%
(p = 0.042). The literature also contains a case report of
PSE being utilized to effectively address a 45-d decrease
in hemoglobin secondary to diffuse gastric bleeding in
portal hypertensive gastropathy[34].
PSE-related alterations in portal blood flow have also
been shown to improve hepatic function[35]. Increased
thrombopoietin, albumin, and cholinesterase levels as
well as decreased alanine aminotransferase levels and
total bilirubin levels have been demonstrated in cirrhotic
patients following PSE[35,36]. These changes, however, are
not uniform amongst all cirrhotic patients. Improved
liver function following PSE is most pronounced in patients with initial splenic volumes greater than 600 cc[36].
In patients with hepatocellular carcinoma, PSE has been
combined with transcatheter arterial chemoembolization (TACE) for promising results. In a comparison of
patients treated with TACE and concomitant PSE vs
TACE alone, those in the combined treatment cohort
demonstrated improvements in platelet counts and hepatic reserve[37].

Portal hypertension and associated sequelae
PSE has been demonstrated to improve portal hemodynamics in cirrhotic patients. PSE decreases splenic blood
flow, splenic venous pressure, and portal venous pressure[26-28]. Additionally, in a trial of 7 patients with cirrhosis and hepatocellular carcinoma treated with a combination of transcatheter hepatic arterial embolization and
PSE, Han et al[29] demonstrated a significant decrease in
portal venous pressures following therapy. Interestingly,
however, most studies which explored the hemodynamic
effects of PSE did not demonstrate improvements in
portal blood volume[26-28].
Portal venous hypertension is associated with numerous clinical manifestations. By improving portal hemodynamics, associated improvements in the sequelae of portal hypertension can be seen. Portal venous hypertension
can lead to refractory ascites, and PSE has been found
to decrease the incidence and magnitude of ascites[11].
Esophageal varices are also a common complication in
patients with cirrhosis. Increased splenic arterial flow,
splenic congestion, and portal venous pressures are all
associated with an increased rupture risk of esophageal
varices amongst cirrhotic patients [30,31]. By improving
portal hemodynamics, PSE is associated with a decreased
risk of variceal bleeding. Citing 4 studies, which included
a total of 50 patients, Koconis et al[10] asserted that PSE
decreased the annual incidence of variceal hemorrhage
by 80%. Pålsson et al[32] performed PSE in 26 patients
with history of bleeding esophageal varices and thrombocytopenia, 19 of whom had cirrhosis. The cohort
demonstrated a decrease in the number of variceal bleed-
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Splenic artery steal syndrome
Following liver transplant, approximately 5% of patients
experience splenic artery steal syndrome (SASS). SASS is
siphoning of arterial flow away from a transplanted liver
due to a dominant splenic artery. While the hemodynamics of SASS are not completely understood, it is thought
that increased resistance of the hepatic arterial bed and
decreased resistance of the splenic arterial bed contribute
to SASS[38]. High resistance of the hepatic arteries following liver transplant may be attributed to many causes,
including a poorly compliant graft, post-operative edema,
and subcapsular hematoma. Increased hepatic arterial
resistance, when combined with low splenic arterial resistance due to splenomegaly, significantly increases splenic
arterial flow while reflexively decreasing hepatic flow.
Management of SASS may be surgical or endovascular.
Surgical approaches include formation of an aortohepatic
conduit or splenic arterial banding or ligation[38]. Proximal
splenic artery embolization, via deployment of coils or an
Amplatzer plug in the splenic artery immediately distal to
the pancreatic and short gastric arteries, has been established as a safe and effective option in the non-surgical
management of SASS[39-42].

COMPLICATIONS OF PSE
In exploring the morbidity and mortality associated with
PSE, Koconis et al[10] reviewed 33 studies published be-

147

March 28, 2015|First Edition|

Hadduck TA et al . Partial splenic artery embolization in cirrhosis

additional vaccinations are not used.

tween 1990 and 2005, and collectively representing 401
patients. In total, 15 major complications and 4 deaths
were reported, for a major complication rate of 3.7% and
a mortality rate of 1%. The rate of PSE-related complications consistently increased with volumes of splenic
embolization near or greater than 70%[10].
PSE is not without risk, and the studies included in
our review re-demonstrated many of the complications
associated with the procedure (Table 2). Collectively, the
studies we included demonstrate a direct relationship
between the volume of spleen targeted for embolization
and the severity of post-procedural complications. The
2009 Zhu et al[14] study further illustrated this point by
subdividing patients in their study by percent of spleen
targeted. The cohort receiving the greatest embolization (> 70%) also demonstrated the largest burden of
complications. On the other hand, the patients with the
least extensive embolization (< 50%) had the shortest
hospital stays, lowest rate of embolization syndrome,
and experienced no serious complications. Though not
explicitly subdivided into cohorts based upon percent of
spleen targeted during embolization, the 2008 Zhu et al[16]
study also demonstrated an increased rate of complications among patients with embolization of > 70% of
splenic volume. This correlates with the literature which
has identified Child-Pugh class C and large splenic infarct
volume as independent risk factors for complications
with PSE[43]. Of the papers we included, Kim et al[11] had
the smallest sample size, 11, and was an outlier in regards
to their reported complications. Kim et al[11] reported
100% of their patients experienced post-embolization
syndrome, but also reported zero serious complications.
This was particularly surprising in that Kim et al[11] targeted 70%-80% of the spleen for embolization, more than
any other study.

TECHNIQUE
Numerous articles have described the technique of PSE,
and generally concur in their description[9,12,46]. Vascular
access is gained with a 5 French sheath in the femoral
artery via the Seldinger technique. A 4 or 5 French cobratype catheter is then utilized to isolate the celiac axis and
splenic artery. Celiac and splenic angiography is performed to identify the distribution of splenic arteries, as
well as document the presence of any collateral flow.
After mapping the anatomy of the celiac axis and the
splenic artery, the catheter is secured at the site of embolization. Either a proximal or distal embolization may be
performed. In the proximal, nonselective, approach the
catheter is placed immediately distal to the origins of the
pancreatic and short gastric arteries, and an embolic agent
is released. Embolic agents are dispersed throughout the
spleen and small, diffuse, randomized infarcts occur. In
the distal, selective, approach, the catheter is advanced
into a distal segmental branch of the splenic artery. The
entire distal splenic segment is then embolized. Some
authors believe sub-selection of the superior spleen is
more likely to be associated with post procedural pneumonia and atelectasis, and therefore favor embolizing
the inferior spleen; however, comparative studies have
not been performed[18]. A microcatheter is preferred to
secure access in the distal splenic segmental arteries. Of
the contemporary studies reviewed for this paper, seven
noted whether a distal or proximal approach was utilized.
Six of the seven studies utilized a distal approach[12-15,44,47].
Though no randomized studies comparing distal and
proximal PSE in cirrhotic patients have been completed,
the majority of interventionalists report employing the
distal approach. It should be noted, however, that the
selection of a distal vs proximal approach may depend
on the specific clinical scenario. Proximal embolization
requires less time to accomplish and can be performed
without use of microcatheter techniques. On the other
hand sub-selecting distal splenic branches for embolization requires more time, but allows for greater precision
in the percentage of splenic parenchyma that is targeted
for embolization.
After identifying and securing the targeted vascular
supply, embolization is performed. A variety of substances have been employed as embolic agents. Early
descriptions of PSE mention the use of autologous clot.
More contemporary approaches include gelatin sponge,
polyvinyl alcohol particles (PVA), and tris-acryl gelatin
microspheres. All of the above agents are typically delivered via a suspension containing contrast and, frequently,
antibiotics. Of the studies reviewed, 14 noted the material used in embolization[9,12-18,33,44-48]. 8 of 14 used gel
foam, 2 used tris-acryl gelatin microspheres, 2 used PVA
particles, 1 used gelfoam and PVA particles in separate
cohorts, and 1 used a combination of tris-acryl gelatin
microspheres and PVA. Of the studies which reported

WORK-UP
Workup of a patient prior to PSE includes a thorough
history and physical, routine laboratory studies, imaging,
and prophylactic antibiotics and vaccinations. A basic laboratory panel including a CBC, PT/PTT, liver function
tests, renal function tests, and a hepatitis panel is commonly noted[12,44,45]. While less frequently mentioned, antiplatelet antibody studies and bone marrow biopsies have
also been described[8,37]. Abdominal computed tomography (CT) and ultrasound are useful to establish a splenic
volume baseline and to screen for portal or splenic vein
thrombosis[9,12-14,44-46]. Additionally, many authors endorse
an upper gastrointestinal endoscopy in the workup prior
to PSE to screen and/or treat esophageal varices[9,44,45].
Some authors, though not all, endorse the administration
of pre-procedural broad spectrum antibiotics and/or
vaccines. While Pneumovax 23 is the most commonly
cited vaccination, the literature also makes note of H.
influenza B and meningococcal vaccinations[18,46]. At our
institution, broad-spectrum antibiotics are initiated just
prior to PSE, and are continued for one to two weeks;
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2009

2009

2008

2007

Amin et al[9]

Zhu et al[16]

Hayashi et
al[17]
Lee et al[15]

China

France

2007

N'Kontchou 2005
et al[13]

Japan

China

Nonrandomized
prospective trial
Nonrandomized
prospective trial
Retrospective
review

Randomized
control trial
Randomized
control trial

Case series
report
Case series
report
Nonrandomized
prospective trial

Study type

78.10%

100.00%

100.00%

GF: 90.6%
PVA: 100%

Not provided

Total 85.5%
Group A: 100%
Group B: 91.2%
Group C: 62.5%

91.30%

Complication:
Frequency
of post
embolization
100.00%

14

Not provided

Not provided

PSE: 2.1 (0.4)
SPL: 4.3 (1.1)
GF: 6.4 (3.6)
PVA: 7.6 (2.8)

Group A: 13
Group B: 7
Group C: 3

Not provided

28.10%

10.00%

11.90%

PSE: 25%
SPL: 25%
GF: 25.0%
PVA: 21.4%

Total 14.5%
Group A: 50%
Group B: 8.8%
Group C: 0%

34.80%

3.10%

0.00%

0.00%

PSE: 0%
SPL: 0%
GF: 0%
PVA: 0%

Total 0%
Group A: 0%
Group B: 0%
Group C: 0%

4.30%

8.70%

0.00%

Pleural
effusion/
ascites

0.00%

0.00%
6.30%

10.00%

Total 0%
Total 4.8%
Group A: 0% Group A:
Group B: 0%
16.6%
Group C: 0% Group B:
2.9%
Group C:
0%
PSE: 0%
PSE: 10%
SPL: 0%
SPL: 10%
GF: 0%
GF: 9.4%
PVA: 0%
PVA:
10.7%
0.00%
9.50%

4.30%

Complication:
Major
Persistant
Splenomegaly
Mean length of complications: thrombocytopenia
post embolization Total number
syndrome-days
Not provided
0.00%
0.00%
0.00%
4.30%

0.00%

Portal vein
thrombosis

0.00%

0.00%

6.30%

0.00%

Total 1.6% Total 1.6%
Group A: Group A:
8.3%
8.3%
Group B: Group B:
0%
0%
Group C: Group C:
0%
0%
PSE: 0%
PSE: 5%
SPL: 0%
SPL: 15%
GF: 3.1% GF: 3.1%
PVA:
PVA: 7.1%
3.6%
0.00%
0.00%

0.00%

0.00%

Variceal
bleeding

0.00%

0.00%

0.00%

Total 1.6%
Group A:
8.3%
Group B:
2.9%
Group C:
0%
PSE: 0%
SPL: 0%
GF: 6.3%
PVA: 0%

4.30%

0.00%

Bacterial
peritonitis

6.30%

0.00%

0.00%

Total 1.6%
Group A:
8.3%
Group B:
0%
Group C:
0%
PSE: 5%
SPL: 0%
GF: 3.1%
PVA: 0%

4.30%

0.00%

Splenic
abscess

0.00%
3.10%

6.3%1

0.00%

PSE: 0%
SPL: 0%
GF: 0%
PVA: 0%

Total 0%
Group A: 0%
Group B: 0%
Group C: 0%

4.30%

0.00%

0.00%

0.00%

Total 1.6%
Group A:
8.3%
Group B:
0%
Group C:
0%
PSE: 5%
SPL: 0%
GF: 3.1%
PVA: 0%

4.30%

0.00%

PSE-related
Repeat
death
embolization
required

use of tris-acryl gelatin microspheres, one study reported using 500-700 μm microspheres, another reported using 300-500 μm microspheres, and the final study noted using
microspheres ranging 200-1000 μm[13,14,47]. In 2008 Zhu et al[16] published a study comparing the results of gelfoam embolization with PVA. Ultimately, the study demonstrated
a slightly greater increase in platelet and leukocyte counts with PVA as compared to gelfoam. The study, however, also demonstrated greater frequency and magnitude of postembolization syndrome amongst patients embolized with PVA as compared to gelfoam. At this time, no specific agent has clearly been established as a superior embolic agent
in PSE.
Although coils and Amplatzer plugs are more commonly used to perform proximal splenic artery embolization (SAE) in the setting of trauma, recently, a small number of
studies have highlighted the effectiveness of proximal SAE among patients with portal hypertension. Though only reporting use in six patients, Quintini et al[49] demonstrated
coil-induced proximal SAE to be a safe and effective treatment for refractory ascites in patients with previous orthotopic liver transplants. Additionally, Zhu et al[50] performed
a retrospective review of Amplatzer plugs vs coiling in SAE. While the majority of the patients included in the study received SAE secondary to splenic artery steal syndrome,
one eighth of the subjects were included secondary to portal hypertension.
Some authors set their initial target at embolization of 50%-70% of the splenic blood volume. Others, however, embrace a more conservative approach and will target
30%-40% of the spleen with the expectations of repeating the embolization with a higher target area (up to 70%) if clinical symptoms do not respond to initial treatment. In an
attempt to avoid embolization of a greater portion of the spleen many authors report an iterative process of delivering small aliquots of embolic material, and following each
aliquot with an angiogram to determine the extent of embolization. The increased number of iterations allows providers to more precisely target a specific percent of splenic

Both deaths in the trial were in patients with > 70% splenic embolization. PSE: Partial splenic artery embolization; SPL: Splenectomy; GF: Gel foam; PVA: Polyvinyl alcohol.

1

China

2010

Elmonem et
al[12]
Zhu et al[14]

Egypt

South
Korea
Egypt

2012

Year Country

Kim et al[11]

Ref.

Table 2 Complications in partial splenic artery embolization
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tissue, without excessively embolizing the spleen.

hematologic indices to facilitate other treatments.
Still, PSE is not without its shortcomings. There are
numerous morbidities associated with PSE. At the very
least, almost all patients will experience post-embolization
syndrome and will require post-procedural hospitalization. Several studies demonstrate major complication
rates up to 15%-30% following PSE. The studies included in our review represented 260 patients, and collectively
experienced a serious complication rate of 20.0% following PSE. In our study we included pleural effusions and
ascites as major complications, and these accounted for
19 of the 52 complications. If we were to not include
pleural effusions and ascites as major complications the
average complication rate would have been 12.7%. Additionally, PSE-related mortality is consistently reported
in 0%-6% of patients. The 260 patients included in our
review collectively averaged a 2.3% mortality rate. In efforts to minimize PSE-related complications, targeted
splenic volume for PSE ought to be below 70%. While
an improvement of leukocyte and platelet counts has
proven persistent, the magnitude of the increase consistently declines in the months and years following PSE.
Although PSE may not be appropriate in all cirrhotic
patients, in the appropriate clinical context it is an efficacious tool which may provide clinical benefit for patients
who otherwise may not be candidates for other medical
and surgical interventions.

POST PSE CARE
The vast majority of patients experience some degree of
pain, fever, and nausea/vomiting following PSE. These
symptoms are collectively described as post-embolization syndrome[44]. Our review of the recent literature
found that post-embolization syndrome is reported in
78.1%-100% of patients undergoing PSE (Tables 1 and
2). Patients are frequently hospitalized to receive supportive care for 24-48 h or until the post-embolization
syndrome has resolved. Care is centered on antibiotic
prophylaxis and pain management. Many antibiotics including amoxicillin/clavulanate, ofloxacin, phenoxymethylpenacillin, cotrimoxazole, cefoperazone, and erythromycin have been described in the literature. Post-procedural
analgesia typically involves a combination of NSAIDS,
scheduled morphine, and patient controlled analgesia.
Occasionally, patients experience more serious complications (Table 2). Severe complications are reported
in 0%-34.8% of patients following PSE. The most common severe complication is pleural effusion and/or ascites, and can be treated with thoracentesis or paracentesis
respectively. Other common morbidities include portal
vein thrombosis and splenic abscess. Most practitioners
advocate the use of anticoagulation in the treatment of
post-PSE portal vein thrombosis, though Zhu et al[50]
reported resolution of thrombus with watchful waiting. Presentation of splenic abscess has been reported
between 10 d to 3 mo following PSE. Additionally, the
majority of PSE-related deaths involve the development
of a splenic abscess. Consequently, if post-procedural
fever or other signs of infection develop, the threshold
for ordering follow up imaging, usually with CT, should
be low. Furthermore, due to the risks of splenic abscess,
and the extended window in which it may develop, all
PSE patients should be educated on the signs and symptoms of splenic abscess prior to the procedure and again
upon discharge. Treatment of post-PSE splenic abscess
includes percutaneous drainage and antibiotics, or occasionally, splenectomy. Mortality rates range from 0%-6.3%
of patients undergoing PSE.
Follow up abdominal CT scan is frequently utilized in
the first several weeks after PSE to confirm the percentage of infarcted splenic tissue. In the months following
PSE, the spleen gradually decreases in size, but patients
are usually followed clinically rather than monitoring with
imaging, unless a complication is suspected.
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Core tip: The review is focused on three main topics,
in order to emphasize why magnetic resonance cholangiography (MRC) is the preferred imaging modality to
noninvasively assess the biliary system after orthotopic
liver transplantation. First, the authors describe the
different techniques that can be used, namely conventional MRC and contrast-enhanced MRC. Second, exemplificative imaging findings are illustrated in order to
show the diagnostic reliability of the technique. Third,
the Authors discuss the state-of-the-art role for MRC in
assessing biliary complications as emerging from updated literature review.

Abstract
Despite advances in patient and graft management, biliary complications (BC) still represent a challenge both
in the early and delayed period after orthotopic liver
transplantation (OLT). Because of unspecific clinical
presentation, imaging is often mandatory in order to diagnose BC. Among imaging modalities, magnetic resonance cholangiography (MRC) has gained widespread
acceptance as a tool to represent the reconstructed
biliary tree noninvasively, using both the conventional
technique (based on heavily T2-weighted sequences)
and contrast-enhanced MRC (based on the acquisition of T1-weighted sequences after the administration
of hepatobiliary contrast agents). On this basis, MRC
is generally indicated to: (1) avoid unnecessary procedures of direct cholangiography in patients with a
negative examination and/or identify alternative complications; and (2) provide a road map for interventional
procedures or surgery. As illustrated in the review, MRC
is accurate in the diagnosis of different types of biliary
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INTRODUCTION
Despite improvements in organ preservation, surgical
technique, immunosuppression and postoperative management, biliary complications (BC) still represent the
“Achille’s heel” of orthotopic liver transplantation (OLT),
occurring in 10%-34% of graft recipients[1,2]. BC are as-
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A

B

Figure 1 Biliary reconstructions variants after orthotopic liver transplantation illustrated by coronal maximum intensity projection reconstruction from
3D magnetic resonance cholangiography. A: Choledocho-choledochostomy with mild donor-to-recipient discrepancy in ductal calibers giving prominence to the
anastomotic site (arrow); B: Bilioenteric anastomosis (arrow) between donor’s common bile duct and a jejuneal loop. Note the recipient common bile duct remnant (arrowheads).

sociated with a significant morbidity and mortality rate
(2%-7%)[3,4], representing the second leading cause of
graft dysfunction and loss after rejection[1]. Prompt recognition or exclusion of BC is crucial in order to address
patient to proper treatment. However, differentiating
BC from other post-OLT complications can be difficult
based solely on clinical presentation and biochemical
findings, thus making imaging essential in the diagnostic
process[5].
Among different imaging modalities, magnetic
resonance cholangiography (MRC) plays a key role in
evaluating BC after OLT. Due to the technical advances
occurred over the last decades, MRC can be performed
on magnetic resonance (MR) systems equipped with
highly performing gradients, multichannel phased-array
coils and dedicated sequences in order to produce panoramic and detailed representation of the biliary tree
without significant motion-related artefacts[2]. Although it
is questionable whether MRC can be viewed as the new
standard of reference in biliary imaging[6], this technique
has gained acceptance as the most reliable alternative to
direct cholangiography in depicting the biliary system. In
the setting of liver transplant, MRC is useful both in the
pre- and post-operative period, e.g. in assessing the biliary
anatomy of living donors[7,8]. Moreover, MRC is safe, repeatable and reproducible[7].
In this review, we: (1) describe different technical approaches to MRC; (2) discuss the evidence-based role of
MRC in assessing BC after adult OLT; and (3) illustrate
imaging findings of main BC. Although split-liver transplantation and LDTL are not directly discussed in this
work, the paper statements on the use of MRC can be
extended to these variants of transplantation.

onset from OLT, which is of help in identifying the most
probable complication occurring at the time of image
interpretation. Complications occurring within 3 mo after
OLT are defined as “early”, and are typically represented
by bile leakage and nonanastomotic strictures (NAS)
related to hepatic artery thrombosis (HAT)[5]. “Late”
complications occur a few months to several years later,
and mainly consist in strictures. Anastomotic strictures
(AS) show a tendency to develop earlier (within 4-5 mo)
compared to non-HAT related NAS[5,9]. Overall, the large
majority of BC (up to 80%) present within 6 mo from
OLT[9], with annual incidence less than 4% after the first
post-transplant year[10].
The characteristics of main BC are shown in Table 1,
including the time of onset and main risk factors. Notably, split-liver transplant and LDLT have been associated
with a moderate increase in BC, e.g., because of cut-surface leakage originating both in donors and recipients[11].
Biliary reconstruction
Prior to the examination, type of transplant (e.g., left/
right split-liver transplant or living donor liver transplantation) and surgical technique should be evaluated in
order to correctly interpret patient anatomy and MRC
findings. Nowadays, biliary reconstruction during OLT
is performed according to two main options[5] (Figure 1):
(1) choledocho-choledochostomy, consisting in an endto-end anastomosis between donor and recipient choledochal ducts (duct-to-duct technique); and (2) bilioenteric
anastomosis, consisting in an end-to-side anastomosis
between the donor hepatic duct and a recipient jejuneal
loop (Roux-en-Y hepaticojejunostomy). Compared to
bilioenteric anastomosis, duct-to-duct anastomosis is
technically simpler and preserves the sphincter of Oddi
as a barrier against bacterial colonization of the biliary
tract[12]. This is why choledocho-choledochostomy is the
preferred technique of biliary reconstruction. Bilioenteric
anastomosis is usually reserved for cases of primary sclerosing cholangitis (PSC) as the indication to OLT, surgical salvage after BC or re-transplantation[12].

CLINICAL OVERVIEW
Classification of biliary complications
BC can be classified according to the clinical phenotype,
localization, timing of occurrence and etiology[5]. A useful
classification for radiologists is based on the temporary
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Table 1 Overview of main biliary complications occurring after liver transplantation
Type of
Prevalence in adult Risk factors
complication OLT patients

Time of onset
from OLT

Clinical features

Bile leak

1-3 mo

Fever, abdominal
complaint, signs of
cholestasis and or
cholangitis

7.8% OLT
9.5% LDLT

Anastomotic 13% OLT
stricture
19% LDLT

NAS

5%-25%

Stones, casts 5.70%
and sludge

Sphincter of 2%-7%
Oddi dysfunction and papillary stenosis

T-tube displacement or removal (T-tube leak)
technical failure during surgery (anastomotic leak)
HAT (nonanastomotic leak)
Ischemic-related injury, immunologically-related
injury, cytotoxic injury induced by bile salts
(nonanastomotic leak in pts. without HAT)
Older donor age
Roux-en-Y choledochojejunostomy
Technical factors (earlier manifestation)
Ischemia of the donor bile duct (earlier manifestation)
Previous anastomotic leakage (late manifestation)

Treatment

Leaving the T-tube open
(T-Tube leaks)
ERC with
Sphincterotomy and
stent placement
Percutaneous drainage
within 6 mo-1 Biliary obstruction Surgical revision (repair
yr, occasionally
or conversion to biliolater
enteric anastomosis)
ERC with balloon
dilatation and stent
placement (usually
repeated procedures)
Surgical revision
(conversion to bilioenteric anastomosis)
HAT
Within 6
Cholestasis
Biliary toilette, dilatation
Microangiopathic injury (prolonged warm or cold mo (HATwith recurrent
± stent placement via
ischemia times of the graft) (ITBL)
associated
cholangitis
ERC/PTC
Immunogenic injury (AB0 incompatibility between NAS)
Medical therapy
donor and recipient, chronic ductopenic rejection, After 6 mo
(ursodeoxycholic
primitive sclerosing cholangitis) (ITBL)
(ITBL)
acid and antibiotics if
Cytotoxic injury by bile salts (ITBL)
recurrent cholangitis)
Anastomotic and nonanastomotic biliary strictures
Within 1 yr
Biliary obstruction Conversion to hepaticoje
Presence of T-tube or stent
(casts and
junostomy(rarely)
Hepaticojejunostomy
sludge)
Retransplantation
Ischemia
After 1 yr
Bile ducts toilette using
Infectious alteration in bile composition
(stones)
ERC/PTC
Medical therapy with
ursodeoxycholic acid
Retransplantation
Denervation of the recipient common bile duct lead- 6 mo to 1 yr
Increased choles- Endoscopic sphinctering to sphincter of Oddi spasm
tatic enzymes
otomy
Inflammation and/or scarring of the sphincter of
Oddi

Data from[5,11]. OLT: Orthotopic liver transplantation; NAS: Nonanastomotic strictures; ITBL: Ischemic-type biliary lesions; HAT: Hepatic artery thrombosis.

The vascular supply of the biliary tract
Contrary to liver parenchyma, the biliary tree is nourished by arterial vessels only, which can be divided in two
interconnected systems (Figure 2). The first one supplies the common bile duct and consist of the ascending axial branches originating from the gastroduodenal
artery, which run on medial (“3 o’clock”) and lateral (“9
o’clock”) aspects of the common bile duct and communicate (usually) with the right hepatic artery. The second
system is the peribiliary vascular plexus, which supplies
the hepatic confluence and intrahepatic bile ducts. It consists of a complex arterial network originating from terminal arterial branches, being supported mainly through a
“communicating arcade” running between hilar branches
of the hepatic artery, with substantial anatomic variability[5,13].
Although surgical technique is aimed to preserve as
much as possible biliary vascularization both in the donor
and recipient, surgical sacrifice of arterial branches during
the transplant make the bile ducts sensitive to “disconnection” from the hepatic artery and/or recipient gastro-

Communicating arcade

9 o' clock artery

3 o' clock artery

Figure 2 Arterial supply to the biliary tree in liver-transplanted patients.

WCR|www.wjgnet.com

155

March 28, 2015|First Edition|

Girometti R et al . MRC of biliary complications after OLT

bate[5]. When available, T-tube cholangiography under
fluoroscopic or CT guidance is a rapid and accurate tool
to demonstrate the presence of bile leak during the limited period of time in which direct access to bile ducts
is present (1-3 mo). According to Singh et al[20], T-tube
cholangiography should be preferred over MRC because
the distension of the bile ducts with contrast medium
permits better stricture analysis and functional assessment. Therefore, once the T-tube is removed, alternative
imaging methods must be used.
Because of the above limitations of US, CT and
T-tube cholangiography, ERC and PTC are still considered the standard of reference in imaging patients with
duct-to-duct anastomosis and bilioenteric anastomosis,
respectively. The advantage of ERC and PTC is to allow
interventional procedures such as sphincterotomy, ballooning or stenting, which are the first-line treatment of
biliary obstruction. On the other hand, morbidity and
mortality rates associated with direct cholangiography
procedures have encouraged the use of MRC as the preferred, panoramic tool to assess BC, limiting ERC and
PTC to interventional rather than diagnostic purpose[5,21].
We further discuss the role for ERC/PTC and MRC in
the dedicated paragraph below, together with the advantages and disadvantages of these techniques.
Further investigations such as hepatobiliary scintigraphy provided controversial results, gaining no routine
use[5]. On the contrary, liver biopsy is frequently necessary
to establish final diagnosis underlying graft dysfunction[22],
especially if microangiopathic biliary injury is suspected.

duodenal artery, as occurs during organ preservation or
HAT. Hypoperfusion from HAT translates into ischemic
cholangitis (“macroangiopathic” injury), with extensive
bile epithelium necrosis, intraductal casts formation, bile
leakage and evolution to scarring and multiple strictures,
typically involving the hepatic confluence and intrahepatic bile ducts[9]. Surgical preservation of adequate
perfusion at biliary ends and periductal tissue is also essential in reducing the risk of anastomotic stenosis[5].
Furthermore, hypoperfusion may result from a variety of
transplant-related or immunologically-mediated causes
(Table 1), causing “microangiopathic” ischemic damage
of the peribiliary plexus. Such a damage translates into a
macroscopic MRC pattern similar to that of macroangiopathic injury[5], as illustrated below.
Diagnostic approach to biliary complications
Clinical and laboratory diagnosis of BC is challenging,
since manifestations such as fever, increase in bilirubin
and altered liver function tests significantly overlap with
other post-OLT entities, including rejection[9]. Of note,
BC may co-exist with different types of complications or
being a consequence of HAT, thus making differential
diagnosis even more difficult. However, prompt recognition of primary or secondary biliary involvement is mandatory to allow proper treatment.
Ultrasound with color Doppler examination and/or
contrast-enhanced ultrasound (CEUS) represent the
first-line tool in excluding HAT as the primary source
of BC and in assessing fluid collections suspicious for bilomas[14]. Despite the high negative predictive value (NPV)
reported by some authors[15], US shows well known limitations in clinical practice, especially in the case of biliary
obstruction. US lacks panoramicity and is often impaired
by reduced patients’ compliance and presence of bowel
gas and surgical dressing material. Additionally, the presence of epithelial casts filling the bile ducts in the postoperative period may further limit sonographic visibility[16]. As a consequence, it is difficult to establish the type
and the site of the obstructive cause with US. Although
biliary dilatation is a reliable indirect sign of biliary obstruction, biliary dilatation develops slowly and disproportionally with regard to the severity of the stricture[17],
being undetectable in more than 60% with anastomotic
stenosis[18]. In summary, normal US examination should
not preclude further investigations in case of clinical suspicion.
According to Zoepf et al[16], Computed Tomography
(CT) is able to show biliary dilatation in up to 40% and
83% of anastomotic and nonanastomotic strictures,
respectively. However, because of limited contrast resolution and relative inability to show the anastomotic site,
CT correctly identifies the site of biliary obstruction in
10% of patients only[2,16]. The main role for CT is then
to assess HAT[19] and/or detect intra- and extra-hepatic
hypoattenuating collections when a suspicious biloma has
been raised by US.
The use of T-tube after OLT is still a matter for de-
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MRC TECHNIQUE
The goal of MRC is to provide a panoramic representation of hyperintense biliary tree against a low signal
intensity background. Currently, two techniques are used
to obtain images with such an elevated contrast, namely
conventional MRC (C-MRC) and contrast-enhanced
MRC (CE-MRC) (Figure 3). The difference between
these techniques relies on the type of sequence, use of iv
contrast agent, timing of acquisition and clinical indication.
Regardless of the technique, MRC is rarely used as a
standing-alone examination. MRI scanning protocols in
post-OLT patients should always include non cholangiographic sequences in order to evaluate liver parenchyma
and/or extrabiliary manifestations of BC such as bilomas
and perihepatic free fluid[2].
Conventional MRC
In C-MRC, image contrast is the result of heavily T2weighted sequences with a long TE. This emphasizes
differences in transverse relaxation times between “slow
motion” fluids such as the bile (long T2) and background
tissues with intermediate to short T2[21]. In our Institution, we administer oral 1:10 mL water solution of a
gadolinium chelate contrast agent just before the acquisition of MRC in order to suppress overlapping fluid signal
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C

Figure 3 Technical variants of magnetic resonance cholangiography, as shown in coronal images of a 66-year-old male patient transplanted for alcoholic
cirrhosis. A: Conventional, T2-weighted 2D MRC; B: MIP reconstruction from conventional, T2-weighted 3D MRC; C: Thick MIP reconstruction from T1-weighted,
contrast-enhanced MRC. Both the degree and functional significance of the mild anastomotic stricture indicated by arrows are better showed by contrast passage in (C).
MRC: Magnetic resonance cholangiography; MIP: Maximum intensity projection.

from the stomach and/or duodenum with paramagnetic
effects on the T2 relaxation time[23]. However, because
of the risk to mask the vaterian region of the common
bile duct as a possible site of BC, the use of oral negative
contrast agent is a matter of expertise and institutional
preferences. Based on the inherent high contrast of
C-MRC, no i.v. administration of gadolinium-based contrast agents is needed, which is of relevance in patients
with renal function impairment at risk of developing
Nephrogenic Systemic Fibrosis (NSF)[24].
C-MRC can be performed with the 3D and/or 2D
approach choosing among a variety of well-established
MRC sequences (Figure 3). The 3D technique is usually
based on respiratory-triggered or navigator-gated volumetric Turbo/Fast Spin Echo sequences acquired during
normal patient respiration, and provides numerous thin
slices with higher signal-to-noise ratio and spatial resolution as a base for multiplanar reformations ad maximum
intensity projection (MIP) reconstructions[25]. Compared
to the 2D variant, 3D C-MRC has the advantage of
higher longitudinal spatial resolution, with the capability
of achieving isotropic imaging and assessing more subtle
anatomic and pathological details, such as small calculi[25].
On the other hand, 3D C-MRC can be significantly affected by motion artifacts in non-collaborating patients.
The 2D technique is acquired more rapidly, during few
and short breath-holds using thick slices, thus reducing
the effects of respiratory artefacts on image quality[26].
Different sequences are currently available to perform
2D C-MRC, including RARE (rapid acquisition with relaxation enhancement), HASTE (half-Fourier acquisition
single-shot turbo spic echo) and SS-F/TSE (single-shot
fast/turbo spin echo)[26].
To our knowledge, only a few studies by Kinner et
al[26,27] compared the 2D and 3D techniques in assessing
BC after OLT. According to these Authors, overall image quality and accuracy are comparable in patients with
biliary obstruction, regardless of the C-MRC sequence.
However, the 3D technique shows slight better diagnostic performance in assessing BC, especially in the case of
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patients with choledocho-choledochostomy and biliary
strictures[27]. Although the use of the 2D or 3D technique
depends on institutional preferences, both approaches
should be used in the standard examination, in order to
exploit the advantages and counterbalance the drawbacks
of each technique.
Contrast-enhanced MRC
Over the last years, there has been an increasing interest
in the use of CE-MRC in the post-surgical assessment
of the biliary tree[28]. This technique is based on i.v. administration of hepatospecific contrast agents such as
gadoxetic acid (Gd-EOB-DTPA), gadobenate dimeglumine (Gd-BOPTA)[29] or mangafodipir trisodium[30], that
are excreted into the bile after hepatocellular uptake, thus
complementing morphological C-MRC with information on the bile flow. In our experience, the most suitable
contrast agent in this setting is gadoxetic acid, because
of larger hepatocellular uptake (50% of the administered
dose) and the relatively short time to achieve the hepatobiliary phase, i.e., 10 to 20 min after contrast administration in patients with preserved liver function[31]. As T2shortening effects might mask the biliary tree on T2weighted images, it is mandatory to perform CE-MRC
after C-MRC, using a volumetric, high-resolution T1weighted 3D fat-satured sequence)[31]. The use of larger
flip angles (e.g., 35°) is recommended in order to increase
the conspicuity of the biliary tree over the background[32].
Despite the increasing use of CE-MRC, there is a
paucity of literature-based evidence in the setting of
OLT, mainly focused on the preoperative evaluation of
liver donors[33,34]. However, studies on patients with BC
after hepatobiliary surgery, including OLT subjects, suggest that CE-MRC improves the accuracy of C-MRC in
evaluating bile leakage showing the site of the leak and
direct contrast extravasation into perihepatic/peribiliary
fluid collections[35]. Moreover, CE-MRC is indicated to
“functionally” assess the degree of biliary obstruction
according to the presence or absence of the contrast
medium downstream in the bile duct (Figure 3). This is
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agents imply that CE-MRC should be used to complement C-MRC when “functional” information is needed,
after careful evaluation of patients liver function. In our
Institution, we avoid CE-MRC when bilirubin level is
higher than 5 mg/dL.

A

MRC FINDINGS
Normal findings after OLT
Normal post-OLT Imaging findings mirror some “physiologic” effects of the surgical procedure. Not surprisingly, then, it is frequent to observe small amounts of
free fluid or small fluid collections in the perihepatic region, intersegmental fissure and subhepatic space, as well
as along the resection margin after split liver-OLT and
LDLT[36]. Clinical and biochemical correlation is helpful
in order not to misinterpret these findings as bilomas.
Collections tend to resolve spontaneously after few weeks
from the intervention[20].
Mild anastomotic narrowing with minimal concentric
wall thickening of the common bile duct is a frequent
MRC finding[2] that should be interpreted as normal, unless biliary dilatation upstream and symptoms of biliary
origin are present[37]. In most cases, anastomotic narrowing is the effect of surrounding edema, resolving during
the first weeks after OLT[11]. In our experience, narrowing
or kinking of the common bile duct at the anastomotic
site are common findings, especially in the case of redundancy or disproportion between the donor and recipient
common bile ducts[3]. These conditions are useful in identifying the site of anastomosis in the case of choledochocholedochostomy, and should not be assessed as a complication unless biliary obstruction is associated (Figure 1).

B

C

Figure 4 Bile leakage in a 54-year-old male subject transplanted for hepatitis C virus-related cirrhosis. Perihilar biloma shown by arrowheads on coronal T2-weighted HASTE image (A) and paracoronal MIP reconstruction from 3D
MRC (B). Thin communication between the anastomotic site and fluid collection
is visible on the axially-reformatted 3D source image (arrow in C). MRC: Magnetic resonance cholangiography; MIP: Maximum intensity projection.

Bile leakage
Leakage represents the most common early biliary complication. In up to 80% of patients with leakage[9], leaks
manifest at the insertion of the T-tube, usually as a consequence of dislocation or after the removal of the device[38]. Other sites include: (1) the biliary anastomosis or
cystic duct remnant, as an effect of technical failure[11]; (2)
the cut-surface after split-liver OLT or LDLT, possibly
in relation to patent or aberrant bile ducts and necrosis
of liver tissue[5]; and (3) wherever along the biliary tree
(intrahepatic and/or extrahepatic bile leakage) because of
bile ducts ischemia after HAT (see above).
On T2-weighted C-MRC, biliary leakage manifests
indirectly as bilomas, i.e., a well-delineated fluid collections lying in the perihilar or subhepatic space, as well as
along the resection margin in LDLT or split-liver OLT. A
variable amount of free bile can be associated around the
perihepatic space or intersegmental fissure. These findings can be indistinguishable from normal postoperative
free fluid or collections. Bilomas can be suspected when
a thin, hyperintense direct communication between a
fluid collection and the T-tube entry site and/or biliary
anastomosis is shown[11] (Figure 4). When leakage is suspected, CE-MRC is an effective complement to C-MRC

of importance in patients with bilioenteric anastomosis, since the diagnosis of anastomotic stricture can be
difficult even in the presence of biliary dilatation[31]. In
our experience, the degree of contrast flow is helpful
(1) in the distinction between “normal” scarring of the
anastomotic site and obstructive anastomotic stenosis in
patients with choledocho-coledochostomy; or (2) in the
assessment of diffuse bile ducts damage in the case of
bile casts syndrome.
Hepatocellular uptake of gadoxetic acid is mediated
by the same anionic transporter of bilirubin. As a consequence, biliary excretion of gadoxetic acid is limited or
delayed by impaired liver function[35]. Although impaired
biliary excretion can be used as an indirect sign of biliary
obstruction[31,35], this translates into reduced visualization
of the bile ducts or the need to perform delayed image
acquisitions up to 90-180 min after contrast administration[31]. In our opinion, the costs inherent to contrast
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B

C

Figure 5 Nonanastomotic strictures in two different transplanted patients. A: MIP reconstruction shows early effects of HAT in a 58-year-old subject with hepatitis B virus infection, consisting in a stricture of the hepatic confluence (arrow) and multiple intrahepatic bilomas; B: ITBL in a 68 male patient transplanted for alcoholic
cirrhosis. 2D MRC image shows a stricture of the hepatic confluence extended to the donor common hepatic duct (arrowheads); C: CT angiography found patent
hepatic artery in this patient. MRC: Magnetic resonance cholangiography; MIP: Maximum intensity projection; ITBL: Ischemic-type biliary lesions.

or 3D technique[27]. This difference has been explained
by the difficulty in correctly identifying the anastomotic
site, which is partially masked by the hyperintense fluid
content of the anastomotic bowel tract. Furthermore,
mild duct dilatation is frequently present in patients with
patent bilioenteric anastomosis due to physiological
changes in caliber as the bile duct enters the bowel wall[26]
or temporary folding of the anastomotic site caused by
the anastomotic loop motility[41]. CE-MRC with delayed
imaging has the potential to clearly define the presence
of biliary obstruction, thus avoiding false-positive results.
Based on the degree of contrast transit at 30 min from
contrast injection, the degree of bile duct obstruction
can be classified as[31]: (1) complete (absence of contrast
filling in the proximal part of the stricture); (2) near-complete (significantly delayed contrast agent filling only in
the proximal part of the stricture); and (3) partial (passage
of contrast agent beyond the stricture).

in order to demonstrate both the site of contrast extravasation and contrast transit into the biloma or free fluid,
with sensitivity for combined C-MRC and CE-MRC of
84%[35]. Confirmation of diagnosis is usually obtained
during therapeutic ERC.
Strictures
Strictures can be classified into anastomotic strictures
(AS) or nonanastomotic strictures (NAS) according to
the site of manifestation, which reflects different pathological mechanisms of origin (Table 1). NAS are further
differentiated into forms associated with HAT (macroangiopathic damage) and forms occurring during later from
OLT, in the presence of patent hepatic artery (microangiopathic damage). Non-HAT associated NAS are overall
categorized as Ischemic-type biliary lesions (ITBL)[5,9,11].
Anastomotic strictures
In patients with choledocho-choledochostomy, luminal
narrowing manifests as a focal tract of decreased or absent bile signal intensity of the reconstructed common
bile duct, lying between donor and recipient remnants of
the cystic duct. A variable degree of common bile duct
angulation can be associated[11]. AS can be classified as
mild, moderate or severe. Of note, MIP reconstructions
from 3D C-MRC tend to overestimate the degree of
luminal narrowing compared to ERC[39,40]. Consequently,
3D source data and/or 2D MRC should always be evaluated when assessing strictures, although functional effects
on the bile flow are easily inferred by the degree (1) of
the associated suprastenotic biliary dilatation; and (2)
contrast passage downward when using CE-MRC.
In the case of bilioenteric AS, luminal narrowing appears as a focal absence of biliary signal in the segment
immediately above the jejuneal loop, corresponding to
low-signal thickening of the common bile duct on axial
or axially-reformatted 3D images[2,41]. However, the accuracy of C-MRC in evaluating AS is lower in patients with
bilioenteric anastomoses compared to those with choledocho-choledochostomy, regardless of the use of 2D
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Nonanastomotic strictures
Regardless of the timing of onset and different pathogenic mechanism (Table 1), NAS related to HAT and
ITBL manifest with a similar pattern of extensive biliary
injury, consisting in irregularly marginated bile ducts with
multiple focal stenoses typically involving the hepatic
confluence (with the hepatic duct) and/or intrahepatic
bile ducts (Figure 5). Bile ducts segments above or between strictures show a variable degree of biliary dilatation upstream[11]. The involvement of intrahepatic ducts
equal or larger than the second-order should be clearly
identified, because this findings is associated with worst
response to therapy[42]. The involvement of small peripheral ducts (third-order or larger) is typical of microangiopathic forms of NAS, frequently evolving to ducts
rarefaction over time[5]. Potential disadvantages of MRC
are the difficulty in establishing the degree and length
of dominant strictures[43], as well as the identification of
subtle alterations of peripheral bile ducts[27]. Additionally
findings of NAS include (Figure 6): (1) intrahepatic or
extrahepatic bilomas in HAT-related forms, as a conse-
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Figure 6 Multiple findings in a 28-year-old female patient transplanted for primary sclerosing cholangitis. Because of the hepatic artery thrombosis shown on
curved-reformatted CT image (arrow in A), the biliary tree appears as fragmented and anatomically ill-defined on a panoramic maximum intensity projection view (B).
Coronal T2-weighted HASTE image (C) shows extensive, hyperintense ischemic damage of liver parenchyma, together with intrahepatic fluid collections (arrowheads)
confirmed to be the effect of bile leakage on T-tube cholangiography (arrowheads in D).

ary space[44]. Notably, cast can accumulate extensively in
the so-called “biliary-cast syndrome” (BCS), in which
hardened, lithogenic material occupies the biliary ductal
system shaping on the bile ducts, regardless of ischemic
injury[45]. Since diagnosis of BCS and smaller filling defects is challenging on C-MRC, the use of CE-MRC has
been advocated as a useful tool to improve diagnostic accuracy[46].
Differential diagnosis with stones, sludge and casts
mainly includes aerobilia. Aerobilia is frequent after ERC
or in patients with bilioenteric anastomosis. Air bubbles
usually form an air-fluid level on axial images[11] (Figure
8) and can be associated with characteristic magnetic
susceptibility artefact on noncholangiographic images
obtained with GRE T1-weighted or Diffusion-weighted
sequences (Figure 9).

quence of the necrosis of bile duct walls[11]; (2) ischemic
damage of liver parenchyma; and (3) casts and sludge filling bile ducts, originated by the aggregation between bile
products and desquamated epithelial cells[5].
Recurrent PSC and biliary involvement secondary to
chronic rejection may mimic NAS. In particular, chronic
rejection has been associated with diffuse “vanishing bile
duct” appearance involving more peripheral intrahepatic
branches, thus showing some aspects in common with
late NAS[11]. Timing of presentation, clinical history and
results of liver biopsy are helpful in performing differential diagnosis.
Other complications
Sludge, casts and stones: Sludge, casts and stones are
usually a concomitant manifestation of AS and NAS,
showing a common appearance of an intense filling defects surrounded by a thin rim of bile signal. Typical locations include larger intrahepatic ducts[2] or the common
bile duct immediately above a stricture. Usually, stones
form later than sludge and casts, showing more rounded
shape and smooth margins (Figure 7)[11]. Casts can be
extensively distributed along biliary branches, obscuring
the visibility of the hyperintense bile on C-MRC images.
The only indirect sign of casts can be intermediate signal
on T1- and T2-weighted noncholangiographic images
with portal distribution, with periportal enhancement on
postcontrast images due inflammation of the peribili-
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Sphincter of Oddi dysfunction and papillary stricture: Distal obstruction of the common bile ducts usually translates into significant biliary dilatation of the
recipient portion of the extrahepatic bile duct, although
dilatation can rarely extends to intrahepatic bile ducts. In
our experience, serial acquisition of “cinematic” 2D MRC
images are useful in establishing the diagnosis, showing
persistent lack of visualization of the vaterian sphincter
tract of the common bile duct, suggesting spasm or stenosis (Figure 10). Final diagnosis is usually obtained with
ERC or manomentry of the sphincter of Oddi[11].
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Figure 7 Calculi in a 62-year-old male subject who underwent orthotopic liver transplantation for hepatitis C virus-infection and hepatocellular carcinoma. A:
The patient shows chronic kinking and moderate anastomotic stricture without biliary obstruction; B: Filling defect visible in the distal common bile duct were confirmed
on axial HASTE image (arrow) and proven to be small calculi on ERC.

B

A

C

Figure 8 Anastomotic stricture in a 54-year-old male patient who underwent orthotopic liver transplantation for alcoholic cirrhosis. A: Coronal MIP reconstruction shows the stricture at the middle third of the extrahepatic bile duct, with biliary dilatation upstream; B: The degree of the stricture is better delineated on the
paracoronally-reformatted thin 3D image (arrow); C: Filling defects visible on MRC images correspond to pneumobilia, appearing as air-fluid levels (arrowhead) on the
axial T2-weighted HASTE sequence. MRC: Magnetic resonance cholangiography; MIP: Maximum intensity projection.

B

A

C

Figure 9 Aerobilia in a 62-year-old female patient transplanted for alcoholic cirrhosis. Anintense filling defect in the common bile duct on T2-weighted axial
HASTE image (arrowhead in A) is associated to distortion artifact on axial Diffusion-weighted sequence (arrowhead in B). The effect of pneumobilia was to extensively
mask the common bile duct on 3D magnetic resonance cholangiography (arrowheads in C).

complications, with morbidity and mortality rates of 10%
and 0.5%, respectively[1]. The risk of complications is
even higher when using PTC. Thus, the risk profile for
diagnostic procedures of direct cholangiography seems
not justifiable given the high diagnostic accuracy of MRC,
which shows 97% sensitivity and 98% specificity for biliary obstruction according to a recent metanalysis[47]. Unfortunately, there is a relative paucity of studies[3,21,43,48-53]
investigating the role for MRC in the specific setting of

ROLE FOR MRC IN PATIENT’S
MANAGEMENT
ERC still represents the standard of reference for biliary
obstruction complicating OLT[1]. One might conclude
that patients with suspicious BC should undergo ERC
after preliminary US and/or CT evaluation. On the other
hand, ERC is associated with a significant risk of pancreatitis, bleeding, infection, perforation and sedation-related
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A

B

Figure 10 Sphincter of Oddi dysfunction in a liver-transplanted female patient with cholestasis and abdominal complaint years after orthotopic liver transplantation. Serial 2D cinematic magnetic resonance cholangiography images (A) and (B) acquired after few seconds show redundancy of the reconstructed common
bile duct, which appear slightly dilated in the recipient tract, and persistent lack of visualization of the vaterian sphincter complex, with typical “meniscus sign” (arrow)
suggesting spasm.

the results of previous direct comparison between MRC,
ERC and PTC[54], suggesting that the strength of MRC
is represented by the large negative predictive value
(94.4%), which is of help in excluding BC and avoiding
unnecessary invasive procedures in patients with clinical
low-to-moderate risk of BC[54]. Unfortunately, several
methodological flaws affect the studies included in the
above systematic reviews, including small sample size, uncertainty in clinical criteria defining the suspicion for BC,
verification bias given the heterogeneity in the standard
of reference tools and absence of a standardized MRC
technique[1,55]. This is why the increasing (and reasonable)
practice of using MRC as a screening tool for BC should
be more adequately supported by: (1) prospective, large
studies performed on patients initially assessed as having
low-to-moderate risk for BC; (2) studies of cost-effectiveness on the systematic use of MRC in this category
of patients.
On the other hand, it should be emphasized that a
positive MRC examination cannot be simply considered
as a cause of diagnostic delay. Differently from ERC and
PTC, C-MRC depicts the bile ducts: (1) in their normal
state, rather than artificially dilated by contrast injection
pressure; and (2) below and above obstruction sites[54],
thus making visible the whole biliary tract, regardless of
impaired contrast passage. CE-MRC can complement
this panoramic information as illustrated above. As a
consequence, a positive MRC examination provides a
road-map useful to plan better interventional or surgical
approach, thus potentially contributing to reduce morbidity related to invasive procedures.

Table 2 Results of previous systematic reviews on the role
for magnetic resonance cholangiography in assessing biliary
complications after orthotopic liver transplantation
Jorgensen et al
Goal
Pooled
sensitivity
Pooled
specificity
AUC
Pooled PLR
Pooled NLR

[1]

Xu et al

Biliary obstruction All biliary
complications
96.0%
0.95%
(0.92%-0.98%)
(0.92%-0.97%)
0.94%
0.92%
(0.90%-0.97%)
(0.89%-0.94%)
0.99
0.97
17.00 (9.4-29.6)
10.23 (6.21-16.84)
0.04 (0.02-0.08)
0.08 (0.06-0.12)

[55]

Subset of
strictures
0.94%
(0.88%-0.98%)
0.95%
(0.88%-0.99%)
0.97
9.96 (2.52-39.36)
0.09 (0.04-0.17)

Number between parentheses represent the 95%CI. Analysis by Xu et al is
stratified for the whole of complications and the subset of strictures. AUC:
Area under the curve at Summary Receiving Operating Characteristic
(SROC) curve; PLR: Positive likelihood ratio; NLR: Negative likelihood
ratio.

post-OLT BC, leading to difficulties in generalizing results from general population to transplant recipients[1].
For instance, some authors[47] have hypothesized that
reduced biliary dilatation following post-OLT strictures
might limit the accuracy of MRC. Detractors of MRC
also argue that, although MRC correlates well with direct
cholangiography procedures (P = 0.01)[54], the examination delays the diagnosis when interventional ERC or
PTC are finally needed. This is why the use of MRC still
depends on local preferences based on availability, expertise and costs.
Based on the above premises, one might ask which
evidence-based task can be reasonably attributed to MRC
in patients management. Table 2 shows the results of the
two systematic reviews[1,55] focusing on this topic. Interestingly, Jorgensen et al[1] provide indirect information on
the role for MRC by hypothesizing clinical scenarios with
pre-test probability of BC of 25% and 50%, respectively.
In the case of positive MRC, the post-test probability of
BC reaches 80% and 94%, respectively, whereas in the
case of negative MRC, the post-test probability reduces
to 1% and 4%, respectively. These estimates emphasize
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CONCLUSION
MRC has gained widespread acceptance as a tool to
panoramically and reliably represent the biliary tree in
post-OLT patients with suspected BC. Conventional
technique, based on 2D or 3D heavily T2-weighted sequences, can be now complemented by CE-MRC using
hepatospecific contrast agents, thus adding functional
information to the morphological depiction of bile ducts.
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Although a consensus on the best study protocol is still
lacking, a combination of the available technique is reasonably the best choice to enhance the diagnostic capabilities of MRC.
Because of the inherent high contrast of bile ducts,
MRC has the capability to reliably identify most relevant
BC, including bile leakage, AS, NAS and a variety of further
disorders including calculi or sphincter of Oddi dysfunction. However, concerns still exist regarding the cost-effectiveness of this imaging modality in the everyday clinical
practice, since positive MRC examinations often lead to
ERC and PTC, which are still considered as the standard
of reference for final diagnosis. A review of the literature
suggests that, despite the absence of large multicentric trials
on proper target populations, the high negative predictive
of MRC is of value in excluding BC in patients with lowto-moderate risk, thus avoiding unnecessary invasive procedures. On the other hand, positive MRC provides a detailed
road-map for interventional procedures or surgery, thus
further contributing to reduce morbidity.
In summary, MRC is gaining an increasing role in the
diagnosis and management of BC after OLT, and should
be performed confidently in patients with low-to intermediate risk of disease.
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Core tip: The implementation of fast and ultra-fast
sequences and dedicated advanced imaging protocols
render magnetic resonance imaging (MRI) an excellent tool for gastrointestinal (GI) imaging. State of the
art MRI/magnetic resonance enterography has rapidly
emerged as successful gastrointestinal imaging modality, offering detailed anatomic and morphologic information and also permitting evaluation of extra-luminal
manifestation and extension of disease. The lack of
ionizing radiation makes MRI the preferred modality in
many GI disease processes. In this article we describe
the technical aspects of gastrointestinal MRI and present a practical approach for a well-known spectrum of
gastrointestinal disease processes.
Original sources: Liu B, Ramalho M, AlObaidy M, Busireddy
KK, Altun E, Kalubowila J, Semelka RC. Gastrointestinal
imaging-practical magnetic resonance imaging approach. World
J Radiol 2014; 6(8): 544-566 Available from: URL: http://www.
wjgnet.com/1949-8470/full/v6/i8/544.htm DOI: http://dx.doi.
org/10.4329/wjr.v6.i8.544

Abstract
Over the past two decades, advances in cross-sectional
imaging such as computed tomography and magnetic
resonance imaging (MRI) have dramatically changed the
concept of gastrointestinal imaging. MR is playing an
increasing role in the evaluation of gastrointestinal disorders. MRI combines the advantages of excellent softtissue contrast, noninvasiveness, functional information
and lack of ionizing radiation. Furthermore, recent developments of MRI have led to improved spatial and temporal resolution as well as decreased motion artifacts. In
this article we describe the technical aspects of gastrointestinal MRI and present a practical approach for a wellknown spectrum of gastrointestinal disease processes.

INTRODUCTION
Medical imaging of the gastrointestinal (GI) tract is crucial for the diagnosis of GI diseases. Historically, barium
techniques have been the only available method. Although many diagnoses have been made on the basis of
these exams, the diagnostic performance of these exams
for certain abnormalities has been disappointing[1].
Over the past two decades, advances in cross-sectional imaging such as computed tomography (CT) and magnetic resonance imaging (MRI) have dramatically changed
the concept of GI imaging. Recently, developments in
endoscopic techniques, especially the advent of capsule

© 2015 Baishideng Publishing Group Inc. All rights reserved.
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A

B

Figure 1 Coronal T2-weighted single shot fast spin echo and coronal balanced steady state free precession images. Good bowel distension is achieved with
the administration of peroral fluid (A and B). Balanced steady state free precession sequence (B) is robust to flow voids; in addition to its ability to demonstrate fine
anatomical details including bowel thickness, mesenteric vessels and lymph nodes; even without the use of spasmolytic agents.

endoscopy (CE) have made it possible to provide direct
mucosal visualization of the GI tract. However, CE also
has such limitations in disease localization, and is contraindicated in patients with suspected of bowel stricture or
obstruction[1,2].
MR and CT techniques optimized for small bowel
imaging are playing an increasing role in the evaluation
of gastrointestinal disorders. Several studies have shown
the advantage of these techniques over traditional barium
fluoroscopic examinations. Cross-sectional techniques
have several advantages, including their ability to display
the entire thickness of the gastric and bowel wall, visualize
the deep pelvis ileal loops without superimposition, and
evaluate the mesentery and perienteric fat. Another intrinsic advantage is the possibility to assess solid organs and
provide a global overview of the abdominopelvic cavity.
The preference of MR over CT is mainly based on
available resources and public policies. However, similar to fluoroscopic procedures, CT is associated with
patients’ radiation exposure. With the increasing awareness of radiation exposure, there has been a more global
interest in implementing techniques that either reduce or
eliminate radiation exposure[3]. This may be of particular importance in radiosensitive patient population with
chronic inflammatory bowel disease; who may require
multiple studies over a lifetime[4]. As a result, MRI has
become increasingly important as a method of evaluating
various gastrointestinal disease processes[5].
MRI combines the advantages of excellent soft-tissue
contrast, noninvasiveness, functional information and
lack of ionizing radiation. Furthermore, recent developments of MRI have led to improved spatial and temporal
resolution as well as decreased motion artifacts[6]. In this
article we describe technical aspects of gastrointestinal
MRI and present a practical approach for a well-known
spectrum of gastrointestinal disease processes.

distension is desirable since poorly distended loops can
simulate[7] or hide pathologic processes; especially in less
experienced hands. Two different techniques to provide
sufficient luminal distension of the small bowel have
been proposed: MR enteroclysis and MR enterography.
MR enteroclysis is associated with excellent image quality because of superb bowel distension achieved by fluid
administration after nasojejunal intubation. However,
the placement of the catheter is unpleasant and stressful
for the patient. The improved distention achieved with
enteroclysis does not necessarily translate into an improvement in diagnostic effectiveness[8,9] and peroral fluid
administration results in effective and most often satisfactory means of achieving small bowel distention. One
advantage of MR enteroclysis may reside in the detection
of mesenteric small bowel tumors[10,11].
Three groups of contrast agents can be utilized to
achieve distension and are classified as positive (bright
lumen), negative (dark lumen), or biphasic contrast
agents. Biphasic contrast agents (water-based) are usually preferred because they are easy to implement and
provide excellent signal characteristics, resulting in bright
lumen on T2-weighted and dark lumen on T1-weighted
sequences. Tap water is frequently used as a biphasic
contrast agent, especially when imaging the upper gastrointestinal segment (stomach, duodenum and proximal
jejunum); however, it is rapidly reabsorbed in the small
intestine, leading to a poor distension of the distal jejunum and ileum. In order to slow intestinal absorption of
water, higher-osmolality and viscosity agents are routinely
added[12-14]. After a 4 to 6-h fast, patients are asked to
drink between 1000 mL and 1500 mL of intraluminal
contrast (Figure 1); 45 to 55 min prior to examination.
Metoclopramide (20 mg) may be added directly to the
oral contrast to promote gastric emptying. Adverse effects are rare, usually mild and transitory, and experienced
mainly after the termination of the MR examination[15].
Some patients cannot tolerate the ingestion of high
volumes of oral contrast; in our experience, we found
that luminal distension is not as critical as on CT and the
MR examination can still be performed even if only a

PRACTICAL ASPECTS OF
GASTROINTESTINAL MRI TECHNIQUE
Similar to other imaging techniques, adequate luminal
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small volume has been ingested.
Patients undergoing magnetic resonance enterography
(MRE) should be examined in prone position. This position may facilitate separation of small bowel loops while
decreasing the volume of peritoneal cavity to be image
and, as a result, the number of coronal sections to be acquired[16]. Hence, acquisition times and consequently the
time span for breath holding can be decreased. However,
many patients may not tolerate lying prone in the MR
scanner, and therefore supine position is almost always
adequate.
Gastrointestinal MR evaluation is based on the ultrafast imaging generally applied for body MRI. Body MRI
is still based on T1-weighted and T2-weighted sequences
plus or minus fat-suppression and postgadolinium T1weighted sequences. A combination of single-shot fast/
turbo spin-echo T2-weighted and gradient recalled echo
(GRE) T1-weighted sequences with intravenous gadolinium enhancement and fat-suppression result in consistent
image quality of the gastrointestinal tract. Two- or threedimensional balanced steady-state free precession (bSSFP)
sequences are additionally collected as part of the MRE
protocol.
Single-Shot turbo spin echo (TSE)/FSE T2-weighted
sequences are very robust to motion and usually acquired
with and without fat-saturation. These sequences have
high sensitivity for fluid and are crucial to depict edema
in or adjacent to the bowel wall. This is especially important in Crohn’s disease (CD), which can be regarded as a
marker for active inflammation. Single-shot sequences are
susceptible to flow artifacts, and thus intraluminal flow
voids can be seen (Figure 1).
Because bSSFP sequences are relatively robust with
regard to motion artifacts and intraluminal flow voids,
these sequences are performed in the beginning of the
study prior to glucagon or intravenous contrast administration. These sequences can be performed quickly and
are complementary to single-shot TSE/FSE sequences
and the preferred pulse sequence to evaluate the mesentery. The ratio of T1/T2 contrast provides images that
appear primarily T2-weighted, with very high signal for
all types of fluid. This feature allows good evaluation of
the bowel wall, particularly in the definition of edema
and of bowel wall layering appearance. Cine-analysis can
also be performed with this technique allowing supplementary functional information. We generally acquire
15-25 frames per section location during free breathing.
These images may then be displayed as a cine loop to assess bowel motility to exclude or confirm fixed stenoses,
segmental dilatation, and detect adhesions.
T1-weighted GRE MRI represents the core of the
body MR protocol. Since these sequences are quite
prone to bowel motion artifacts, spasmolytic agents (e.g.,
Glucagon® or Buscopan®) should be administered intravenously immediately before image acquisition. Buscopan® is less expensive; however, it is not Food and Drug
Administration approved and therefore not available
in the United States. These sequences are performed
as either 2D or 3D techniques, and on newer MR sys-
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tems, the most commonly used is the 3D-GRE with
fat-suppression. Post-contrast coronal and axial images
are also acquired. Our protocol includes an arterial and
interstitial phase in the coronal plane and an enteric (early
hepatic-venous) phase (circa 50 s) in the axial plane.
Gadolinium-enhanced T1-weighted images are helpful
to detect both intestinal tumors and inflammatory bowel
diseases with high sensitivity[17].
Diffusion-weighted imaging (DWI) has been increasingly used for body MRI. Initial studies underline a possible value of DWI also for small bowel imaging, aiding
in the assessment of disease activity[18,19]. A set of coronal
diffusion-weighted images (b = 0-50 s/mm2; b = 600-800
s/mm2) may be added to the protocol, depending on the
indication of the examination and preference of the radiologist. This is especially important in pregnant patients
those with contraindications to gadolinium administration (Figure 2).

PRACTICAL APPROACH TO
INFLAMMATORY CONDITIONS-SMALL
BOWEL
CD
CD is a chronic relapsing inflammatory disease of the
gastrointestinal tract involving all layers of the bowel wall
and may be classified as active inflammatory (without fistulas or strictures), penetrating, or fibrostenotic disease[20].
Although any segment of the gastrointestinal tract may
be involved with CD, it most commonly involves the terminal ileum, and frequently in association with disease in
the right colon.
Endoscopy and histologic examination have served as
the standard approach for the diagnosis of CD; however,
diagnosing lesions in the small bowel between the distal
duodenum and mid ileum has been a challenge. Furthermore, the major disadvantage of endoscopic methods
endoscopic tests and biopsies will evaluate the mucosa
but do not evaluate inflammation or fibrosis within the
submucosa or deeper tissues. Currently, CT enterography
and MRE are the only two imaging modalities that enable
the visualization of submucosal tissues throughout the
entire small bowel; however, as stated above, MRE does
not expose patients to ionizing radiation and it provides
additional technical and diagnostic advantages[21].
The following important questions can be addressed
on MRE: (1) extent of small and large bowel involvement; (2) distinction between active inflammatory and
fibrotic stricturing disease; (3) recognition of penetrating
disease ± extramural complications; (4) evaluation of response to medical therapy; and (5) detection of recurrent
disease following surgery.
A relatively simple and accurate approach for evaluation of CD activity is based on the association of T2weighted and post-gadolinium T1-weighted sequences.
This combination allows comprehensive evaluation and
discrimination between quiescent disease and active inflammation and for evaluation of complications includ-
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Figure 2 Active distal ileal Crohn’s disease. Axial diffusion weighted imaging (A) (b = 150) and (B) apparent diffusion coefficient map as well as (C) axial and (D)
coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is a long segment of distal ilial diffuse thickening associated with diffusion restriction (A and
B) as well as significant contrast enhancement (C) and vasa recta engorgement (comb sign) (D) in keeping with active Crohn’s disease. GRE: Gradient recalled echo.

A

B

Figure 3 Enhancement of bowel wall layers in active Crohn’s disease. Coronal (A) and (B) axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images during
the (A) arterial and (B) enteric in a patient with active Crohn’s disease. There is extensive mucosal enhancement involving the affected terminal ileum (arrows, A), reflecting
active disease. Enteric phase images (B) shows serosal enhancement providing the tri-laminar appearance of active disease (arrows, B). GRE: Gradient recalled echo.

ing abscesses or fistulas[21,22].

Other findings include stranding extending into the
mesenteric border fat and engorgement of the hyperemic
vasa recta surrounding the inflamed bowel segment (comb
sign) and reactively enlarged and hyper-enhancing mesenteric lymph nodes.

Findings perceived on post-gadolinium T1-weighted
images
Increased mucosal enhancement has long been one of
the most important findings and is the most sensitive
finding of disease activity, which may approach 100%
sensitivity[23-27]. Imaging findings of mucosal enhancement; bowel wall edematous thickening (> 3 mm); and
enhancement of different bowel layers, termed “mural
stratification”, are classic features of active small bowel
disease[28,29] (Figure 3). Quantitative bowel enhancement
parameters were found to correlate highly with histologic
and endoscopic disease severity[30].
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Perceived on T2-weighted images
Bowel wall thickening with increased T2-signal within or
adjacent to the abnormal bowel on fat-suppressed images
indicates active inflammation[31]. Other sings include fluid
accumulation in adjacent intraperitoneal and mesenteric
spaces (Figure 4).
Fibrofatty proliferation or creeping of the mesenteric
fat along the mesentery and onto the involved bowel seg-
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Figure 4 Active Crohn’s disease. A and B: Coronal T2-weighted single shot fast spin echo without and with fat suppression and © coronal balanced steady state
free precession image as well as coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the (D) arterial and E: interstitial phases. There is abnormal bowel wall thickening and edema involving distal ileal segments, associated with small fluid collection in the adjacent mesentery (A and B), engorgement of the
mesenteric vessels (comb sign) (C-E), and extensive mucosal enhancement (D and E), in addition to the presence of enhancing mesenteric lymph nodes, in keeping
with active Crohn’s disease.
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Figure 5 Active Crohn’s disease. A: Coronal T2-weighted single shot fast spin echo and (B) coronal balanced steady state free precession (bSSFP) images as well
as (C) coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the interstitial phase. There is an abnormal segment of distal ileal thickening with
diffuse submucosal increased T2 signal intensity (arrows, A) displaying high signal intensity, consistent with edema. The bSSFP image (B) doesn’t demonstrate submucosal edema, but clearly depicts mesenteric lymph nodes and comb sign, associated with extensive mucosal enhancement (arrows, C), reflecting disease activity.
Fibrofatty proliferation around the affected ileal segments is also seen. GRE: Gradient recalled echo.

ment (Figure 5) suggests a chronically inflamed bowel
loop, a sign mostly seen in chronic disease. However,
when it is associated with engorged perpendicular distal
mesenteric vessels (comb sign), it is considered surgically
pathognomonic for the disease and highly specific for active CD[32]. Comb sign is usually well depicted on bSSFP
sequences (Figure 5).

hancement on post-gadolinium T1-weighted images, plus
high signal intensity on T2-weighted fat-suppressed images[21] (Figures 4 and 5).
Chronic disease without active inflammation: Bowel
wall thickening and reduced and homogeneous enhancement on post-gadolinium T1-weighted images without a
layering enhancement; plus low T2-signal intensity on fatsuppressed images with possible stenosis with obstruction and occasionally sacculations or dilated amorphous
bowel loops. In the fibrostenotic disease subtype, MRE

Practical interpretive approach to a thickened bowel
wall segment
Active inflammation: Bowel wall thickening and enWCR|www.wjgnet.com

170

March 28, 2015|First Edition|

Liu B et al . MRI of the GI tract

A

B

C

D

Figure 6 Chronic Crohn’s disease. A: Coronal T2-weighted single shot fast spin echo and (B) coronal balanced steady state free precession (bSSFP), images as well
as coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the (C) arterial and (D) interstitial phases. There is an intermediately low T2 signal intensity bowel wall thickening involving the distal ileum (A), also well-appreciated on bSSFP image (B), showing negligible enhancement on post-gadolinium images (arrows,
C and D), consistent with chronic fibrotic segment without superimposed inflammation. A pre-stenotic dilatation is observed. GRE: Gradient recalled echo.

demonstrates a fixed narrowing of the involved bowel
with associated wall thickening and marked pre-stenotic
dilatation[21]. On MRE cine imaging, fibrotic strictures appear as aperistaltic bowel segment that often demonstrate
fixed mural thickening and luminal narrowing; these
sequences help to differentiate a fibrotic stricture from
small bowel obstruction secondary to spasm associated
with active inflammatory disease[33] (Figure 6).

regular morphology of an abscess cavity and appreciation
of its rounded configuration on multiple planes allows
distinction from tubular-shaped bowel.
Identifying active inflammation is rarely an interpretive problem in MRE. However, active inflammation can
mask underlying fibrosis related to chronic disease of the
bowel wall. In the setting of active inflammation, shortterm MRE follow-up may be implemented to confirm
improvements of active inflammation and to then evaluate the presence of unmasked chronic fibrotic disease[21].
It is important to identify fibrotic strictures because these
are unresponsive to medical therapy and oftentimes require surgical intervention.
Assessment of inflammatory activity of CD is important to identify patients with active inflammation so that
appropriate medical therapy may be prescribed. Given the
advent of new medications some with serious side effects
such as tumor necrosis factors alpha inhibitors, objective
measures of activity are needed to justify their use and
judge their effectiveness. Currently, there is no gold standard for determination of CD activity. Various authors
have proposed MRE-based scoring systems for the assessment of inflammatory activity that includes features such
as bowel wall thickening, lumen narrowing and the number of peri-intestinal lymph nodes[34-37]. However, these
evaluation algorithms are relatively demanding, which may
ultimately limit clinical utilization. Quantitative bowel enhancement parameters were found to correlate highly with
histologic and endoscopic disease severity[30,38]. Although
the perfusion analysis seems to be an accurate tool and
correlates well with clinical parameters, it is relatively time
consuming and requires special software and image postprocessing. A recent study by Taylor et al[30] outlines another difficulty regarding perfusion analyses of the bowel
wall. The use of DWI may also help in assessing disease
severity and is thought to be a promising tool, especially if
the use of a contrast agent is contraindicated[39].
For clinical follow-up of patients with CD, MRE is
the preferred examination of choice due to lack of ionizing radiation and allowance of more frequent monitoring,
which is important given the costs and side effects asso-

Chronic disease with active inflammation: These features can overlap with active inflammation and sometimes
only distinguished upon further short-term follow-up
post-trial medical treatment. Acute on chronic involvement is suggested by marked enhancement of the mucosa
with substantial low T2 signal intensity and minimal enhancement of the outer layer; therefore, appreciation of
these findings may have a role in the evaluation of acute
exacerbations of CD. The presence of sub-mucosal intramural fat deposition, which is also related to prior or ongoing chronic inflammation, can be accurately identified
when combining features from steady state free precession as well as T2-weighted images with and without fatsuppression (Figure 7).
Complications of CD
Complications of CD are also well shown in MRE and
include: fistulas, phlegmons, abscesses and bowel obstruction. Fistulas and sinus tracts are demonstrated by
the high signal intensity of their fluid content on steadystate free-precession and single-shot fast/turbo spin echo
T2-weighted images, and enhancement of the linear tract
on the post gadolinium T1-weighted sequences. Enteroenteric (Figure 8) and entero-colic fistulas are not uncommon. Fistulous communication with adjacent pelvic
organs can also be seen. They should be suspected when
crowded retracted and angulated small bowel loops are
appreciated; known as star sign. Deep fissuring ulcers are
occasionally appreciated, and better see on bSSFP images.
Extra-enteric collections and abscesses (Figures 9 and 10)
can be recognized by their fluid content and increased
wall enhancement on post-gadolinium images. The ir-
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Figure 7 Acute on chronic Crohn’s disease. A: Coronal and (B) axial T2-weighted single shot fast spin echo (SSFSE) as well as (C) coronal fat-suppressed T2weighted SSFSE and (D) coronal fat-suppressed interstitial post-gadolinium 3D-GRE T1-weighted images during the interstitial phase. There is distal small bowel
segment which demonstrates diffuse thickening and luminal narrowing (arrows, A), associated with submucosal high signal intensity on T2-weighted images (A and B)
and with low-signal intensity on the fat-suppressed T2-weighted images (C), related to submucosal fat deposition, in keeping with chronic Crohn’s disease. There is
also a superimposed increased mucosal enhancement in affected bowel segments (arrows, D) and comb sign post-gadolinium images (D), reflecting disease activity,
in keeping with acute on top of chronic disease. GRE: Gradient recalled echo.
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Figure 8 Enteroenteric fistula in active Crohn’s disease. A: Coronal T2-weighted single shot fast spin echo and (B) coronal balanced steady state free precession
images as well as (C) axial and (D) coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the (C) enteric and (D) interstitial phases. There is
short-segment terminal ileal wall thickening (A and B), which shows extensive mucosal enhancement (C and D). There is also a linear tract extending from the involved segment to an adjacent ileal loop, showing increased enhancement, consistent with enteroenteric fistula (arrows, C and D). GRE: Gradient recalled echo.
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Figure 9 Abscess formation complicating active Crohn’s disease. A: Coronal; B: Sagittal; C: Axial T2-weighted TSE images; D: Axial; E: Sagittal fat-suppressed
post-gadolinium 3D-GRE T1-weighted images during the interstitial phase. Here is evidence of thickened small bowel loop segment and interloop mesenteric high T2
signal fluid collection (A, arrows, B and C) is noted, associated with rim enhancement (arrows, D and E) in keeping with mesenteric abscess formation complicating
active Crohn’s disease. GRE: Gradient recalled echo.
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Figure 10 Active distal ileal Crohn’s disease with complex fistulization and iliopsoas abscess formation. A and B: Coronal; C: Axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is evidence of terminal ilial thickening and enhancement in keeping with active Crohn’s disease, associated with complex
ileoileal and ileosigmoidal fistula formation (star sign, arrow, A and B) as well as iliopsoas inflammation and abscess formation (arrowheads, A, B and C). GRE: Gradient recalled echo.

small intestinal mucosa with impaired function[40]. The
disease may present at any age and may show a wide
range of clinical presentations of variable severity. The
diagnosis of celiac disease can be challenging due to a
wide range of clinical manifestations and the lack of
specificity. Although the diagnosis is confirmed by smallintestine biopsy, patients who are referred for MRE with
nonspecific gastro-intestinal complaints might have celiac
disease as the underlying pathology.
MRE allow the visualization of the entire small bowel, and can demonstrate findings useful to suggest the

ciated with medical treatment (Figure 11). Furthermore,
MRE is also adequate for detection of recurrent disease
following surgery (Figure 12).

CELIAC DISEASE
Celiac disease is a permanent gluten-sensitive enteropathy
of the gastrointestinal tract that affects the small intestine
in genetically susceptible individuals. It is a systemic disease that may entail a variety of autoimmune disorders;
the most important finding is an inflamed and flattened
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Figure 11 Imaging followup in a patient with Crohn’s disease. A and E: Coronal T2-weighted single shot fast spin echo; B and F: Coronal balanced steady state
free precession images; C and G: Coronal; D and H: Axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is evidence of active Crohn’s disease
involving a long segment of the terminal ileum (A, B, C and D) in form of diffuse wall thickening and submucosal mucosal enhancement (arrows, C and D). Fourmonth re-evaluation shows interval decreased wall thickening and significant decreased mucosal/serosal enhancement, consistent with favourable response to medical therapy. GRE: Gradient recalled echo.
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Figure 12 Recurrent Crohn’s disease post-surgery. A: Coronal; B: Axial T2-weighted single shot fast spin echo images; C: Coronal balanced steady state free
precession; D: Coronal fat suppressed post-gadolinium 3D-GRE T1-weighted images. The patient is post distal ileal resection with a low-lying ileocolic anastomosis.
The remaining distal ileum displays signs of active inflammation, namely bowel wall thickening and submucosal edema (A and B) associated with mucosal and serosal
increased enhancement post-gadolinium (D) in keeping with recurrent Crohn’s disease post-surgery. GRE: Gradient recalled echo.
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Figure 13 Type 2 Gluten-sensitive enteropathy (Celiac disease). A: Coronal T2-weighted single shot fast spin echo; B: Coronal balanced steady state free precession images show an abnormal ileal fold pattern with substantial decrease in the number of jejunal folds suggesting the diagnosis of celiac disease. Concomitantly,
jejunal and ileal segments with increased mural thickening and stratification are seen (arrows, B), consistent with superimposed active inflammation.
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Figure 14 Gluten-sensitive enteropathy (celiac disease). A: Coronal T2-weighted single shot fast spin echo; B: Coronal balanced steady state free precession; C:
Coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the interstitial phase. There is abnormal ileal fold pattern with increased number of folds
mimicking the appearance of the jejunum (ileal jejunization) in keeping with the diagnosis of celiac disease. GRE: Gradient recalled echo.

diagnosis of celiac disease in symptomatic adult patients.
Among these findings, fold-pattern abnormality is the
most distinctive[41,42]. Furthermore, because there are diseases that can resemble celiac disease histologically, MRE
can help in excluding other disease entities[43], such as
lymphoma. Due to greater contrast resolution, MRE may
be the preferred method of evaluation.
Fold-pattern abnormalities can best be assessed on
bSSFP and single-shot fast/turbo spin-echo T2-weighted
pulse sequences. A decreased number of jejunal folds (less
than three folds per inch) or complete flattening of the
folds can be seen in celiac disease (Figure 13). Also, the
ileal folds can be increased (more than 5 folds per inch), a
sign called “ileal jejunization” (Figure 14). Jejunoileal fold
pattern reversal is present when both ileal jejunization
and a decreased number of jejunal folds are present in the
same patient. This fold-pattern reversal is very specific for
celiac disease[41]. However, less specific imaging findings
can be seen including strictures, lymphadenopathy, and
perienteric stranding. Also, intussusception, visible as the
“double halo sign” of bowel-within-bowel, and enlarged
lymph nodes (> 1 cm)[41,42] are frequently encountered.
Small bowel lymphomas are associated with the
concomitant presence of celiac disease[44] and should be
suspected in cases in which considerable enlargement of
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lymph nodes (> 2 cm) are identified.

MISCELLANEOUS
Infectious diseases of the small bowel are the most
prevalent disease processes in the small bowel after CD.
Yersinia enterocolitica and Campylobacter jejuni represent the
most common pathogens. Because of the increasing
number of immunocompromised patients, the spectrum
of pathogens has become wider during the past decades,
including Mycobacterium avium-intracellulare, Cryptosporidium species, and cytomegalovirus. Infectious
diseases may mimic CD; because they often manifest as
terminal ileitis. Hence, clinical features always need to be
considered in order to establish the correct diagnosis[45].
The small bowel is highly sensitive to radiation exposure, with the ileum showing the lowest radiation tolerance. Radiation enteritis typically affects the distal ileum
and is often associated with rectosigmoid involvement[46]
(Figure 15). The rectum is affected more frequently than
the small bowel in pelvic radiotherapy, where proctitis is
estimated to occur in 19% of cases[47]. Typical imaging
findings include luminal narrowing with small bowel obstruction and pre-stenotic dilatation as well as symmetric
wall thickening and edema. Gadolinium-enhanced T1-
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Figure 15 Radiation proctocolitis. A: Coronal; B: Axial; C: Sagittal T2-weighted TSE. The rectum and distal sigmoid colon demonstrates increased wall thickness
with intermediate signal intensity on T2-weighted images (arrows, A, B and C). This patient underwent hysterectomy and radiation therapy. These findings are compatible with radiation proctocolitis. TSE: Turbo spin echo.

dictable distribution, i.e., the disease begins in the rectum
and extends proximally in a continuous fashion to involve
part or the entire colon (pancolitis). In case of pancolitis,
a backwash ileitis may also be present.

weighted images reveal increased enhancement in the
affected bowel wall. Furthermore, submucosal edema
can be depicted in early-stage radiation enteritis on T2weighted images. Care is required to exclude malignancy,
especially lymphoma, suggested by mass-like thickening,
infiltration of adjacent tissues, and nodal enlargement[45].

Diverticulitis
MRI can effectively diagnose acute diverticulitis, with reported sensitivity of 86% to 94% and specificity of 88%
to 92%[52]. It is likely that continually improving MRI
techniques may result in higher sensitivity and specificity in the future. Buckley et al[53] described MRI findings
in patients with acute colonic diverticulitis, identifying
findings similar to CT: bowel wall thickening, pericolic
stranding, presence of diverticula (Figure 19), and presence of complications such as perforation and abscess
formation[53]. MRI is also comparable to CT in its ability
to identify alternative diagnoses[54].

PRACTICAL APPROACH TO
INFLAMMATORY CONDITIONS-LARGE
BOWEL
Inflammatory bowel disease
CD and Ulcerative Colitis (UC) are the two main forms
of chronic inflammatory bowel disease (IBD)[48] with
20%-25% of diagnoses being made during childhood[49].
Ileocolonoscopy with biopsy is the primary tool to make
the diagnosis of colonic IBD. However, as mentioned
above, intramural changes and extra-luminal abnormalities cannot be appreciated. Furthermore, concomitant
small bowel involvement must be excluded.
Given the present role of MRE in small bowel CD,
we believe that MRE ± colonic enema (MR colonography) might have a similar role in colonic IBD. Often, the
degree of distension of the large bowel achieved with
oral contrast agents is suboptimal; however, previous reports have shown high sensitivity for differentiating type
and severity of colonic IBD with comparable diagnostic
accuracy to endoscopy[50]. Furthermore, a recent metaanalysis[51] suggested that MRI is a potentially effective
method even without the administration of colonic enema. Recently, Rimola et al[36] demonstrated that MRE in
combination with a water-based enema is adequately able
to assess disease activity in patients with established CD
(Figure 16). Current evidence suggests adequate accuracy
in evaluating disease activity in established IBD patients.
Initial diagnosis and additional differentiation between
UC and CD has not been defined yet. MRI findings of
UC are similar to those of CD. UC is chronic inflammatory bowel disease restricted to the mucosa and distinctively limited to the colon (Figures 17 and 18) with a pre-
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Appendicitis
Traditionally, acute appendicitis has been diagnosed on
the basis of clinical findings. Despite having high sensitivity (up to 100%), clinical evaluation has relatively low
specificity (73%)[55]. The exact role of imaging in the setting of suspected appendicitis is still a matter of debate.
CT is the preferred imaging technique for the diagnosis
and assessment of appendicitis in the United States[56]
and has been shown to reduce the negative-finding appendectomy rate from 24% to 3%[57]. There are several
individual CT findings that suggest a diagnosis of appendicitis like appendiceal enlargement (> 6 mm in diameter)
that has a high positive predictive value[58]. Likewise, the
sensitivity of adjacent fat infiltration is high for the diagnosis of appendicitis[59]. However, the visualization of
an appendicolith has been shown to have a low positive
predictive value for the diagnosis of appendicitis[58]. Complications, such as perforated appendicitis, extraluminal
gas or abscess can be diagnosed with high specificity[60].
If appendicitis can be ruled out, the most common alternative imaging-based diagnoses are gynecologic diseases,
diverticulitis, colitis, or epiploic appendagitis[61].
MRI has demonstrated promising accuracy for the
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Figure 16 Crohn’s colitis. A: Coronal T2-weighted single shot fast spin echo; B: Coronal balanced steady state free precession images; C: Coronal; D: Axial fatsuppressed post-gadolinium 3D-GRE T1-weighted images. There is a segmental uniform thickening of the transverse colon associated with submucosal edema (A
and B), mucosal hyper-enhancement, and engorgement of the supplying mesenteric vessels (C and D) in keeping with active Crohn’s colitis. Also of note is the focal
hyper-enhancement of the terminal ileum (C). GRE: Gradient recalled echo.

A

B

Figure 17 Active colonic ulcerative colitis. A: Axial diffusion-weighted imaging (b = 650 s/mm2); B: ADC map images. There is diffuse thickening involving the colon
associated wish diffuse mucosal diffusion restriction (arrows A) in keeping with active ulcerative colitis. ADC: Analog-digital conversion.

T1-weighted fat-suppressed images. Recently, Leeuwenburgh et al[64] suggested that the most significant MRI
features of acute appendicitis include appendix enlargement (diameter > 7 mm), peri-appendiceal fat stranding,
and restricted diffusion of appendiceal wall; the presence
of all these three features on MRI leads to a correct diagnosis of 96%, whereas their absence practically rules out
appendicitis.

assessment and diagnosis of appendicitis, albeit in a relatively small series of patients, who often were pregnant
(Figure 20)[62]. A recent study showed that the accuracy
of conditional or immediate MRI was similar to that of
conditional CT in patients suspected of having appendicitis[63] However, due to the non-wide availability of MRI
systems, relative lack of required expertise and extensive
cost-effectiveness studies; the role of MRI is somewhat
limited. At this time, MRI is used in only select cases at
many institutions, primarily after ultrasound yields nondiagnostic findings in pregnant women.
As in CT, the inflamed appendix and surrounding tissues show marked enhancement on gadolinium-enhanced
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GASTRIC AND SMALL BOWEL TUMORS
Gastric tumors
Adenocarcinoma: Gastric carcinoma is one of the most

177

March 28, 2015|First Edition|

Liu B et al . MRI of the GI tract

A

B

Figure 18 Chronic ulcerative colitis. A: Axial in-phase T1-weighted; B: Axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is diffuse rectal
submucosal increased T1 signal (arrow, A), which demonstrates low signal on fat-suppression (arrow, B), but no significant arterial enhancement (B), in keeping with
chronic ulcerative colitis. GRE: Gradient recalled echo.
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Figure 19 Left colonic diverticulitis. A: Coronal T2-weighted single shot fast spin echo (SSFSE); B: Axial fat-suppressed T2-weighted SSFSE; C: Axial and D: Coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the interstitial phase. There is wall thickening of the descending colon (A), with pericolonic
free fluid, better depicted on axial T2-weighted SSFSE image (B). Post-gadolinium images (C and D) show marked enhancement of the left colon, with pericolonic
enhancement including the pre-renal fascia. Coronal postgadolinium image (D) shows left colonic diverticula and associated bowel wall and vasa recti engorgement
(arrows), consistent with inflammation. GRE: Gradient recalled echo.

depth of invasion and detect extra gastric disease[66,67].
On gadolinium-enhanced fat-suppressed T1-weighted
images, the tumor shows heterogeneous enhancement
compared to normal gastric wall. Infiltrative tumors (linitis
plastica) enhances modestly (Figure 21). In contradistinction, other morphologic types enhance more intensely;
however, these tend yet to be better demonstrated in the
arterial phase, as normal gastric mucosa tends to enhance
substantially. Previous studies have shown that MRI
has similar diagnostic accuracy in the in the diagnosis
and preoperative staging of gastric cancer compared to

common causes of cancer-related death worldwide. Borrmann proposed the original classification of advanced
gastric cancer in 1926 based on macroscopic evaluation
of the tumor. Advanced gastric cancer was classified by
Borrmann as fungating (type 1), excavated (type 2), ulcerated infiltrating (type 3), and diffusely infiltrating (type 4)
based on shape and infiltration margin. The prognosis
of this disease depends on a variety of factors including
Borrmann classification[65].
It is generally accepted that the goals of MRI is
to demonstrate the primary tumor, but also assess the
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Figure 20 Acute appendicitis in a pregnant patient. A: Coronal; B: Sagittal; and C: Axial single shot fast spin echo (SSFSE) T2 as well as D: fat-suppressed SSFSE T2 images. There is a blind-ended tubular structure at the retrocecal region (arrows, A, B) associated with uniform, diffuse wall thickening and dilatation, reaching
up to 13 mm in diameter (C and D) as well as periappendiceal edema and small periappendiceal fluid (A-D) collection, in keeping with acute appendicitis. Edema and
fluid appear significantly more conspicuous on fat-suppressed images (arrows, D). Noted is a gravid uterus (A).
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Figure 21 Gastric adenocarcinoma. A: Coronal T2-weighted single shot fast spin echo (SSFSE); B: Axial fat suppressed T2-weighted SSFSE; C: Axial arterial; D:
Interstitial post-gadolinium 3D-GRE T1-weighted images. There is diffuse heterogeneous wall thickening of the stomach (A and B) with heterogeneous enhancement (C
and D) consistent with linitis plastica. GRE: Gradient recalled echo.

multidetector CT[67]. Maccioni et al[67] have shown similar
detection rate of gastric lesions; however, the T staging
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accuracy for gastric cancer was superior for MRI (60% vs
48%). This aspect has been previously described by Sohn
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Figure 22 Metastatic malignant gastric gastrointestinal stromal tumors. A: Coronal T2-weighted single shot fast spin echo (SSFSE); B: Axial fat suppressed T2weighted SSFSE; C: Pre- and post-gadolinium 3D-GRE T1-weighted images during the (D) arterial and (E) interstitial phases. There is a hyperintense mass within the
wall of the gastric antrum, which abuts the edge of the left lobe of the liver; Central necrosis is seen (arrowheads, A and B). Multiple liver lesions show heterogeneously
increased T2 signal and hypervascular characteristics, fading to isointensity on late phase of enhancement, consistent with metastases. GRE: Gradient recalled echo.

et al[68] showing a slightly improved accuracy with MRI
(73.3% vs 66.7%). The presence of involved lymph nodes
is acknowledged to be an independent factor of poor
prognosis. The overall accuracy for nodal staging with
MRI is similar to that attained with CT[67,68].

well as detecting metastases of GISTs involving the liver
and peritoneum (Figure 22). Also, MRI can provide additional information on the tumor response to medical
treatment[71].
Lymphoma: The stomach is the most commonly involved site in GI tract, followed by the small bowel (ileocecal region) and rectum[72]. Diffuse gastric wall thickening is almost always present in gastric lymphoma (Figure
23). Lymphoma also has other characteristics including
homogeneous T2 signal intensity, substantial lymph
nodes enlargement, and splenomegaly[73].

Gastrointestinal stromal tumors: Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal
neoplasms, which can occur anywhere in the GI tract.
Approximately 60%-70% of GISTs occur in the stomach,
followed by the small intestine at 25%-35%[69]. GISTs can
either grow into the mucosa causing ulceration or protrude towards the serosal side[70]. These are solid tumors
that can undergo liquefactive necrosis and intratumoral
hemorrhage. On MRI, the tumor’s large size coupled
with intense enhancement and regions of necrosis are
typical features of GISTs. Moreover, MRI may be helpful in determining the organ of origin in large tumors, as
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Small bowel tumors
The incidence of primary tumors is low, accounting for
approximately 1% to 3% of all gastrointestinal tumors.
Although small bowel tumors are rare, they are commonly considered in the differential diagnosis of small
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Figure 23 Non-Hodgkin lymphoma of the stomach. A: Coronal T2-weighted single shot fast spin echo (SSFSE) and (B) axial fat-suppressed T2-weighted SSFSE
images. There is marked, diffuse, asymmetric gastric wall thickening with smooth outlines, predominantly involving the gastric body and antrum, associated with mildly
increased heterogeneous T2 signal intensity (arrowheads, A and B), large conglomerate nodal mass at the gastrohepatic ligament (long arrow, A), and multiple enlarged
retroperitoneal lymph nodes (short arrows A and B). Constellation of findings is diagnostic of non-Hodgkin gastric lymphoma with diffuse abdominal lymphadenopathy.

hepatocellular carcinomas (Figure 26). Adenocarcinomas
assume a variety of shapes but are generally located in
the proximal small bowel (Figure 27) and typically result
in proximal dilatation greater than that observed with
other neoplasms.

bowel disease because of their nonspecific presenting
symptoms such as pain, obstruction, bleeding, and weight
loss.
Secondary intestinal tumors, which originate from
other parts of the body and metastasize to the small intestine, are clinically common and may cause symptoms
similar to primary intestinal neoplasms[74]. MRE has been
shown to be a useful technique for the study of suspected bowel masses[75]. Factors that affect the diagnostic
performance of a specific modality include the size and
characteristics of the tumor, extra-enteric extension, and
eventual small bowel obstruction. The degree of distention and motion artifacts also influences the quality
of the study. Although there is paucity of data regarding the sensitivity of MRE for the detection of smallbowel masses, one study showed no significant difference
between MRI and wireless capsule endoscopy for the
detection of large, clinically significant polyps in patients
with polyposis syndromes with additional advantage of
improved localization with MRE[11].
On MRE, hyper-enhancing masses are usually well
depicted when biphasic enteric contrast material is administered. Although any tumor may appear as focal
intraluminal mass, location along the GI tract (duodenal,
jejunal, or ileal), as well as focal areas of bowel wall thickening or areas of increased mural enhancement, suggest
the presence of a tumoral mass. For example, a pedunculated or predominantly exophytic mass suggests a gastrointestinal stromal tumor[76] (Figure 24), while an exophytic
mass combined with adjacent lymphadenopathy with or
without significant dilatation of the small bowel suggests
small bowel lymphoma[76] (Figure 25). Carcinoid tumors
arise from neuroendocrine precursors or small bowel
wall and may manifest as hypervascular masses, often in
the ileum or as enhancing carpet lesions, mimicking the
wall thickening of CD. Mesenteric carcinoid metastases
demonstrate a desmoplastic reaction that may contain
eccentric calcifications (not depicted on MRE) or may be
clustered near the mesenteric root[77] (Figure 26). Carcinoid metastases to the liver can appear hypervascular and
usually show washout on the delayed imaging mimicking
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COLORECTAL TUMORS
Colorectal adenocarcinoma
Ninety-six percent of colorectal cancers are adenocarcinomas[78]. A combination of thin-section 3D-GRE
fat-suppressed gadolinium-enhanced T1-weighted and
high-resolution T2-weighted fast-spin echo (FSE) provides excellent information about tumor size, bowel wall
involvement, peri-tumoral extension, and lymph node detection; especially for tumors located proximally to rectal
ampulla[79,80].
MRI has established itself as the primary method for
local staging as well as preoperative planning and postneoadjuvant assessment of the rectal cancers. Rectal
cancer MRI evaluation requires a dedicated protocol. The
only sequence that is required is a high-resolution T2weighted fast spin echo. Sagittal plane images are initially
acquired, followed by axial and coronal images perpendicular to the rectal wall at the level of the tumor, termed
short- and long-axis images, respectively. With high-resolution T2-weighted imaging as a gold standard sequence,
it proved to be superior in T staging, especially when the
patient’s comfort and acceptance are taken into consideration[81-83]. The ability of MR to delineate the mesorectal
fascia and related structures makes it effective to accurately predict curative resection of the rectal cancer[81,84].
Practical aspects of rectal cancer MR staging include
tumor size evaluation, longitudinal and axial localization,
tumor extent through the rectal wall layers, extramural
invasion of the mesorectal fat and/or mesorectal fascia as well as deep pelvic organs invasion or anal canal
extension in case of low lying rectal tumors. Short-axis
T2 high-resolution imaging is critical for more accurate
tumor (T) staging and yields higher accuracy for deeper
tumoral extension (T3-4) (Figure 28); however, transrec-
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Figure 24 Jejunal gastrointestinal stromal tumor. A: Coronal and (B) axial T2-weighted single shot fast spin echo, and (C) coronal balanced steady state free precession images as well as (D) coronal and (E) axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is a well-defined intramural, exophytic mass
lesion arising from the proximal jejunum, in a patient with malrotation, which demonstrates intermediately increased T2 signal (arrow, A, B), early moderate hypervascularity (D) and progressive enhancement (E) post-gadolinium associated with a tiny central area of necrosis in keeping with jejunal gastrointestinal stromal tumor.
Lack of proximal bowel obstruction is consistent with its eccentric origin. GRE: Gradient recalled echo.
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Figure 25 Jejunal lymphoma. A: Coronal and (B) axial T2-weighted single shot fast spin echo, (C) coronal balanced steady state free precession, and (D) coronal
fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is a short segment of proximal jejunal circumferential, irregular, asymmetric wall thickening
resulting in luminal narrowing (arrowheads, A) and demonstrates and intermediate T2 signal (A and B) and mild enhancement post-gadolinium (D) in keeping with a
pathologically proven jejunal lymphoma. GRE: Gradient recalled echo.
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Figure 26 Mesenteric carcinoid. A: Coronal T2-weighted single shot fast spin echo; B: Coronal balanced steady state free precession; C and D: Coronal arterial;
E: Axial enteric; F: Coronal interstitial fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is a large mesenteric mass encasing the superior mesenteric artery and its branches (arrow, B) associated with desmoplastic reaction and small bowel retraction noted on pre-contrast images (A, B), which demonstrates
hypervascular (C) and typical sunburst margins (D). Liver metastases are seen with the typical wash-in (D) and washout (F) appearance mimicking the appearance of
hepatocellular carcinoma. GRE: Gradient recalled echo.
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Figure 27 Jejunal adenocarcinoma. A: Axial T2-weighted single shot fast spin echo and (B) coronal balanced steady state free precession images as well as axial
fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the (C) hepatic arterial dominant and (D) hepatic venous phases. There is significant circumferential, irregular, asymmetric wall thickening of the proximal jejunum with exophytic extension (arrows, A and B) and hypovascular enhancement pattern (C and D) in
keeping with a pathologically proven jejunal adenocarcinoma. GRE: Gradient recalled echo.
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Figure 28 Stage T3 rectal cancer. A and B: Axial high-resolution T2-weighted images as well as axial (C) diffusion-weighted imaging (b = 650 s/mm2) and (D) ADC
map images. There is a large polypoidal mass lesion arising from the right anterolateral lower rectal wall (A and B) with two foci of tumoral extension beyond the lowsignal serosal layer (arrows, B) that show diffusion restriction (C and D) in keeping with stage T3 rectal tumor. ADC: Analog-digital conversion.

tal ultrasound has higher reported accuracy in superficial
tumors (T1-T2)[85]. A limitation of MR is its inability to
easily differentiate T2 from early T3 tumors and certainly
cannot differentiate between T1 and T2 cancers[85]. With
the advent of endorectal coils, the T staging accuracy has
been reported to be between 70%-90%[84,86,87]; however,
patient’s compliance, limited availability and cost contribute to its less wide application[85]. MRI has 92% accuracy
in predicting circumferential resection margin when a
cutoff point of 1 mm is used[88]. Nodal involvement can
be evaluated using MRI, which rely on short-axis nodal
measurement, signal heterogeneity of the cortex, marginal irregularity, or surrounding fat infiltration. The use
of superparamagnetic iron oxide particles appears to be
promising[89]. Studies also showed that diffusion weighted
imaging and perfusion imaging are useful in followingup tumor treatment response including assessing the response to neoadjuvant therapy and determining residual
disease or local tumor recurrence[90-93]. The main difficulty
in assessing the response to chemoradiation is the distinction between fibrosis with and without residual tumor[94].
Studies evaluating the ability of MRI after chemoradiation to predict tumor clearance from the mesorectal
fascia have shown a high negative predictive value of
100%, at the expense of many false-positives leading to
a low positive predictive value (PPV) of 50%-60%[95].
Two studies reported a PPV of 83% and 91% and the
PPV increased to 94% when > 70% volume downsizing was combined with MR morphological changes[96,97].
The detection of very small volumes of disease remains
a problem with techniques that only give information on
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morphological data. Although 18-Fludeoxyglucose positron emission tomography provides additional functional
information, it cannot solve the problem of detection of
residual tumor in fibrosis, as shown by a study on the assessment of clearance from the mesorectal fascia[98].
Benign lesions of the small and large bowel
Some lesions have typical features on MR imaging, which
is crucial for a correct diagnosis. For instance, hemangiomas are typically strongly hyperintense on T2-weighted
MR images; lipomas or tumors with a marked fat content
will show high T1 signal intensity that suppresses on fatsuppressed T1-weighted images (Figure 29). However,
many other benign neoplasms such as leiomyomas, fibromas and neurogenic tumors may be indistinguishable
from other hypervascular lesions on MRE/MRI.

CONCLUSION
The implementation of fast and ultra-fast sequences and
dedicated advanced imaging protocols render MRI an
excellent tool for GI imaging. State of the art MRI/MRE
has rapidly emerged as successful gastrointestinal imaging
modality; offering detailed anatomic and morphologic
information and also permitting evaluation of extraluminal manifestation and extension of disease. These
features have now been shown to alter physician level of
confidence and management procedures including medical or surgical approaches.
The lack of ionizing radiation makes MRI the preferred modality in many GI disease processes, especially
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Figure 29 Duodenal lipoma. A: Coronal T2-weighted single shot fast spin echo (SSFSE); B: Axial GRE in-phase; C: Opposed-phase T1-weighted; D: Axial fatsuppressed 3D-GRE T1-weighted images. Small, well-defined, intra-luminal, duodenal mass lesion; which demonstrates intermediately high signal on SSFSE (arrow, A),
high signal intensity on the in-phase T1 weighted image (B), no drop of signal on the opposed-phase images (C), and homogenously low signal intensity on the fatsuppressed image (D) in keeping with duodenal lipoma. GRE: Gradient recalled echo.

in young patients in the setting of CD, considering that
the majority will undergo frequent imaging evaluation.
Pregnant patients and those with iodinated contrast agents
allergy or decreased renal function may also benefit from
MRI. The main drawbacks may be related to relative nonwide availability at present time, economic constrains, and
need for highly subspecialized radiologists.
Whenever cross-sectional imaging is requested, especially MRI or CT, the current trend is to weigh the
strengths and weaknesses of both techniques considering
a risk-benefit analysis. The choice of a diagnostic technique should be determined taking in account patient’s
age, clinical status and estimated follow-up exams.
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Incorporating GSA-SPECT into CT-based dose-volume
histograms for advanced hepatocellular carcinoma
radiotherapy
Shintaro Shirai, Morio Sato, Yasutaka Noda, Yoshitaka Kumayama, Noritaka Shimizu
doses of ≥ 20 Gy (FLV20Gy). Therefore, FLV20Gy ≤ 20%
may represent a safety index to prevent RILD during
3DCRT for HCC. To supplement FLV20Gy as a qualitative
index, we propose a quantitative indicator, F 20Gy, which
was calculated as F 20Gy = 100% × (the GSA count in
the area irradiated with ≥ 20 Gy)/(the GSA count in
the whole liver).
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Core tip: Three-dimensional conformal radiotherapy,
which is designed to preserve functional liver, can be
visualized by single photon emission computed tomography with Tc-99m-galactosyl human serum albumin
(GSA). This treatment modality has promising therapeutic effects for hepatocellular carcinomas (HCCs) of
> 14 cm in diameter that are unmanageable by proton
beam therapy. A treatment plan designed to irradiate
≤ 20% of the functional liver volume (FLV20Gy ≤ 20%)
did not cause radiation-induced liver disease. Therefore, FLV20Gy ≤ 20% may be a useful safety marker for
three-dimensional radiotherapy of HCC of various sizes.
It is also possible to estimate the effects of radiotherapy on the liver by dividing the GSA count in the region
of the liver irradiated with ≥ 20 Gy by the GSA count
of the entire liver.

Abstract
In single photon emission computed tomography-based
three-dimensional radiotherapy (SPECT-B-3DCRT), images of Tc-99m galactosyl human serum albumin (GSA),
which bind to receptors on functional liver cells, are
merged with the computed tomography simulation images. Functional liver is defined as the area of normal
liver where GSA accumulation exceeds that of hepatocellular carcinoma (HCC). In cirrhotic patients with a
gigantic, proton-beam-untreatable HCC of ≥ 14 cm in
diameter, the use of SPECT-B-3DCRT in combination
with transcatheter arterial chemoembolization achieved
a 2-year local tumor control rate of 78.6% and a 2-year
survival rate of 33.3%. SPECT-B-3DCRT was applied to
HCC to preserve as much functional liver as possible.
Sixty-four patients with HCC, including 30 with Child B
liver cirrhosis, received SPECT-B-3DCRT and none experienced fatal radiation-induced liver disease (RILD).
The Child-Pugh score deteriorated by 1 or 2 in > 20%
of functional liver volume that was irradiated with ≥ 20
Gy. The deterioration in the Child-Pugh score decreased
when the radiation plan was designed to irradiate ≤
20% of the functional liver volume in patients given
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TACE is commonly ineffective in patients with HCC ≥
5 cm in diameter or HCC with blood vessel invasion[12,13],
we combined SPECT-B-3DCRT together with TACE in
such patients, with the aim of improving treatment outcomes[10,11]. Namely, TACE was applied for intrahepatic
metastasis out of the radiation field. RT is also applied to
metastases in bone, liver and brain. Accordingly, TACE
plus RT is an effective multidisciplinary therapy for patients with otherwise limited treatment options[10,11,14-16].

INTRODUCTION
The development of computed tomography (CT) has
contributed to radiation treatment (RT) planning by its
ability to reveal the precise location of target tissue and
at-risk organs in three dimensions, thus enabling dosevolume histograms (DVHs) to be created[1]. The introduction of DVHs has had significant benefits in terms
of better target control and reduced adverse effects.
However, even in cases where a DVH was used, RT may
cause radiation-induced liver disease (RILD), which is
sometimes fatal, in patients with advanced hepatocellular
carcinoma (HCC)[2,3]. In the normal tissue complication
probability model, which is used to predict disorders
based on the DVH, the volume-adverse effect coefficient is relatively large (0.32-0.40)[4,5]. Therefore, attempts
to reduce the irradiation volume do not always prevent
RILD[2,3]. Furthermore, the proportion of irradiated normal liver relative to the entire normal liver (NLVGy) often
fails to predict RILD[2,3,6].
The onset of RILD was commonly attributed to the
presence of liver cirrhosis in patients with HCC[2,3]. For
example, Ikai et al[7] reported marked variability in the
function of normal liver in patients with liver cirrhosis
and in patients with portal vein tumor thrombus (PVTT),
which led to the adoption of a surgical therapeutic strategy. Radiation oncologists generally use and rely upon
CT-based DVH. Many radiation oncologists may not
acknowledge or cope with the possible variations in liver
function in normal liver.
Because single photon emission computed tomography (SPECT) with liver scintigraphy reflects the function
of normal liver[7-9], we anticipated that SPECT could be
used to evaluate localized liver function. Nanashima et al[8]
reported that SPECT images obtained using Tc-99m-galactosyl human serum albumin (GSA) provided a better
assessment of local liver function than conventional CT
images. Furthermore, Shuke et al[9] reported that GSA was
the best radioisotope for evaluating liver function by scintigraphy. Therefore, we merged SPECT images obtained
using GSA (GSA-SPECT) with CT simulation images to
prepare isodose curves. We then used the merged images
for treatment planning for HCC, including cases with
PVTT, hepatic vein tumor thrombus (HVTT) and/or
bile tract tumor thrombus (BTTT)[10,11]. We refer to this
approach as SPECT-based three-dimensional conformal
radiotherapy (SPECT-B-3DCRT).
The aim of this article is to describe the technical
details, safety and efficacy of SPECT-B-3DCRT. We also
describe its potential limitations and possible strategies to
overcome its limitations.

DEFINITION OF FUNCTIONAL LIVER
There is increasing research into the use of GSA in
internal medicine and surgery in the context of hepatology[17,18], but it has been overlooked in relation to RT.
When we first considered applying GSA-SPECT to RT,
we found no reliable studies describing the potential relationship between GSA and RT. However, we found some
studies describing the use of Tc-99m-macroaggregated
albumin in RT of lung cancer. Although different radioisotopes are used for different cancers, these earlier
reports highlighted the need to select an appropriate
radioisotope and evaluate organ function before commencing RT[19,20,21]. The first step for evaluating liver
function involved fusing the SPECT image to the CT
simulation image. The state of the liver varies considerably in HCC patients, ranging from normal liver function
to Child C cirrhotic liver[17]. Therefore, the next step was
to establish a definition of functional liver. Unfortunately,
a universal definition of functional liver cannot be used
because the extent of cirrhotic liver varies considerably
among patients. Christian et al[19] proposed a threshold
for organ function in individual organs. Based on a study
by Sawamura et al[22], we defined functional liver as the
region of the liver in which radioisotope accumulation
exceeded that of the HCC, while dysfunctional liver was
defined as the region of the liver in which radioisotope
accumulation was similar to that of the HCC[10,11] (Figures
1 and 2). This definition of functional liver was therefore
qualitative but not quantitative.

SPECT-B-3DCRT TECHNIQUE
The current Japanese guidelines for RT of HCC recommend that small HCCs are irradiated with 80-90 Gy in
40-45 fractions[23]. However, surgical hepatectomy and
radiofrequency ablation (RFA) are also used to treat
small HCCs. At our institute, RT is generally requested
for HCCs that cannot be managed surgically or by RFA,
especially in patients with giant HCCs with intrahepatic
metastasis and liver cirrhosis. All the patients in this series were asked by the surgeon and/or hepatologists to
undergo radiotherapy because of the presence of PVTT.
The administration of sorafenib was limited to liver
function of Child-Pugh A classification and the cost of
sorafenib, approximately 6000 dollars per month, was
a financial burden on the patients. Surgical hepatic lobectomy was not scheduled because of the presence of

COMBINING RT WITH TRANSCATHETER
ARTERIAL CHEMOEMBOLIZATION
Transcatheter arterial chemoembolization (TACE) is
perhaps the most widely performed multidisciplinary
therapy for unresectable HCC [12]. However, because
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Figure 1 A 58-year-old man with hepatocellular carcinoma with a maximum diameter of 18.0 cm. A: Contrast-enhanced computed tomography; B: Single
photon emission computed tomography with Tc-99m-galactosyl human serum albumin before radiotherapy; C: The merged image of A and B. The regions (1) without
GSA accumulation in B correspond to main tumor located in the left lobe. The regions (2) of high accumulation in B correspond to functional liver. These regions were
identified using the merged image (C); D: Dose distribution based on the CT simulation; E: GSA-SPECT image obtained 2 mo after RT shows regions without GSA
accumulation (1) along the two high-dose beams, with preservation of functional liver (2); F: The extent of radiation-induced dysfunctional liver is shown as the gray
area with a black border and was determined by comparing B and E. GSA: Galactosyl human serum albumin; SPECT: Single photon emission computed tomography;
CT: Computed tomography; RT: Radiotherapy.
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Figure 2 A 53-year-old man with hepatocellular carcinoma with a maximum diameter of 16.5 cm. A: Contrast-enhanced computed tomography; B: Single photon emission computed tomography with Tc-99m-galactosyl human serum albumin before radiotherapy; C: The merged image of A and B; The regions (1) without GSA
accumulation in B correspond to main tumor located in the right lobe. The regions (2) of high accumulation in B correspond to functional liver. These regions were
identified using the merged image (C); D: Dose distribution based on the CT simulation; E: GSA-SPECT image obtained 2 mo after RT shows regions without GSA
accumulation (1) along the two high-dose beams, with preservation of functional liver (2); F: The extent of radiation-induced dysfunctional liver is shown as the gray
area with a black border and was determined by comparing B and E. GSA: Galactosyl human serum albumin; SPECT: Single photon emission computed tomography;
CT: Computed tomography; RT: Radiotherapy.

intrahepatic metastases in the other lobe. Namely, treatment of surgery and internal medicine were not indicated
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for medical and social reasons. Therefore, we prescribed
45 Gy (18 fractions, 2.5 Gy/fraction) for the main tumor
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Figure 3 Estimated probability of radiation-induced liver disease or a
deterioration in the Child-Pugh score by ≥ 1 point according to percentage of functional liver irradiated with ≥ 20 Gy (FLV20Gy). Probability values
were estimated by logistic regression analysis. RILD: Radiation-induced liver
disease.
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Figure 4 Receiver-operating characteristic curve for the percentage of
functional liver volume irradiated with ≥ 20 Gy (FLV20Gy). The optimal cutoff
value for FLV20Gy was 20% for predicting radiation-induced liver disease or a deterioration in the Child-Pugh score of ≥ 1 point. At this cutoff value, sensitivity
and specificity were 0.867 and 0.857, respectively. The area under the receiveroperating characteristic curve was 0.923 (P < 0.001). Journal of Gastroenterology and Hepatology Research gave assurance that the copyright for this figure
is retained by the authors.

and the vessel tumor thrombus to prevent RILD[11,15]
(Figures 1 and 2). If the tumor size and/or type necessitated applying a greater dose to functional liver than was
initially planned, we decided to omit some of the tumor
from the irradiation field, providing that the omitted volume was < 5% of the whole tumor and was treated by
TACE[13]. Our objective was to avoid RILD in such cases.
Furthermore, to account for respiratory mobilization[2,3],
the clinical target volume margin was routinely set 2-3
cm greater than the gross tumor volume margin. We also
reduced the margin for respiration mobilization from 2-3
cm to 1 cm by asking the patients to hold their breath
at the end of expiration[10,11]. To minimize the effects
of respiration, the patient practiced breath holding for
10-15 s at the end of expiration until the position could
be maintained with a maximum variance of 5 mm under
X-ray fluoroscopic monitoring. Treatment planning was
also designed to reduce the radiation exposure to the
liver[10,11]. In short, the beam angle and dose preserved the
functional volume visualized using the merged SPECTCT image. We conducted SPECT-B-3DCRT in 64 patients with HCC, including 30 patients with Child B liver
cirrhosis. We confirmed that a deterioration in the ChildPugh score of 1 or 2 only occurred in patients when >
20% of the entire functional liver volume was irradiated
with ≥ 20 Gy (Figures 3 and 4)[16]. Figure 3 depicted
the abrupt rise of FLV20Gy from approximately 20% and
Figure 4 depicted FLV20Gy of 20% corresponded to the
cutoff value in receiver operating characteristic analysis.
Therefore, our treatment plan specified that ≤ 20% of
the functional liver volume would be irradiated with ≥
20 Gy to minimize the deterioration in the Child-Pugh
score.
The stomach, intestine, spinal cord and kidneys are atrisk organs during liver RT[24,25]. The use of supplementary beams and/or setting a couch angle of ≤ 90° helped
to reduce irradiation of the stomach, intestine and spinal
cord to ≤ 38.25 Gy, while ≤ 30% of the total volume
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of both kidneys was exposed to ≥ 20 Gy[10,11].
The merged SPECT-CT images provided us with
an unexpected but promising finding. The growth of
gigantic HCCs is coupled with significant destruction of
functional liver, especially of the tissue surrounding the
tumor. Consequently, the target tissue becomes greater
and it becomes easier to preserve functional liver with appropriate treatment planning[14].

TREATMENT OF HCC ≥ 14 CM IN
DIAMETER
Japanese RT guidelines suggest proton beam irradiation
to treat HCC of ≥ 5 cm[23]. Sugahara et al[26] reported that
proton beam therapy brought about 2-year local tumor
control rate of 87% and 2-year survival rate of 36%.
These results seem to surpass our results below. However,
median tumor size of their study was 11 cm (range, 10-14
cm) and proton beam therapy is not indicated for HCC
of ≥ 14 cm[26]. That is the reason why we introduced
treating HCC of ≥ 14 cm using SPECT-B-3DCRT. We
assessed the merged SPECT-CT images for HCC of ≥
14 cm in diameter and found that the majority of functional liver was localized to the non-main HCC-bearing
lobe rather than the main HCC-bearing lobe[15] (Figures
1 and 2). Our clinical research indicated that SPECT-B3DCRT did not affect liver function when ≥ 80% of
functional liver was located in the non-main HCC-bearing
lobe[15]. In 12 patients who received SPECT-B-3DCRT,
the local tumor control rate was 78.6% and the 2-year
survival rate was 33.3%, without serious adverse effects
(Figure 5). Based on these findings, we recommend the
use of SPECT-B-3DCRT for patients with gigantic (≥
14 cm) HCC that cannot be managed by resection or
proton beam therapy.
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SPECT-B-3DCRT can be applied to HCC of ≤ 5 cm
with PVTT, HVTT and/or BTTT. In this situation,
functional liver surrounds the main tumor and is therefore likely to be damaged by RT. Regrettably, as we encountered no patient with HCC < 5 cm with PVTT[10,11],
we described the content of radiotherapy for HCC <
5 cm by referring to other manuscripts. Mornex et al[27]
reported that 3DCRT caused Grade 4 toxicity in 2/11
(22%) Child B patients and Grade 3 toxicity in 3/16 (19%)
Child A patients with a HCC ≤ 5 cm in diameter. Therefore, smaller HCCs require more careful treatment planning than larger HCCs. In this context, we consider that
treatment planning with FLV20Gy ≤ 20% is an important
approach for preserving functional liver (Figures 3 and 4).
If FLV20Gy is > 20% of the planned volume of the main
tumor to be irradiated, we suggest that the treatment plan
is revised to omit part of the main tumor. This residual
part of the tumor can be treated by TACE instead[16].
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Figure 5 Kaplan-Meier analysis of the local control rate of the irradiated
tumor and the survival in 12 cases of hepatocellular carcinoma exceeding
14 cm following single photon emission computed tomography-based
three-dimensional radiotherapy. Cancer and Clinical oncology gave assurance that the copyright for this figure is retained by the authors.

TREATMENT OF HCC 5-14 CM IN
DIAMETER

LIMITATIONS OF FUNCTIONAL LIVER

If functional liver is predominantly located in the nonmain HCC-bearing lobe, SPECT-B-3DCRT can be performed without significant concerns, as described above.
However, in some patients, the majority of functional
liver is located in the main HCC-bearing lobe. If the
main HCC-bearing lobe is the right lobe and > 50% of
functional liver volume is in the main HCC-bearing lobe,
the treatment strategy should be developed very carefully.
We treated 26 patients with HCCs of 5-14 cm with
PVTT, leading to the control rate of 92.2% of the PVTT
and 1-year and 2-year survival rate of 44.4% and 30%,
respectively[10]. Figure 6 shows a typical patient with an
HCC of 5-14 cm in diameter. This patient had a right
PVTT. SPECT revealed that 85% of functional liver was
in the right lobe adjacent to the PVTT. If the RT plan
was prepared for normal liver using CT images alone, we
would expect that short-axis beams (hypothetical main
beams, Figure 6F) would result in less irradiation of
normal liver than that with long-axis beams (actual main
beams, Figure 6C). NLV20Gy would be 30.8% for the longaxis beam plan and 23.1% for the short-axis beam plan.
However, FLV20Gy based on SPECT images was 23.8%
for the long-axis beam plan and 43.7% for the short-axis
beam plan (Figure 7). Therefore, in this patient, RT using
short-axis beams would likely cause RILD.
Cheng et al[2] reported that 17/89 (19.1%) and 7/89
(7.9%) patients who received 3DCRT with treatment planning without SPECT experienced RILD and fatal RILD,
respectively. In the study by Liang et al[3], 17/109 (15.6%)
and 13/109 (11.9%) patients developed RILD and fatal
RILD, respectively. In our series, 3/64 (4.7%) and 0 patients (0%) who received SPECT-B-3DCRT experienced
RILD and fatal RILD, respectively[16]. Therefore, we
believe that GSA-SPECT helps to predict and may ultimately reduce the risk of non-fatal and fatal RILD.

WCR|www.wjgnet.com

If merged SPECT-CT images are available, the concept
of functional liver is particularly useful for treatment
planning in individual patients. However, functional liver
is a qualitative rather than quantitative concept, making
it difficult to compare data on functional liver among institutes. Therefore, an objective definition of functional
liver should be established and standardized.

DOSE-FUNCTION HISTOGRAM AND
FUNCTIONAL COUNT RATE (FGy)
Sugahara et al[17] used GSA SPECT to evaluate the function of the right and left lobes before surgical hepatectomy in a quantitative manner by determining the liver
uptake of GSA relative to the total dose of GSA injections. Christian et al[19] and Seppenwoolde et al[21] used
lung perfusion SPECT for treatment planning and evaluated the extent of functional lung. Therefore, software
has been developed to determine the dose-function histograms (DFH) from perfusion SPECT images for use in
treatment planning for lung cancer[20].
Based on these previous reports, we propose functional
count rate (FGy) as a quantitative index of functional liver.
FGy is defined as the percentage of the functional liver rate
in the DFH and is based on VGy, the percentage of liver
volume in the DVH. FGy is calculated using the following
formula: FGy = 100 × (GSA count in the area of the liver
indicated by the isodose curve)/(GSA count for the entire
liver). Because we use FLV20Gy ≤ 20% as a qualitative safety
marker, F20Gy was calculated for the patient presented in
Figure 8. For this patient, F20Gy, NLV20Gy and FLV20Gy were
22.2, 20.6 and 18.1, respectively. We consider that, because
DFH and FGy link the area of the isodose curve to liver
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Figure 6 Distribution of functional liver and treatment planning for a 60-year-old male with hepatocellular carcinoma and liver cirrhosis of Child-Pugh
grade A. A: Contrast-enhanced computed tomography shows a PVTT in the right first portal vein originating from the right posterior sub-segment branch of the portal
vein; B: GSA-SPECT taken before RT at the same level as A confirms that functional liver (2) is unevenly distributed between the anterior and lateral sides of the right
PVTT. 1 = dysfunctional liver; C: The two main radiation beams were angled in the left-anterior to right-posterior direction (20 Gy) and in the right-posterior to leftanterior direction (18.25 Gy beam); D: GSA-SPECT image obtained 2 mo after RT shows functional liver (2) and preservation of the right anterior sub-segment. This
image also shows that the extent of dysfunctional liver has increased in the right posterior and left medial sub-segments; E: The extent of radiation-induced dysfunctional liver is shown as the dark gray area; F-I: Hypothetical treatment planning; F: The hypothetical main beams are angled in the right-anterior to left-posterior direction (solid lines), unlike the actual beams (dotted lines); G: The hypothetical radiation beams are angled in the right-anterior to left-posterior direction (20 Gy) and in
the left-posterior to right-anterior direction (18.25 Gy). Although the radiation-induced destruction of normal liver can be estimated, it is difficult to predict the extent of
radiation-induced destruction of functional liver from CT simulation alone; H: GSA-SPECT image together with the hypothetical main beams; I: The gray area indicates
the extent of radiation-induced dysfunctional liver likely to be induced by the hypothetical main beams. The relative difference in the destruction of functional liver
between the real and the hypothetical treatment plans can be estimated by comparing E and I. PVTT: Portal vein tumor thrombus; GSA-SPECT: Galactosyl human
serum albumin-single photon emission computed tomography with Tc-99m-galactosyl human serum albumin image; RT: Radiotherapy; CT: Computed tomography.
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Figure 7 Comparison of dose-volume histograms between actual treatment plans (solid lines) and hypothetical treatment plans (dotted lines). A: Comparison of the DVH for normal liver. In this case, the percentage of the normal liver irradiated with ≥ 20 Gy (NLV20Gy) was 23.1% for the hypothetical treatment plan vs
30.8% for the actual treatment plan. Therefore, irradiation of normal liver is lower for the hypothetical treatment plan than for the actual treatment plan; B: Comparison
of the DVH for functional liver. In this case, the percentage of functional liver irradiated with ≥ 20 Gy (FLV20Gy) was 43.7% for the hypothetical treatment plan vs 23.8%
for the actual treatment plan. Therefore, irradiation of functional liver is lower for the actual treatment plan than for the hypothetical treatment plan. The difference between NLV20Gy and FLV20Gy in these two settings is due to the uneven distribution of functional liver. DVH: Dose-volume histograms; HCC: Hepatocellular carcinoma.
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Figure 8 Quantitative analysis of radiation-induced dysfunctional liver. A: Computed tomographic image of a 52-year-old man with a recurrent tumor thrombus in
the main portal vein after undergoing left hepatectomy for hepatocellular carcinoma; B: Isodose curves used for treatment planning; C: F20Gy was calculated from the GSA
count of the entire liver and the area within the 20 Gy isodose curve; D: F20 Gy was calculated from a single photon emission computed tomography with Tc-99m-galactosyl
human serum albumin image using the formula: F20 Gy = 100 × (GSA count in the area of the liver within the 20 Gy isodose curve)/(GSA count for the entire liver); E: In this
patient, F20Gy was 22.2%. GSA: Galactosyl human serum albumin; DVH: Dose volume histogram; DFH: Dose function histogram; HCC: Hepatocellular carcinoma.
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function in a quantitative manner, they could replace
DVH and VGy as gold-standard methods for evaluating
the effects of RT on liver function. However, further
studies are needed to confirm the clinical utility of DFH
and FGy in treatment planning for patients with HCC and
liver dysfunction.

9

CONCLUSION

10

SPECT-B-3DCRT combined with TACE can be performed in patients with HCC of any size, together with
a PVTT, HVTT and/or BTTT, offering improved safety
and therapeutic outcomes compared with existing modalities. Although FLV20Gy ≤ 20% is a qualitative assessment, it is a useful safety marker for predicting the risk of
RILD. We also consider that DFH and FGy are promising
quantitative markers for predicting the effects of SPECTB-3DCRT in patients with HCC.

11
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Upper gastrointestinal barium evaluation of duodenal
pathology: A pictorial review
Pankaj Gupta, Uma Debi, Saroj Kant Sinha, Kaushal Kishor Prasad
a thorough acquaintance with the morphology of various duodenal lesions on upper gastrointestinal barium
examination is essential in guiding further evaluation.
We reviewed our experience with various common and
uncommon barium findings in duodenal abnormalities.
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Core tip: Barium evaluation of duodenal pathologies is
technically more challenging than rest of gastrointestinal tract. Barium study still forms an initial and integral
part of evaluation as it provide useful clues to the diagnosis and guide further evaluation. This article should
alert the radiologist to consider various common and
uncommon duodenal pathologies in the correct clinical
setting to guide the clinician for further investigations
to ensure correct diagnosis and enable appropriate
treatment.
Original sources: Gupta P, Debi U, Sinha SK, Prasad KK. Upper
gastrointestinal barium evaluation of duodenal pathology: A pictorial review. World J Radiol 2014; 6(8): 613-618 Available from:
URL: http://www.wjgnet.com/1949-8470/full/v6/i8/613.htm DOI:
http://dx.doi.org/10.4329/wjr.v6.i8.613

Abstract
Like other parts of the gastrointestinal tract (GIT),
duodenum is subject to a variety of lesions both congenital and acquired. However, unlike other parts of
the GIT viz. esophagus, rest of the small intestine and
large intestine, barium evaluation of duodenal lesions is
technically more challenging and hence not frequently
reported. With significant advances in computed tomography technology, a thorough evaluation including
intraluminal, mural and extramural is feasible in a single non-invasive examination. Notwithstanding, barium
evaluation still remains the initial and sometimes the
only imaging study in several parts of the world. Hence,
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INTRODUCTION
Duodenum is often an overlooked segment of the gastrointestinal tract (GIT) as much of the GIT Radiology
literature has focused on the esophagus, stomach, distal
small bowel and colon. Duodenum like other parts of the
GIT is affected by a variety of pathologic conditions including congenital, inflammatory and neoplastic diseases.
While some of the congenital abnormities like duplications and diverticulae are usually asymptomatic, others
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ANATOMY
Except for the bulb, duodenum is a retroperitoneal structure. It lies within the anterior pararenal space. Forming
a C-loop segment around the pancreatic head, this 30 cm
tube extends from pylorus to the ligament of Treitz. It is
arbitrarily divided into four parts based on their anatomic
orientation. The relationship of the proximal and distal
end to the spine is important. The pyloric end of the
duodenum lies to the right of the spine and the duodenojejunal (DJ) flexure to the left of the pedicle of the spine.

CONGENITAL ANOMALIES

Figure 1 Upper gastrointestinal barium study reveals that the duodenojejunal flexure does not cross the left of the midline suggestive of malrotation.

Midgut malrotation
The embryological basis is inadequate rotation of the
intestinal loop around the axis of the superior mesenteric
artery (SMA) during fetal life, around 10th week of development. Malrotation may occur as an isolated congenital
anomaly or as a part of visceral situs anomalies[1]. In
practical terms, malrotation can be classified into three
types: non-rotation, malrotation and reverse rotation[2].
Former, the most common type is usually asymptomatic
and incidentally detected and is imprecisely labeled as
non-rotation. Reverse rotation is rare.
Upper gastrointestinal (UGI) barium study is accurate
for detection of malrotation. The DJ junction does not
cross the midline and is below the duodenal bulb (Figure
1). Delayed evaluation usually shows abnormal location
of the right colon. Though abnormal position of caecum
is suggestive, normal position does not exclude the diagnosis as it can be normally location in 20% cases[3].

Figure 2 Widening of the duodenal C-loop is noted. Ultrasonography (not
shown) showed a well-defined cystic lesion suggestive of duplication. This is a
non-specific barium finding.

like annular pancreas and malrotation may manifest in
the first decade of life. Inflammatory involvement of the
duodenum results from peptic ulcer disease, Crohn’s disease (CD) and adjacent inflammatory conditions. Duodenal neoplasms are rare and malignant tumors are much
more common than benign tumors. Although, there are
no specific signs of the various duodenal pathologies on
upper GIT barium series, barium evaluation still forms an
integral part of evaluation of patients in several parts of
the world due to easy availability and relatively less cost.
However, computed tomography (CT) and endoscopy
have a greater sensitivity and specificity in detecting duodenal pathologies. CT, in particular provides information
about both intramural and extramural disease processes.
When used as an initial imaging tool, barium examination
does provide useful clues to the underlying pathophysiological processes and as such guide the choice of further
tests. Barium examination of duodenum may be contraindicated in suspected leak, history of recent surgery or
acute trauma. In these situations, water soluble contrast
study replaces barium study. Correct diagnosis requires
a thorough knowledge of the appearance of disease
processes of duodenum on barium studies. We present
a brief barium pictorial review of common and uncommon duodenal lesions.

WCR|www.wjgnet.com

Duplication
Most common site for duplication in the GIT is ileocecal region. Duodenal duplication is relatively uncommon
congenital anomaly, accounting for less than 10% of all
GIT duplications[4]. It is typically located along the mesenteric aspect of the first and second parts of the duodenum. On barium evaluation, extrinsic mass effect is noted
on the duodenum and greater curvature of the stomach
(Figure 2). Though rare, communication with the duodenum can be found. The barium findings are non-specific.
Differential diagnosis include choledochal cyst, pancreatic lesions including pancreatic masses, pseudocyst, etc.
and large duodenal diverticulum. A specific diagnosis can
be made on high resolution ultrasonography if classical
multi-layered appearance (gut signature) is seen[5].
Diverticulum
Duodenal diverticulum can be congenital or acquired. It
is a frequent incidental finding detected in about 5% of
upper GIT barium studies[6]. The most common site is
along mesenteric border of second part of duodenum
near the ampulla of Vater. It is seen as barium filled out
pouching along the medial aspect of the second part of
duodenum, although other locations are not uncommon
(Figure 3).
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A

B

Figure 3 Barium filled out pouching is noted along the medial aspect of
the second part of the duodenum (arrow) suggestive of a duodenal diverticulum.

A

Figure 5 Upper gastrointestinal barium study (A) demonstrates smooth
circumferential extrinsic narrowing of the second part of the duodenum (arrow), axial computed tomography image (B) shows pancreatic parenchyma
incompletely surrounding the duodenum (arrow), features suggestive of
partial annular pancreas.

B

in the normal rotation of the ventral pancreatic anlage.
The result of this aberration is encircling of the second
part of duodenum by pancreatic tissue. The annulus
encircles the duodenum partially or completely[8]. Pathologically, it is usually loosely applied to the serosa of the
duodenum. In extreme cases, the pancreatic tissue is interdigitated with the wall of the duodenum. On barium
study, it produces a smooth or tapered narrowing of the
second part of the duodenum (Figure 5A). The diagnosis is confirmed by cross-sectional imaging, usually a CT
scan (Figure 5B).
Figure 4 Upper gastrointestinal barium study (A) shows a band like extrinsic narrowing of the first part of the duodenum (arrow), axial computed
tomography image (B) reveals the anomalous position of the portal vein
anterior to the duodenum (arrow) suggestive of preduodenal portal vein.

Duodenal web
There are several varieties of webs: complete duodenal
atresias (imperforate webs), wind sock webs and webs
with central or eccentric apertures. The most common
sites of web are in vicinity of the ampulla either preampullary or postampullary location[8] (Figure 6). Upper GIT
barium study shows the abnormality as a short segment
transverse filling defect in the descending duodenum.

Preduodenal portal vein
It usually occurs in association with other congenital
malformation, most commonly malrotation, pancreatic,
splenic and cardiac anomalies. The portal vein passes
anterior to the duodenum and pancreatic head[7]. On barium study, it appears as an extrinsic linear impression on
the proximal duodenum or obstruction of the proximal
duodenum (Figure 4A). The correct diagnosis is made by
contrast enhanced CT that shows the abnormal location
of portal vein (Figure 4B).

Brunner gland hyperplasia
Brunner’s gland hyperplasia is a frequent asymptomatic
finding on upper GIT barium evaluation. It is seen as solitary or multiple nodular filling defects that are typically less
than 5 mm in diameter in the proximal duodenum[9]. When
extensive, the nodules lead to a cobblestone or Swisscheese pattern (Figure 7). The differential diagnoses for
such filling defects in the duodenum include heterotopia,

Annular pancreas
The embryologic basis of the annular pancreas is a defect
WCR|www.wjgnet.com
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Figure 6 A short segment narrowing (arrow) suggestive of a web is noted
at the junction of first and second part of duodenum. In addition, multiple
diverticula are seen at the medial aspect of the second part of the duodenum
(arrowheads).

Figure 8 Upper gastrointestinal barium study shows deformity of the
duodenal cap (A), stricture is noted at the junction of first and second part
of the duodenum (B). These findings are secondary to healed bulbar (A) and
post bulbar duodenal ulcers (B).

8B). Diagnosis on barium study is hampered by location;
however indentation of the lateral wall of the duodenum
opposite the ulcer due to spasm offers a clue[10].

Figure 7 Multiple nodular filling defects are noted in the duodenal cap
(arrow) along with fold thickening in the second part of the duodenum.
These findings suggest a diagnosis of Brunner gland hyperplasia.

Tuberculosis: Duodenal tuberculosis (TB) comprises 2%
of gastrointestinal TB. Clinically, the patients are divided
into two groups: those having dyspeptic symptoms and
those with obstructive symptoms. In the former group,
barium findings include: luminal narrowing, ulcerations
and extrinsic compression. These changes typically spare
the proximal duodenum. Less frequently, scarring of
duodenal cap, widening of the C-loop are noted. In the
group with obstructive symptoms, findings include luminal narrowing of varying degrees (Figure 9) or cut off at
junction of second and third part of duodenum resembling the SMA syndrome.
Concomitant tuberculous involvement of rest of the
GIT is fairly common. Associated involvement of biliary tract can be noted (Figure 9). This takes the form of
air in the common bile duct or reflux of barium into the
biliary tree.

nodular lymphoid hyperplasia, multiple adenomas in familial adenomatous polyposis, hamartomas in Peutz-Jeghers
syndrome, carcinoid tumors and metastatic deposits.

ACQUIRED DISEASES
Inflammatory diseases
Peptic ulcer disease: Duodenal ulcers (DUs) are common and affect nearly one-tenth of the adult population.
DUs are almost always benign. This is unlike gastric ulcers where 5% of the ulcers can be malignant. Though
endoscopy is the most sensitive and specific method for
diagnosis of suspected DUs, it is invasive and costly.
Double-contrast UGI barium study still remains a useful alternative to endoscopy[10]. More than 90% of DUs
occur in the duodenal bulb and nearly 50% of these occur on the anterior wall. Ulcer craters are seen as welldefined round or ovoid pools of barium, surrounded by
a symmetrical mound of edematous mucosa. Adjacent
radiating mucosal folds converge to the edge of the crater. Healed ulcer leads to deformity of the bulb (Figure
8A). The uncommon variety of DUs, postbulbar ulcers
are usually located along the medial aspect of the second
part of duodenum above the ampulla of Vater (Figure

WCR|www.wjgnet.com

CD: CD affects the upper GIT mucosa in 20%-40% of
patients. Early disease leads to irregular thickening, edema
and cobblestone appearance. With disease progression,
there is fibrosis and stenosis of the involved segment. Finally a string sign may develop. There are three patterns
of involvement in advanced disease. The first and the
most common pattern is the contiguous involvement of
stomach and duodenum[11]. Other two patterns are isolat-
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Figure 9 There is narrowing of the distal second part of the duodenum
with reflux of barium into the common bile ducts. This patient had concomitant involvement of the ileocecal junction (not shown). Histopathology revealed
a diagnosis of gastrointestinal tuberculosis.

Figure 12 Upper gastrointestinal barium study shows cut off of the duodenum at the junction of second and third part with collapsed distal duodenum suggestive of superior mesenteric artery syndrome.

Extrinsic inflammatory or neoplastic diseases affecting the duodenum: Nonspecific duodenal wall thickening may occur in inflammatory conditions of pancreas
or gall bladder. In addition, adjacent neoplastic processes
can involve duodenum, e.g., pancreatic adenocarcinoma.
Duodenal dystrophy: This entity is associated with
groove pancreatitis, a variant of chronic pancreatitis. It is
characterised by the presence of multiple cystic lesions in
the duodenal wall that is thickened because of chronic inflammation[12]. Barium findings are non-specific and demonstrate only stenosis of the involvement segment with
or without irregularity of outline (Figure 11). Endoscopic
ultrasound is the modality of choice. CT shows thickened
duodenal wall between the duodenal lumen and pancreas.
Cystic lesions are noted within the thickened wall.

Figure 10 A long segment narrowing with irregular outline and proximal
dilatation is noted in the fourth part of duodenum. In addition few strictures
are also noted in proximal jejunum. Detailed evaluation in this patient revealed
a diagnosis of Crohn's disease.

SMA syndrome
SMA syndrome is a rare condition characterised by acute
angulation of SMA leading to compression of the third
part of the duodenum between the SMA and the aorta[13].
The basic etiological factor is loss of abdominal fat due
to a variety of debilitating conditions. Upper GIT barium
study shows extrinsic compression of the third part, dilatation of the proximal duodenum and a collapsed small
bowel distal to the impression of SMA (Figure 12).
Neoplasms
Duodenal tumors account for about one-third of small
bowel neoplasm. Overall small bowel tumors comprise
only 5% of the gastrointestinal tumors. Benign tumors
are rare. These include adenomatous polyp, lipoma and
leiomyoma. Primary adenocarcinoma is the most common malignant lesion of the duodenum and is usually
found in the periampullary region[14] (Figure 13). It presents as either a polypoidal mass causing filling defect or
an irregular, annular constricting lesion with deformity
of the lumen and mucosal irregularity. Rare malignant
lesions include lymphoma (Figure 14) and malignant gastrointestinal stromal tumors.

Figure 11 Mild luminal narrowing with ulceration is noted in the proximal
duodenum. Computed tomography of this patient (not shown) revealed mural
thickening of the duodenum with cystic changes suggestive of cystic dystrophy.

ed involvement of proximal and distal duodenum (Figure
10). Less common findings are development of fissures,
pseudodiverticulae and reflux of contrast into the biliary
tree. Advanced gastroduodenal involvement may lead to
pseudo-Billroth I appearance.
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A

B

Figure 13 A mass is noted in relation to the medial aspect of the first and
second part of the duodenum with ulceration (arrow). In addition stricture
with mucosal irregularity is seen in distal third part of duodenum. Endoscopic
biopsy revealed adenocarcinoma.

CONCLUSION
Duodenal pathologies are distinct from those in rest of
the GIT. Upper gastrointestinal barium study comprises
one of the initial methods of evaluation of duodenal
pathologies. Though, not entirely specific for a particular
pathological entity, barium studies do provide a fairly
good idea about the underlying disease pattern and guide
further management.

Figure 14 A long segment narrowing of the second part (arrow) of the duodenum is noted (A), axial computed tomography image (B) shows circumferential mural thickening of the duodenum (short arrow) with few paraaortic lymph nodes (long arrow). Endoscopic biopsy revealed a diagnosis of
non-Hodgkin lymphoma.
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Core tip: Living donor liver transplantation (LDLT) has
evolved to a widely accepted therapeutic option. As a
radiologist, knowledge of the various anatomical variations and pathological states in both the donor and
recipient are imperative to generating a meaningful
report in pre-operative evaluation. This paper provides
a brief overview of the common surgical concepts of
LDLT and gives a detailed description of the minimum
that a radiologist is expected to seek and report in
computed tomography and magnetic resonance scans
performed for LDLT related evaluation.

Abstract
Living donor liver transplant (LDLT) is a major surgical undertaking. Detailed pre-operative assessment of
the vascular and biliary anatomy is crucial for safe and
successful harvesting of the graft and transplantation.
Computed tomography (CT) and magnetic resonance
imaging (MRI) are currently the imaging modalities of
choice in pre-operative evaluation. These cross-sectional imaging techniques can reveal the vascular and
biliary anatomy, assess the hepatic parenchyma and
perform volumetric analysis. Knowledge of the broad
indications and contraindications to qualify as a recipient for LDLT is essential for the radiologist reporting
scans in a pre-transplant patient. Similarly, awareness
of the various anatomical variations and pathological
states in the donor is essential for the radiologist to
generate a meaningful report of his/her observations.
CT and MRI have largely replaced invasive techniques
such as catheter angiography, percutaneous cholangiography and endoscopic retrograde cholangiopancreatography. In order to generate a meaningful report
based on these pre-operative imaging scans, it is also
mandatory for the radiologist to be aware of the sur-
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INTRODUCTION
Living donor liver transplantation (LDLT) has evolved
into a widely accepted therapeutic option to ease the persistent shortage of cadaveric livers for deceased donor
liver transplantantion (DDLT)[1]. Together with improved
surgical techniques and advances in immunology, the

204

March 28, 2015|First Edition|

Hennedige T et al . Imaging in pre-LDLT work-up

outcome in terms of LDLT recipient survival is as good
as those attained after DDLT with full-sized deceased
donor organs[2]. LDLT enables healthy volunteers to
donate a portion of their liver to compatible recipients.
Resection of a portion of the liver from a donor is an
immense personal and surgical under-taking; hence a detailed knowledge of the vascular and biliary anatomy and
the presence of variants are imperative to ensure safe and
successful harvesting of the graft and transplantation[3].
The risk to the donor from LDLT is estimated to be 0.5%
mortality and up to 21% post-operative morbidity[4].
In the past, semi-invasive techniques such as catheter
angiography and endoscopic retrograde cholangiopancreatography were used to delineate vascular and biliary
anatomy respectively. Liver biopsies were commonly performed for ruling out diffuse parenchymal changes such
as steatosis. With the exponential progress in computed
tomography (CT) and MR techniques, today it is possible
to obtain the same information non-invasively. Some of
the major limitations of conventional invasive techniques
such as morbidity and mortality, high cost, higher radiation exposure as well as sub-optimal demonstration of
venous anatomy have been overcome by shifting to preoperative evaluation with CT and MRI[5].

mortality risk determined using the Model for End-Stage
Liver Disease (MELD) score[6]. The MELD is a multiparameteric mathematical score that utilizes the patient’
s serum bilirubin, serum creatinine and the international
normalized ratio to predict survival with higher scores
indicating a sicker patient; hence in more urgent need of
LT. The MELD was initially developed to predict death
within three months of the procedure in patients who
had undergone a transjugular intrahepatic portosystemic
shunt. As it was found to be a reliable measure in estimation of short-term mortality risk, it was adopted over
CTP for determining and prioritizing recipients of LT[8].
Compared to CTP, MELD is a more objective scoring
system that avoids potential inter-observer bias and also
takes into account renal dysfunction, a common problem among cirrhotics. Adjustments to MELD scores are
made for patients with HCC depending on the stage of
the disease.
Although HCC is an indication for LT in the appropriate setting, extensive disease can be a contraindication. In 1998 Mazaferro et al[9] reported excellent
outcomes after LT in patients with a solitary HCC less
than 5 cm in diameter or with up to 3 HCC nodules that
were each less than 3 cm in diameter; these tumor characteristics and an absence of involvement of the main and
primary branches of the portal vein by tumour formed
the Milan criteria. Patients outside these criteria are generally believed to have poor tumor biology with high
chances of recurrence and hence less likely to benefit
from a liver transplant. Strict adherence to Milan Criteria
may however preclude patients with a slightly more advanced HCC who may have acceptable, if not excellent
long term outcomes from undergoing a transplant. This
was the rationale behind the development of the University of California San Francisco (UCSF) criteria. According to UCSF criteria, patients with a single hepatoma < 6.5
cm in diameter or less than 4 hepatomas, with the largest
< 4.5 cm in diameter and the sum of the diameters of all
the tumors < 8 cm have a recurrence-free survival rate
after LT close to that achieved with the Milan criteria[10].
The Milan and UCSF criteria provide broad guidelines
to cadaveric liver allocation in many countries. However,
every case still merits individual evaluation in a multidisciplinary meeting before being subjected to surgery.
Some of the absolute contraindications to transplantation include active extra-hepatic malignancy, nonhepatic active or uncontrolled infection, thrombosis of
the entire portal and superior mesenteric venous system,
active substance abuse, advanced cardiopulmonary disease or other co-morbidities that would compromise
post-surgical recovery[6].

INDICATIONS FOR TRANSPLANT
The major indications for liver transplantation (LT) are
irreversible hepatic failure and hepatocellular carcinoma
(HCC)[6]. Advanced cirrhosis secondary to chronic viral
hepatitis or alcohol abuse is the most frequent cause of
hepatic failure that leads to transplantation[1]. Cholestatic
and metabolic diseases are the other pathologies that often result in end-stage liver disease. The usual cholestatic
diseases that end up in LT are primary biliary cirrhosis,
primary sclerosing cholangitis and biliary atresia[1]. Several metabolic diseases like non-alcoholic steatohepatitis,
Wilson’s disease, haemachromatosis, cystic fibrosis and
glycogen storage disease may eventually need a LT for
patient survival[1,7].

RECIPIENT CRITERIA
Various criteria have been described to assess the eligibility of a recipient to obtain a liver transplant. The
rationale of these criteria is to ensure that LT is done for
those patients who need it the most and in those who are
most likely to benefit from it. The guidelines on ensuring
fair allocation of the cadaveric graft, a scarce resource,
among transplant candidates, have gone through various
stages of evolution. Features of decompensated cirrhosis such as ascites, encephalopathy, refractory variceal
hemorrhage and hepatorenal syndrome are accounted
for while triaging a patient for transplantation[6]. Before
2002, Child-Turcotte-Pugh (CTP) Score was the primary
basis for prioritization of candidates for LT. Currently,
priority is assigned to a patient on the transplantation
list on the basis of his/her highest estimated short-term
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DONOR CRITERIA
The initial steps in the assessment of a potential liver
donor include blood type compatibility, biochemical tests,
viral markers and relevant co-morbidities. If these are
satisfactory, radiological evaluation follows. If indicated,
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a liver biopsy may have to be performed[11]. Variation in
anatomy of potential donors can alter surgical approach
or even preclude surgery[12,13]. Adequate liver volume with
respect to both the graft for the recipient and remnant
liver for the donor also needs to be assessed.

Doppler and color flow imaging formed a routine part of
preoperative evaluation of LDLT. However, it is highly
operator dependent and subject to factors which are difficult to control and affect image quality such as a large
body habitus, a high-riding liver and overlying bowel gas.
A key limitation lies in the fact that US has limited ability
to estimate liver volume[20]. In current practice, CT and
MRI have largely displaced ultrasound from preoperative
assessment for LDLT candidates.
In general, the spatial resolution of CT is superior to
that of MR. CT is also relatively less expensive, requires a
shorter scan time and is more easily assessable. However,
CT involves exposure to ionizing radiation. MR on the
other hand requires a longer scan time and high degree
of patient compliance (e.g., during breath hold sequences). Often normal patients (as these donors always are) do
not comply well with these requirements leading to image
degradation. Similarly, patients with pacemakers, metallic
hardware or claustrophobia may not be able to undergo
MR imaging. There is no ionizing radiation involved in
MR imaging and it has better contrast resolution than CT
scan. In addition, the Gadolinium-based contrast agents
used for MR imaging are generally safer compared to the
iodinated CT contrast agents with no nephrotoxicity and
extremely rare anaphylactic reactions[21].
Source images from both modalities can be post
processed for multi-planar reformation and threedimensional (3D) reconstruction with maximum intensity
projection (MIP) and volume rendering (VR) at commercially available workstations. This enables the branching
points of the vessels and biliary ducts in relation to their
intended site of incision to be viewed with little or no
interruption between consecutive sections or on 3D images. 3D imaging with VR gives a stereoscopic view of
the anatomy while MIP images may accentuate the visualization of smaller segmental vessels or ducts[22].
In the following sections of this article we will describe the role of CT and MR imaging in the evaluation
of the vascular and biliary anatomy along with their variants as well as assessment of the hepatic parenchyma
and volumetric analysis. We shall then address the impact
of these factors in the selection of potential donors
and the surgical decision-making. In our practice, multidetector CT and MRI are used as a compliment to each
other in pre-LDLT donor evaluation. Initially the donor
undergoes a CT scan that primarily evaluates the vascular
anatomy and looks for any gross parenchymal abnormalities; if there is no contra-indication for donor selection
on CT scan, further evaluation with MRI is performed
for assessing the biliary anatomy and hepatic fat content.

SURGICAL CONSIDERATIONS
For the reporting radiologist, understanding the surgeon’
s perspective on LDLT is imperative so that the necessary information can be conveyed pre-operatively. The
three most often harvested grafts for LDLT are the right
lobe, left lobe and left lateral segment grafts. The type of
hepatectomy is based on the vascular and biliary anatomy
as well as the estimated graft and remnant liver volume[14].
Traditionally, liver surgery relies on Couinaud’s liver
segment classification that divides the liver into eight
functionally independent segments[15]. The right hepatic
vein (RHV) divides the right lobe into anterior (Ⅴ and
Ⅷ) and posterior (Ⅵ and Ⅶ) sectors, the middle hepatic
vein (MHV) divides the liver into right (Ⅴ-Ⅷ) and left
lobes (Ⅱ to Ⅳ) and the left hepatic vein (LHV) divides
the left lobe into a medial (Ⅳa and Ⅳb) and lateral part
(Ⅱ and Ⅲ). The portal vein divides the liver into superior (Ⅶ, Ⅷ, Ⅳa and Ⅱ) and inferior (Ⅵ, Ⅴ, Ⅳb and Ⅲ)
segments.
Left lateral hepatectomy that harvests segment Ⅱ
and Ⅲ is the most common LDLT technique and usually
used for paediatric recipients or recipients of small size.
Most of the adult recipients need a left or right liver graft;
this decision depends on the residual volume of donor
liver and size of the recipient. The techniques of right or
left hepatectomy are fairly standardized worldwide[16-18].
Some controversy exists regarding the inclusion of the
middle hepatic vein (MHV) with right or left sided grafts.
When the donor’s left lobe volume is more than 30% of
total hepatic volume, a right hepatectomy (segments Ⅴ[19]
Ⅷ) can be done . Left lobe is usually small; hence left
hepatectomy generally includes the middle hepatic vein so
as to obtain a reasonably large graft volume and to maintain good tissue viability for transplantation. However, if
the middle hepatic vein is the dominant vein with a small
right hepatic vein, this may not be advisable. Right hepatic grafts are often harvested without the MHV trunk.
Such grafts are at risk for congestion of right paramedian
sector with subsequent graft dysfunction and septic complications. To avoid such outcomes, MHV drainage to recipient IVC may be reconstructed with vascular grafts for
segment Ⅴ and Ⅷ veins[19]. The caudate lobe is generally
left behind because of its direct venous drainage in to the
IVC. However, for smaller left sided grafts the caudate
lobe may need to be harvested together with rest of the
left lobe and separate venous drainage reconstruction for
the caudate lobe may be required.

HEPATIC ARTERIAL SYSTEM
According to Couinaud[23], the liver develops in 3 sectors with each one having its own embryological artery;
the left gastric artery irrigates the left lateral segment,
the common hepatic artery supplies the paramedian segments, and the superior mesenteric artery feeds the right

IMAGING OVERVIEW
In the past, B mode ultrasound (US) in conjunction with
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describes the different subtypes and their frequency of
occurrence[24].
Both arterial-phase CT and MRI have a diagnostic
accuracy comparable to that of catheter angiography and
intra-operative finding[13,25,26]. However, Schroeder et al[4]
found CT to be more accurate in detecting variations in
vascular anatomy. This is probably related to the inherently superior spatial resolution of CT compared to MR.
Hepatic artery thrombosis (HAT) is one of the most
dreaded complications of LT and can be drastically decreased by excluding grafts with unfavorable anatomy[27].
In the past, a potential graft with a narrow hepatic artery
of less than 2 mm in diameter was regarded as a contraindication for LDLT due to the high risk of HAT.
However, with developments in microvascular surgical
techniques, this rarely disqualifies a potential donor from
providing the graft[28]. Grafts with multiple arteries and
several arterial variants are often not preferred by the
surgeon. Grafts with multiple arterial feeders are often
found to perfuse poorly in the recipient and may need an
alternative inflow source such as an aorto-hepatic interposition graft[29]. A short right hepatic artery is another
variant that may often make the anastomosis technically
difficult and need extensive reconstructive surgery.
In right lobe grafts, it is important to determine the
origin of the segment Ⅳ artery[30]. There is some inconsistency in the nomenclature and origin of this artery;
it has been variably described as middle hepatic artery
(MHA), medial segment artery, left medial artery, and
segment IV artery. Anatomical studies suggest that
MHA most often arise from the left hepatic artery (LHA)
(approximately 60%) while CT based studies show 62.5%
of the arterial supply to segment 4 originating from the
right hepatic artery (RHA[31]. While harvesting a rightsided graft, it is mandatory to preserve MHA to ensure
adequate regeneration and function of the residual liver
in the donor. Prior knowledge of MHA variation is
especially important since its origin is very difficult to
identify intra-operatively unless extensive dissection is
done around the porta hepatis. During right lobectomy,
the surgeon transects the right hepatic artery, distal to
the branches to segment Ⅳ and hence it is also prudent
to seek the length of the RHA beyond the origin of the
segment Ⅳ artery so as to ensure there is adequate length
of graft hepatic artery to anastomose with the recipient

Table 1 Michel’s classification of hepatic arterial variants
Type

Frequency of
occurrence (%)

Ⅰ
Ⅱ
Ⅲ
Ⅳ
Ⅴ
Ⅵ
Ⅶ
Ⅷ

55
10
11
1
8
7
1
4

Ⅸ
Ⅹ

4.5
0.5

Description
RHA and LHA from the CHA
Replaced LHA from LGA
Replaced RHA from SMA
Replaced RHA and LHA
Accessory LHA from LGA
Accessory RHA from SMA
Accessory RHA and LHA
Accessory RHA and LHA and
replaced LHA or RHA
CHA from SMA
CHA from LGA

RHA: Right hepatic artery; LHA: Left hepatic artery; CHA: Common hepatic artery; LGA: Left gastric artery; SMA: Superior mesenteric artery.

lateral segment. In early fetal life, the liver is large and gut
is small; but as the fetus grows, the liver stays relatively
small while the gut grows rapidly. The three hepatic arteries fuse at the hilum of the liver, and some of them
regress while the enteric branches expand. Thus emerges
the conventional hepatic arterial anatomy where the liver
is supplied by right and left hepatic arteries after bifurcation of a proper hepatic artery, a branch of the common hepatic artery (CHA) beyond the origin of gastro
duodenal artery (Figure 1). This pattern is seen in slightly
more than 50% of individuals with many other possible
variations[5]. If some of the embryonic hepatic arteries do
not regress or fail to detach from their embryonic source,
it may result in “aberrant” (variant) hepatic arteries. An
aberrant hepatic artery is an artery supplying the liver but
arising from a source outside the conventional anatomy
(i.e., proper hepatic artery located in the celiac circulation). An aberrant hepatic artery may be “replacing” or
“accessory”. An aberrant replacing hepatic artery substitutes the normal (usual) hepatic artery that is absent. An
aberrant accessory hepatic artery is present in addition
to one that is normally (usually) present. Some sort of
aberrant (variable) hepatic artery, either replacing or accessory, occurs in approximately 42% of individuals. The
Michel classification of hepatic arterial anatomy describes
ten subtypes with the variants Ⅱ, Ⅲ, Ⅴ and Ⅸ being
the most significant ones with respect to LDLT. Table 1
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Figure 1 Conventional hepatic arterial
anatomy depicted in (A) maximum intensity
projection and (B) 3D volume-rendered images generated from a computed tomography
angiogram. The CHA comes off the celiac axis,
gives off the GDA to become the PHA which then
bifurcates into the RHA and LHA. Note the MHA
(the slender branch arising from left hepatic artery
as seen in 1B) arising from LHA. CHA: Common
hepatic artery; GDA: Gastroduodenal artery; PHA:
Proper hepatic artery; RHA: Right hepatic artery;
LHA: Left hepatic artery; MHA: Middle hepatic
artery.
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A

MHA

LHA

CHA

MHA

LHA

RHA

Figure 2 Maximum intensity projection (A) and volume rendered
(B) images generated from a computed tomography angiogram
shows a variant arterial anatomy. The CHA arises from the celiac
trunk, it gives off the LHA followed by the GDA and MHA; thereafter
it continues as the RHA in (A) MIP and (B) volume rendered images
generated from a CT angiogram. CHA: Common hepatic artery;
LHA: Left hepatic artery; GDA: Gastroduodenal artery; RHA: Right
hepatic artery; MHA: Middle hepatic artery.

B

GDA

CHA
GDA

RHA

A

B

CT

Figure 3 Michel type IX variant is shown in the (A) maximum
intensity projection and (B) volume rendered images generated from a computed tomography angiogram. There is a
replaced CHA that comes off the SMA. CHA: Common hepatic
artery; SMA: Superior mesenteric artery; PHA: Proper hepatic
artery; CT-celiac trunk).

PHA
SMA

PHA
SMA

CHA

CHA

LHA

aLHA

LGA
LGA

CHA
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Figure 4 Coronal maximum intensity projection generated from a computed tomography angiogram shows Michel type II variant with a replaced
left hepatic artery coming off the left gastric artery. LHA: Left hepatic artery;
LGA: Left gastric artery; CHA: Common hepatic artery.

Figure 5 Coronal maximum intensity projection generated from a computed tomography angiogram shows Michel type V variant where an
accessory left hepatic artery arises from the left gastric artery. LHA: Left
haptic artery; LGA: Left gastric artery; aLHA: Accessory left hepatic artery.

hepatic artery. In left lobe resection, MHA arising from
RHA will necessitate two anastomoses: one for the LHA
and another one for the MHA.
When the RHA or LHA take off before the origin
of the gastroduodenal artery (Figure 2) or if there is a
trifurcation of the CHA into the gastroduodenal, RHA
and LHA, clamping of the CHA can compromise perfusion to the stomach and duodenum. Such an anomaly
can even preclude the subject from being a donor[5]. The
main hepatic artery may take an aberrant course deep to
the portal vein if it arises from the superior mesenteric
artery instead of the celiac trunk (Michel type IX, Figure
3). This variation, when present in the recipient often
mandates a change in the usual sequence of vascular

anastomoses, such that the portal venous anastomosis
will have to follow (rather than precede) the arterial anastomosis[29]. A similar significant variation to be sought in
the recipient is a replaced or accessory LHA arising from
the left gastric artery (Michel type Ⅱ and Ⅴ, Figure 4 and
5 respectively); this artery would require to be ligated at
its origin while removing the native liver to avoid major
bleeding. A replaced right hepatic artery arising from the
SMA (Michel type Ⅲ, Figure 6) is a significant variation
when present in the donor or the recipient as it means
additional steps are required for both harvesting and reimplanting the graft[5].
Left lateral segment and left lobe grafts are associated with a higher incidence of arterial complications[32].

WCR|www.wjgnet.com

208

March 28, 2015|First Edition|

Hennedige T et al . Imaging in pre-LDLT work-up

A

B

CHA

CHA

SMA
SMA

Figure 6 Maximum intensity projection (A) and
volume rendered (B) images generated from a computed tomography angiogram shows Michel type III
variant with a replaced right hepatic artery arising
from the superior mesenteric artery. RHA: Right
hepatic artery; SMA: Superior mesenteric artery; CHA:
Common hepatic artery.

RHA
RHA

A
LPV

RAPV

RPPV

Figure 7 Normal portal and hepatic venous anatomy is demonstrated in
this 3D volume rendered image. The MPV divides into RPV and LPV. The
RPV then divides into the RAPV and RPPV. The three hepatic veins open into
the IVC. MPV: Main portal vein; LPV: Left portal vein; RPV: Right portal vein;
RAPV: Right anterior portal vein; RPPV: Right posterior portal vein.

B
RAPV

Complications such as HAT that results in hepatic infarction and bile duct ischemia are more frequent with
such grafts[32]. Anastomotic bleeding, stenosis and pseudoaneurysm formation are some of the other common
arterial complications. Significant difference in caliber
between donor and recipient arteries, small caliber of the
anastomosed vessels, clamp injury and presence of an
interpositional conduit are among the usual causes for
anastomotic stenosis and HAT[33].

LPV
RPPV

MPV

Figure 8 (A) Maximum intensity projection and (B) 3 D volume rendered
image generated using dedicated software demonstrates trifurcation
of the main portal vein into the right anterior portal vein, right posterior
portal vein and left portal vein. MPV: Main portal vein; RAPV: Right anterior
portal vein; RPPV: Right posterior portal vein; LPV: Left portal vein.

PORTAL VENOUS SYSTEM
The normal portal venous anatomy (Figure 7) consists
of the main portal vein and its two branching vessels,
the right and left portal veins[34]. The right portal vein is a
short trunk that further divides into anterior and posterior branches. The left portal vein has a horizontal segment
that turns at right angles at the base of the umbilical
fissure to form the umbilical segment. The umbilical segment then gives branches to segments Ⅱ to Ⅳ while the
caudate lobe receives direct supply from the transverse
segment.
The portal venous anatomy is best appreciated in the
coronal images[5]. Portal venous variants account for approximately 20% of all significant vascular variants[34].
Up to 20% of potential donors may get excluded from
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MPV

surgery due to variations in portal vein anatomy[35]. The
angle of portal vein branching is significant to the recipient. If the angle is too acute, the graft may surround and
consume the vein during the regeneration process leading
to ischemia and infarction[5]. In such cases, vascular reconstruction may have to be performed. Adequate length
of the portal vein is also important for satisfactory anastomosis. A significant portal venous variant to note in a
right lobe graft is the presence of portal venules to segment Ⅳ as they are important collateral pathways. This
knowledge is important for anastomosis and to avoid
bleeding and ischemia.
A vital variation is the absence of the right portal
vein that is seen in 16.5% of right anterior, right poste-
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Figure 9 (A) maximum intensity projection and (B) 3 D volume rendered
image generated using dedicated software shows an early origin of right
posterior portal vein from the main portal vein that later bifurcates in to
the right anterior portal vein and left portal vein. RPPV: Right posterior
portal vein; MPV: Main portal vein; RAPV: Right anterior portal vein; LPV: Left
portal vein.

Figure 10 (A) maximum intensity projection and (B) 3 D volume rendered
image generated using dedicated software demonstrates early bifurcation
of the middle hepatic vein with large veins draining into it from the right
hepatic lobe. MHV: Middle hepatic vein.

required to identify a suitable vein for anastomosis.
Both CT and MR are equally good in providing
anatomical information on the portal venous system[4].
Complications that may occur with respect to the portal
veins in the recipient are stenosis and thrombosis. Portal
vein stenosis tends to develop at the anastomosis while
thrombosis is seen with vessel malalignment, differences
in caliber of the anastomosed vessels causing turbulent
flow or prior thrombosis in the recipient[33].

rior and left portal venous branches (Figure 8) or direct
origin of the right posterior portal vein (RPPV) from the
main portal vein (Figure 9) or a right anterior portal vein
(RAPV) arising from the left portal vein[36]. Trifurcation
of the portal vein is important to note pre-operatively
as it can often be a contra-indication for surgery or may
need alternate surgical planning. For instance, in a right
lobe graft, this variant as well as a direct origin of RPPV
would necessitate anastomosis of two portal veins, which
increases the risk of post-operative portal vein thrombosis[35]. If the RAPV is arising from the left portal vein,
the distance of its origin from the bifurcation should be
noted. Such donors need the portal vein to be transected
distal to the RAPV. Hence there is a possibility that this
plane of transection may be intraparenchymal leading to
an extra-parenchymal length insufficient for anastomosis
to the recipient’s portal vein. A left portal vein arising
from the RAPV may cause a technical problem during
right lobe transplant due to the short length of the graft
portal vein.
Diameter of the portal vein is also important and
should be measured at the level of the expected anastomosis. The presence or absence of portal vein thrombosis in the recipient can also impact the suitability for a
transplant[37]. Acute thrombus may be recanalized by intra-operative thrombectomy. However in case of chronic
thrombosis or cavernoma formation, careful scrutiny is
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HEPATIC VENOUS SYSTEM
The plane of transection is determined by the anatomy
of the hepatic veins. Hence a detailed hepatic venous
mapping that includes the number, size and drainage pattern of the hepatic veins is imperative in CT/MR evaluation of the donor. The normal hepatic venous system
comprises of three main venous tributaries that drain
into the inferior vena cava (IVC) (Figure 7). Usually, the
right hepatic vein (RHV) drains liver segments Ⅴ-Ⅶ, the
MHV drains segments Ⅳ, Ⅴ and Ⅷ and the LHV drains
segments Ⅱ and Ⅲ[38]. Variations in hepatic venous anatomy have been reported in up to 30% of patients[35]. The
site of drainage of the middle hepatic vein is particularly
relevant. In 60% of cases, the MHV and LHV form a
common trunk that drains into the IVC[38].
In right lobe dissection, the surgical plane typically
courses 1 cm to the right of the MHV[12]. Early bifurca-
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Figure 11 Three-dimensional volume rendered image generated from
venous phase computed tomography scan show a relatively small right
hepatic vein draining only the dome of the right lobe and two accessory
right hepatic veins (yellow arrows). In this case, the caudal accessory right
hepatic vein drains the bulk of the right lobe. RHV: Right hepatic vein; MHV:
Middle hepatic vein; LHV: Left hepatic vein.

LHD
RHD

tion of the MHV and large branching veins draining into
it from the right lobe (Figure 10) will necessitate alteration of the transection plane as well as separate anastomosis of segment Ⅴ and Ⅷ branches to the IVC using
conduits. Early confluence of the hepatic veins may also
result in a small graft that may not be adequate to maintain the metabolic function in the recipient[5,35]. In case
of left lobe grafts, the anatomy of segment Ⅳ venous
drainage is particularly important. If the segment Ⅳ vein
is not patent, the graft would get congested with hepatofugal portal venous flow and eventual graft atrophy.
The draining veins of segment Ⅳ can be highly variable,
multiple in number and small in caliber often draining
into the middle hepatic vein.
In LDLT, special attention must be paid to the presence of accessory hepatic veins draining directly into
the IVC that have to be dissected separately and can be
a source of excessive haemorrhage if not identified preoperatively[5]. An accessory RHV occurs in 52.5% of
patients, two accessory veins in 12% (Figure 11) and an
accessory vein draining the caudate lobe in 12% with the
most common being the accessory inferior RHV[39,40].
The size of the accessory hepatic vein and its distance
from the confluence of the hepatic veins into the IVC
should be reported. If this distance is more than 4 cm,
it may be difficult to surgically implant both veins in the
recipient with a single partially occluded clamp on the
IVC[5]. Small accessory veins, usually less than 3 mm in
size may be suitable for ligation while a similar treatment
of the larger ones can lead to congestion of the graft.
The hepatic veins are best evaluated in the axial plane
with the MHV as the landmark. In case of multiple hepatic veins, the vein that extends from hepatic venous
confluence with the IVC towards the gall bladder fossa
is considered the MHV. CT and MRI are equally good
in venous mapping[4]. However, the authors feel most
confident about this interpretation when reading noncontrast T1W images. Complications that may occur with
respect to the hepatic veins are stenosis and thrombosis,
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CHD

Figure 12 Thick slab magnetic resonance cholangiopancreatography images in different coronal planes demonstrates the normal biliary anatomy
where right hepatic duct is formed by fusion of the right anterior duct and
right posterior duct. The RHD then joins the LHD to form the CHD. RHD:
Right hepatic duct; RAD: Right anterior duct; RPD: Right posterior duct; LHD:
Left hepatic duct; CHD: Common hepatic duct.

usually at the site of anastomosis. Again, size discrepancy
between the anastomosed vessels is a predisposing factor.
Post transplant regeneration of the graft can compresses
short and narrow venous anastomoses leading to graft
congestion and dysfunction[41]. Various graft materials
have been used to create hepatic venous reconstructions
allowing for wide ostium anastomoses that can then withstand compression during regeneration[42].

BILIARY SYSTEM
Conventional biliary tract anatomy (Figure 12) is as follows: The right anterior duct drains segments Ⅴ and
Ⅷ, and the right posterior duct drains segments Ⅵ and
Ⅶ. The right hepatic duct is formed by fusion of the
anterior duct and the posterior duct. The left hepatic
duct drains segments Ⅱ, Ⅲ and Ⅳ. The duct draining
the caudate lobe usually joins the origin of the right or
left hepatic ducts[43]. The right and left hepatic bile ducts
merge to form the common hepatic duct (CHD). The
cystic duct drains into the CHD below the confluence
of right and left hepatic ducts to form the common bile
duct. This normal biliary anatomy is seen in only 58% of
individuals[44]. The frequency of variations is very high
in biliary anatomy[45]. The more frequently encountered
and clinically significant variations of biliary anatomy
are (1) right posterior duct draining into the left hepatic
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Figure 13 Thick slab coronal magnetic resonance cholangiopancreatography images at 15 degrees left anterior oblique (A) and 80 degrees right anterior
oblique (B) projections demonstrate a variant biliary anatomy- the magnetic resonance cholangiopancreatography drains into the magnetic resonance
cholangiopancreatography, note the intra-operative cholangiographic appearance of the same variant (C). RHD: Right hepatic duct; RAD: Right anterior duct;
RPD: Right posterior duct; LHD: Left hepatic duct; CHD: Common hepatic duct.

sequence. In patients with irregular breathing, thin slice
2D MRCP acquisitions in dead coronal as well as right
anterior oblique and left anterior oblique projections may
be obtained with breath hold. Each of these breath-hold
sequences typically takes 15-20 s. Thick slab MRCP in
multiple radial planes is optional. We perform eMRCP
with gadoxetate disodium (a hepatocyte-specific MR contrast agent) administration followed by three dimensional
image acquisitions, 20 min from injection, in all the three
orthogonal planes using a 3D fast spoiled gradient echo
sequence.
CTCh involves the use of ionizing radiation and the
slow infusion of a dilute biliary contrast agent (cholograffin). Although acquisition of images is quicker
compared to MR, it needs a longer preparation time and
there is higher potential for adverse drug reactions with
CTCh. The advantages of CTCh include higher spatial
resolution (Figure 16) and a lower cost[46]. CTCh allows
for depiction to at least the second order intrahepatic
biliary ducts. Schroeder et al[4] found that MRCP revealed
only about one third of the biliary variants found on
CTCh. Yeh et al[46] also found eMRCP inferior to CTCh
in visualization of second order bile ducts. Some studies have shown complete agreement between CTCh and
endoscopic retrograde cholangiopancreatography[47,48].
MR imaging of the biliary ducts in general is better suited
in the evaluation of pathological states wherein biliary
ductal dilatation occurs secondary to obstructing calculi
or masses[49] while normal caliber bile ducts of potential
donors are better demonstrated with CTCh. The limitations of MR-specific artifacts (e.g., pseudo-obstruction
of the common hepatic duct caused by pulsatile vascular
compression by the right hepatic artery) do not exist for
CTCh[50].
Variations in biliary anatomy have a statistically significant association with variations in portal venous anatomy[51]. Biliary tract complications after liver transplantation have been reported in 10%-25% of cases, proving
fatal in up to 10% of complicated cases[52,53]. Biliary complications essentially occur in the form of biliary leaks
and anastomotic strictures with the presence of more

Figure 14 Thick slab magnetic resonance cholangiopancreatography
shows a variant biliary anatomy- trifurcation pattern with a common confluence of the right posterior duct right anterior duct and left hepatic duct.
RPD: Right posterior duct; RAD: Right anterior duct; LHD: Left hepatic duct.

duct (Figure 13) seen in 13%-19% of individuals[43]; (2)
trifurcation pattern where there is confluence of the right
posterior, right anterior, and left hepatic ducts (Figure 14)
that is seen in 11 % of the population[44]; and (3) the right
posterior duct draining directly into the common hepatic
duct (Figure 15) or common bile duct. Several other biliary variations involving aberrant and accessory ducts
have been described in the literature. An aberrant duct is
the only duct draining a particular hepatic segment while
an accessory duct is an additional duct draining the same
area of liver. Failure to recognize even minor variations
can cause post-operative complications like bilomas or
biliary leaks that can be extremely difficult to manage.
CT and MR imaging assessment of the biliary tract
in potential liver donors include magnetic resonance
cholangiopancreatography (MRCP), intravenous administration of liver-specific contrast agents in excretory
MR (eMRCP) and CT cholangiogram (CTCh). As the
contrast agent used in CTCh is limited to a few countries
and not yet available at our institution, MR remains the
imaging modality of choice in assessing the biliary tree.
The main stay of MRCP in the donor evaluation is a high
quality respiratory-triggered thin slice coronal 3D MRCP
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Figure 15 (A) Magnetic resonance cholangiopancreatography and (B) intra-operative cholangiogram in the same patient demonstrates a variant biliary
anatomy-the right posterior duct drains directly into the common hepatic duct. RPD: Right posterior duct; RAD: Right anterior duct; LHD: Left hepatic duct;
CHD: Common hepatic duct.

mer receives greater amount of portal venous blood flow.
Hepatic steatosis is identified on CT scan as reduced
attenuation relative to the spleen (Figure 17). This is best
evaluated on a non-contrast study as relative densities
of the liver and spleen can vary on post contrast scans
depending on the phase of image acquisition[27]. The
attenuation value of normal liver on unenhanced CT
ranges between 55 and 65 Hounsfield units (HU) and is
generally at least 8 HU higher relative to the spleen; the
liver is regarded as fatty when the liver attenuation is at
least 10 HU less than the spleen[59]. This method has high
sensitivity (88%-95%) and specificity (90%-99%)[60]. Liver
attenuation values also reflect the severity of fatty change.
Hepatic CT attenuation value below 48 HU may be considered as fatty liver and a value of 40 HU represents
approximately 30% fatty change[61]. With more than 30%
macrovesicular steatosis the hepatic parenchyma appears
hypoattenuating compared to the hepatic vessels on nonenhanced CT scan[62]. Similarly, a hepatic to splenic attenuation ratio of 0.8 is almost 100% specific for moderate
to severe (> 30%) macrovesicular steatosis[63]. According
to Limanond et al[64], a hepatic-splenic attenuation difference of more than 5 HU was consistent with absence of
significant macrovesicular steatosis (0%-5%), a difference
of -10 to 5 HU was suggestive of mild to moderate steatosis (6%-30%). The same authors reported a specificity of 100% for the detection of moderate to severe (>
30%) macrovesicular steatosis when the hepatic-splenic
attenuation difference was less than -10 HU. Dual energy
CT can also be used in detecting and quantifying hepatic
steatosis but there is limited literature to validate its utility
in this context.
MR is an extremely sensitive modality in detection and
characterization of hepatic steatosis. Fatty liver is seen as
increased signal intensity on conventional T1W spin echo
sequence. However, these sequences are seldom used
for hepatic fat evaluation due to their poor sensitivity.
Detection and quantification of fatty liver is much better performed with chemical shift imaging or MR proton
spectroscopy[27]. Chemical shift imaging utilizes the differences of resonance frequencies between water and fat

LHD
CHD

RHD

Figure 16 Maximum intensity projection image generated from a computed tomography cholangiogram. Normal biliary anatomy is demonstrated
here. LHD: Left hepatic duct; RHD: Right hepatic duct; CHD: Common hepatic
duct.

than one graft bile duct and more than one anastomosis
increasing the frequency of biliary complications[54]. A
bile leak from the cut surface of a graft is typically selflimiting. Biliary strictures may develop at the anastomosis
or may occur at non-anastomotic sites secondary to ischaemia caused by hepatic artery compromise[55].

HEPATIC PARENCHYMA
Evaluation of the hepatic parenchyma is mainly to identify and characterize focal liver lesions and exclude diffuse liver disease. Focal lesions have been identified in up
to 18% of donor liver evaluations[25]; however most of
them are benign cysts or haemangiomas. MR is superior
in characterization of focal liver lesions[56,57]. Fatty liver is
the most common diffuse liver disease that may preclude
an outwardly healthy patient from being a donor. Grafts
with more than 30% fatty change carries high risk of
graft non-function in the recipient and liver dysfunction
in the donor[58]. Hence pre-operative detection and quantification of fatty liver is vital. Uniform fatty change of
the liver is easier to quantify; however hepatic steatosis
can often be heterogeneous. Generally, fatty changes are
more pronounced in the right lobe than in the left as for-
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Figure 17 Diffuse hepatic steatosis is demonstrated here. In the non-enhanced computed tomography
scan (A) the hepatic parenchyma has significantly
lower attenuation than spleen. The out phase magnetic resonance imaging image (C) shows a drop in
the hepatic signal intensity compared to that in the inphase image (B).
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HU-52

HU-20

B

C

proton signals to quantify fat accumulation. By acquiring
images at echo times when water and fat signals are inphase and out-of-phase, the extent of hepatic steatosis
can be quantified based on signal change[65]. Loss of
signal on out-of-phase images suggests fatty liver (Figure
17). Nowadays, the in-phase and out-of-phase images are
obtained near simultaneously (i.e., less than a few milliseconds apart) using breath-hold gradient-echo sequences.
The spleen or skeletal muscle can be used as an internal
standard for calculating the percentage of relative signal
loss of the liver[66]. This technique provides a relatively
simple way of estimating the degree of steatosis. Three
circular regions of interest (ROI) can be placed in the
liver; two in the right lobe and one in the left with three
ROI placed within the spleen at anatomically matched
levels. The mean signal intensity can then be calculated
using the formula: [(SI in-phase - SI out-of-phase)/SI in-phase] × 100
where SI = average liver signal intensity/average spleen
intensity[67]. Fischer et al[68] found that this dual echo MR
imaging technique for liver fat quantification was actually superior to histopathological analysis. This method is
accurate in detection of hepatic fat fraction when it is in
the 15%-50% range. Although this method is technically
simple and highly sensitive, absolute quantification of
hepatic fat is not possible with this technique. Fast spin
echo T2 weighted sequences with and without fat saturation may be used in a similar fashion to estimate fat fraction of the liver.
MR spectroscopy is the most accurate non-invasive
method of evaluating fatty liver. It can quantify the absolute fat concentration in the liver and is highly sensitive to
small changes in hepatic triglyceride levels.
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LIVER VOLUME
The size of the graft is one of the most crucial factors
that have to be taken into account when considering
LDLT[69]. The normal liver weighs between 2%-2.7% of
the total body weight; for LDLT, a graft that is at least 0.8%
of the recipient’s body weight ratio is considered adequate.
Liver remnant volume of 30%-40% of the total liver volume is adequate for donor survival, this is provided the
liver parenchyma is normal[70]. The minimum graft volume
required to provide sufficient functional hepatocytes to
the recipient is about 40% of the standard liver mass[71],
which can be calculated using the body surface area[72].
If the graft is too large, haemostasis, vascular anastomosis and abdominal closure may prove problematic[20].
A graft that is too small has increased likelihood of
dysfunction secondary to inadequate functional hepatic
mass and possible excessive portal perfusion[73]. A small
for size graft is also prone to torsion and may necessitate
additional surgical maneuvers like fixation of falciform
ligament to anterior aspect of the peritoneal cavity[27].
For volumetric analysis, any cross-sectional imaging
that provides sufficient contrast between the liver parenchyma and the surrounding tissues can be used. This is
achievable both with portal venous phase CT and T1weighted MR, with CT being marginally superior due
to inherently sharper images obtained with it[4]. Hepatic
volumes can be determined by manually tracing the contours of the entire liver and the intended graft excluding
the large vessels, major fissures and the gallbladder fossa
using contiguous CT or MR images[70]. The cross-sectional area within the region of interest is determined on
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each slice and the sum of all the slices estimates the liver
volume. 3D software reconstruction of the liver can be
performed which allows the surgeon to better determine
the size and shape of the intended graft by performing
virtual hepatectomies. Dedicated software programs also
allow calculation of the potential residual volume in the
donor and the potential volume in the recipient by clicking a few buttons[74]. Studies have shown that automated
volumetric results are comparable to manual volumetric
results with the former being more efficient[75,76]. Usually
the calculated liver volume over-estimates the weight of
the graft[70], this is most likely due to lack of perfusion of
the graft when it is weighed intra-operatively.

2

3

4

CONCLUSION
As discussed above, CT and MR are complementary
modalities that allow for a comprehensive non-invasive
assessment of a potential liver donor while either of
these modalities is adequate for pre-transplant radiological assessment of a potential recipient. Knowledge of the
broad indications and contraindications to qualify as a recipient for LDLT is essential for the radiologist reporting
scans in a pre-transplant patient. Similarly, awareness of
the various anatomical variations and pathological states
in the donor is essential for the radiologist to generate a
meaningful report of his/her observations. A radiologist
oblivious to these facts would not be able to effectively
harness the immense potential of non invasive imaging
modalities in contributing towards a LT program.
Both CT and MR are comparable in terms of illustration of vascular anatomy. MRCP and in particular
eMRCP are extensively used for evaluating the biliary
anatomy of the potential donor. Few studies have shown
CTCh to be superior to MRI for this purpose, but limited
availability of the CT cholangiographic contrast agent
limits the application of this technique. MR outperforms
CT in evaluation of focal liver lesions and diffuse parenchymal disease. Volumetric analysis is marginally better
with CT compared to MRI.
In most successful LDLT programs the radiologist
is an integral part of the transplant team and is present
during transplant planning discussions. Only a crossfertilization of knowledge in their respective areas can
lead to a high level of predictability of transplant results
and an ongoing increase in success of the program.
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Malrotation: Current strategies navigating the radiologic
diagnosis of a surgical emergency
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ily on clinical acumen and suspicion, radiologic imaging
is critical in determining which patients need surgery.
Surgeons and radiologists must cooperate and communicate effectively during the radiographic evaluation of
a child with malrotation. Additionally, the algorithm for
imaging malrotation must be adapted based upon the
tools and staff available at any given institution.
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Abstract
The most accurate and practical imaging algorithm for
the diagnosis of intestinal malrotation can be a complex
and sometimes controversial topic. Since 1900, significant advances have been made in the radiographic
assessment of infants and children suspected to have
anomalies of intestinal rotation. We describe the current methods of abdominal imaging of malrotation
along with their pros and cons. When associated with
volvulus, malrotation is a true surgical emergency requiring rapid diagnosis and treatment. We emphasize
the importance of close cooperation and communication between radiology and surgery to perform an
effective and efficient diagnostic evaluation allowing
prompt surgical decision making.

INTRODUCTION
Surgeons are often consulted for evaluation of pediatric
abdominal problems presenting to the emergency department. It is common for these patients to be evaluated by
radiographic imaging in addition to a focused history and
physical examination. The surgeon and radiologist must
always have a particularly high-level of suspicion in cases
of possible malrotation that may require emergency surgery after evaluation.

CASE PRESENTATION
A 5-day-old full term male infant presents to the emergency department with continuous bilious non-bloody
vomiting and irritability after his last three feeds. He was
born by normal spontaneous vaginal delivery without
complications and was noted to be breast-feeding well
prior to discharge on day-of-life 2; he continued breastfeeding and passing stools at home for the past 4 d until
this evening. On exam, his abdomen is minimally distended and he is crying constantly. The clinical picture
suggests an obstruction distal to the ampulla of Vater,

© 2015 Baishideng Publishing Group Inc. All rights reserved.

Key words: Malrotation; Midgut volvulus; Treitz; Ladd;
Heterotaxy; Infant
Core tip: Malrotation, especially when associated with
midgut volvulus, is a surgical emergency that must be
astutely recognized, quickly diagnosed, and emergently
treated operatively. While the diagnosis depends heav-
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and the surgeon has a heightened concern for malrotation with midgut volvulus. Before subjecting this infant
to the morbidity of surgery, the surgeon calls a colleague
in the Radiology Department to discuss appropriate imaging workup for malrotation.

of the duodenum and the close proximity of the fixation
points for the cranial and caudal midgut along with the
SMA. In non-rotation, neither portion rotates more than
90°. Under-rotation leaves the proximal midgut fixed anterior to the right of the SMA and the cecum anterior to
the left of the SMA, and the mesentery is still narrowed
and foreshortened.

Embryology
Anomalies of intestinal rotation, commonly referred to
as malrotation, are a result of errors during embryologic
development. In malrotation, the midgut does not complete its normal lengthening and rotation, and thus is
incorrectly positioned within the peritoneal cavity. Normally the process of lengthening and rotation begins between the 4th and 5th wk of gestation. From this time until
about week 10, the midgut is outgrowing the abdominal
cavity and is forced to herniate through the umbilicus to
continue unhindered growth[1]. During weeks 10 and 11,
the intestine returns to the peritoneal cavity. From the
11th wk forward, the small bowel undergoes fixation.
The small intestine is a straight tube early in development that derives its blood primarily from the superior
mesenteric artery (SMA). This vessel divides the midgut
into two parts: the cephlad or prearterial portion, and the
caudad or postarterial portion[2]. The prearterial portion
is made up of duodenojejunal loops, while the postarterial portion are cecocolic loops[3]. The SMA is important
not only because it supplies the majority of blood flow to
the small intestine, but also because it serves as the axis
for the normal embryologic rotation of the bowel during
development.
When the bowel herniates through the umbilicus, the
prearterial portion rotates 180° counterclockwise around
the axis of the SMA, while the postarterial portion rotates 90° counterclockwise. During the 10th and 11th wk,
the prearterial portion of the gut reenters first followed
by the postarterial portion. While the bowel returns into
the abdominal cavity, both segments complete a total turn
of 270°. This configuration places the normal anatomy
of the C-loop of the duodenum posterior to the SMA
and the transverse colon anterior to the SMA.
The blood from the SMA is distributed throughout
smaller vessels running within the mesentery of the bowel. In normal development, the mesenteric root passes
along the retroperitoneum from the ligament of Treitz to
the proximal cecum[4]. When normal rotation of the small
bowel is not completed in embryologic development, the
mesenteric root is foreshortened[5]. The small bowel is
then supported only by this foreshortened pedicle containing the SMA. The small bowel may then twist (volvulus), about this narrow axis[6]. There are two major types
of rotational abnormalities that have been described as
malrotation and result in this foreshortening: incomplete
rotation and non-rotation[7]. During incomplete rotation, neither the cranial nor the caudal portion rotates more than
180°. The proximal midgut becomes fixed to the right of
the SMA and the cecum becomes fixed directly anterior to
the SMA. This pattern has the classic features of Ladd’s
bands covering and impinging upon the anterior portion
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History
Two individuals recognized for their descriptions of
small bowel anatomy and malrotation are Václav Treitz
and William Ladd. Treitz (1819-1872), a professor of
anatomy in Prague, described the area of tissue which
we now recognize as the Ligament of Treitz[3]. This area
that bears his name gives physicians a common point to
localize where the duodenum becomes the jejunum after
exiting the retroperitoneum. Some have described the
ligament as a “weak thin membranous structure” that is
seldom demonstrated on CT[8].
William Ladd (1880-1967) is considered the father of
pediatric surgery in North America. During World War 1,
Ladd dedicated his career to the surgical care of children
and became surgeon-in-chief at Boston Children’s Hospital[3]. First in 1932 and then again in 1936, he published
articles describing his approach to duodenal obstruction
and malrotation with midgut volvulus. In these articles,
he described a procedure involving detorsion of the volvulized bowel in a counterclockwise fashion, dividing
the bands of tissue extending from the cecum across the
duodenum and into the lateral peritoneal gutter, and finally
spreading the mesentery from the cecum in the left upper
quadrant to the small bowel in the right hemi-abdomen.
This procedure later became known as Ladd’s procedure[9].
Rather than attempting to restore normal intestinal rotation, Ladd’s operation aimed to convert malrotation to
an arrangement of broadened nonrotation with the goal
of minimizing the chance of recurrent volvulus[7]. While
historically Ladd had the availability of flat plate radiography to guide his work-up of children with malrotation,
many different imaging modalities have become available
to help guide diagnosis and treatment of this surgical
emergency.
Imaging modalities
Plain X-ray: Radiographs are often the first step in the
imaging evaluation of pediatric patients with suspected
malrotation. This relatively inexpensive and widely available test allows the radiologist and surgeon to quickly
exclude other potential diagnoses. Unfortunately, the most
common finding on plain film of a patient with malrotation is “normal bowel gas pattern”[2]. While abdominal radiographs in a newborn cannot rule-out malrotation, they
can occasionally demonstrate findings that are concerning
enough to prompt the surgeon to consider operative exploration: “double bubble” sign of duodenal obstruction,
lack of bowel gas distal to the duodenum, bowel malposition (small intestine on the right and large intestine on the
left, found in non-rotation, Figure 1), or pneumatosis intes-
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Figure 1 This plain film illustrates an infant with malposition of the small
bowel on the right and large bowel on the left suggesting malrotation.

Figure 2 This Upper gastrointestinal demonstrates abnormal position of
the duodenal-jejunal junction (white star) to the right of the spine. Normally the duodenum should sweep across from right to left across the spine.

tinalis with or without portal venous gas.

as the contrast traverses the esophagus, stomach, duodenal
c-loop, and eventually the duodenal-jejunal junction (DJJ).
UGI findings suggestive of malrotation or volvulus include
low DJJ position, absence of the DJJ from its typical anatomical position to the left of the vertebral body pedicle,
jejunum located on the right (Figure 2), duodenal redundancy, and DJJ corkscrew appearance[13].
Imaging quality depends on the position of the patient during the study, a not insignificant challenge in the
pediatric population. In 2013, a group in South Africa
published their technique to optimize UGI results[14].
They used external metal markers along the child’s midline to aid in orienting the anatomical position of the
patient during the study; they further invested in a threeperson team to control the child’s positioning during the
entirety of the study. They describe their techniques as
follows: “study commences with the child swallowing
contrast on their left side (to prevent duodenal filling)
to evaluate the esophagus…the child is then placed on
its right side to allow duodenal filling and to observe the
course of the duodenum…once a sufficient contrast
bolus is visualized in the duodenum, the child must be
turned rapidly to an unrotated supine position…to capture the c-loop[14]”.

Ultrasound: Ultrasonography can be used as an adjunct
to plain film radiography by determining the position of
the superior mesenteric vessels and the relationship to
the third portion of the duodenum. In normal anatomy,
the SMA lies left of the superior mesenteric vein (SMV);
reversal of this relationship may suggest malrotation[10].
Orzech et al[10] state that ultrasound can serve as an excellent screening tool for malrotation especially when
complete inversion of the mesenteric vessels along with
a “whirlpool” appearance of the mesentery around the
SMA is found, prompting urgent exploration. They further suggest that “normal” positioning of the vessels may
exist on a spectrum, and thus deviation from the classic
position does not always imply malrotation, therefore
clinical correlation and pretest probability should direct
further studies including possible confirmative upper gastrointestinal studies.
Acknowledging the variation in normal SMA/SMV
anatomy, some have supported the use of graded compression ultrasonography as a tool to assess the retroperitoneal position of the third portion of the duodenum
(D3). Menten et al[11] state that “based on anatomical and
embryological arguments, a retromesenteric D3 excludes
intestinal malrotation”. They proposed that the utilization
of gradual compression to obtain transverse and sagittal
images of the aortomesenteric angle could demonstrate
truly normal rotation if D3 was visualized between the
aorta and the SMA. Senior pediatric radiologists with
over 26 years of combined experience performed the
study that affirmed the use of ultrasound over upper
gastrointestinal series recommended by Yousefzadeh et
al[12] two years earlier based on his own series of pediatric
cases.

Barium enema: The cecum may be malpositioned in
malrotation as is the case with the DJJ; thus, a barium enema can be used to visualize the position of the cecum.
Abnormal position of the cecum on preoperative imaging can be found in 80% and 87% of surgically proven
cases of malrotation[15]. The normally rotated cecum is
found in the right lower quadrant of the abdomen and up
to 20% of patients with malrotation will have a normally
positioned cecum[2]. No radiographic findings related to
the cecum can unequivocally rule-out risk of malrotation[16]. As such, the barium enema is rarely used alone,
but may prompt surgical exploration if a patient presents
acutely and cecal malpositioning clinically correlates with
the patient’s exam.

Upper gastrointestinal imaging: Thought of as the “gold
standard” test to detect malrotation by most of the pediatric community, upper gastrointestinal imaging series (UGI)
utilizes enteral contrast to obtain imaging of the prearterial
gastrointestinal tract. An UGI involves administration of
contrast orally or into the stomach and capturing images
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Computed tomography: Like ultrasound, computed to-
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A

B

Figure 3 This axial view of an abdominal computed tomography. A: Illustrates the duodenal-jejunal junction (white arrow) in the right hemi-abdomen suggesting
malrotation; B: Illustrates superior mesenteric artery Superior Mesenteric Artery (SMA)/Superior Mesenteric Vein (SMV) inversion (white arrow) with the SMA to the
right of the SMV. This inversion suggests malrotation.

expensive imaging modality available to aid in diagnosing
malrotation.
Current controversies
Some believe that localizing the DJJ with UGI cannot
give reliable data to rule-out malrotation. One author
touts that ultrasonographic imaging in the hands of an
experienced technician may demonstrate a retromesenteric D3, which alone can prove that a patient “will not
have malrotation and will not develop midgut volvulus[12]”. Menten et al[11] support this assertion, describing a
graded compression-technique to demonstrate positioning between the SMA and aorta. These techniques rely
on availability of experienced radiology staff, and some
hospitals may not have this capability or around-the-clock
availability to allow for this focused ultrasound exam.
Furthermore, at least one case of normal D3 retroperitoneal positioning on cross-sectional CT imaging in a child
with malrotation has been reported, thus calling to question the conclusion that normal positioning always rules
out malrotation[17].
One group of infants in particular has added controversy to the approach of workup for malrotation: infants
with heterotaxy (Figure 5). Anomalies of intestinal rotation are common in these infants; unfortunately, these
children can also suffer from life-threatening cardiac
anomalies. There is debate whether these children should
undergo elective surgery to broaden the mesentery and
prevent volvulus even if an anomaly of rotation is identified[19]. Some have suggested that watchful waiting may be
appropriate as volvulus appears to be rare in this population[20]. Importantly, Tashjian et al[21] stated that if a surgeon decides to perform a Ladd’s procedure on a patient
with heterotaxia it should occur only when the congenital
heart disease is well controlled. Additionally, during operative planning when imaging children with heterotaxia, it
is difficult to determine the width of the mesenteric root
since there is often insufficient data on the location of
the cecum relative to the DJJ[3]. This debate still has yet to
be studied in detail with long-term follow-up analysis.

Figure 4 This coronal view of an abdominal computed tomography illustrates the terminal ileum and cecum (white arrows). Positioning of the
cecum in the left hemi-abdomen is suggestive of malrotation.

mography (CT) imaging can be used to evaluate the position
of D3, the DJJ (Figure 3A), and the anatomical relationship
between the SMA and SMV (Figure 3B). Based on a study
by Taylor, CT imaging of abnormal D3 position had a sensitivity and specificity of diagnosing malrotation of 97.3%
and 99% respectively[17]. Due to the variation in normal
SMA/SMV anatomy as previously discussed, the accuracy
of identifying “abnormal” SMA/SMV relation in making
the diagnosis of malrotation was 76.8%[17]. One unique aspect of a CT is that when used with contrast enhancement
it can recognize perfusion abnormalities that may be missed
on laboratory studies[18]. CT can be performed quickly on a
child with extremely minimal invasiveness, but does subject
the child to a significant dose of radiation when compared
to an UGI (Figure 4).
MRI: Magnetic resonance imaging (MRI) can be used,
much like CT, as a cross-sectional imaging modality to
identify findings of malrotation including: dilation of the
proximal duodenum, non-retroperitoneal positioning of
the duodenum, bowel malpositioning, and inversion of
the SMA/SMV relationship[2]. The MRI avoids radiation
but relies on the patient holding still for the duration of
the lengthier exam. Additionally, the MRI is the most
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Table 1 Positive and negative attributes of commonly used imaging modalities when applied to cases of suspected malrotation
Imaging modality
Plain film

Ultrasound

Upper GI

Barium Enema
CT

MRI

Pros

Cons

Inexpensive, quick, may demonstrate classic appearance of duodenal
obstruction, may give earlier indication for operative exploration

May masquerade as other abnormalities, may delay
treatment (especially when read as “normal”), cannot
exclude malrotation
Avoids radiation exposure, may demonstrate “whirlpool sign” indicative Normal sonogram may not exclude malrotation, quality
of volvulus, duplex to determine relationship of D3 and superior
related to technician experience
mesenteric vessels, Possibility to evaluate normal abdominal anatomy
Currently considered the “gold standard”, relatively non-invasive,
Small amount of radiation, challenge to position
available at pediatric centers, easily demonstrates duodenal obstruction, patient for optimal imaging, may be distorted by bowel
allows for visualization of the duodenojejunal junction, delayed imaging distention or indwelling tubes, duodenojejunal junction
may show position of the cecum
may have normal variation in position
Easily demonstrates position of entire large bowel (especially cecum)
Small amount of radiation, normal cecum position does
quickly
not rule out proximal malrotation
Quick, allows for viewing position of SMA/SMV, may demonstrate
High radiation exposure, requires patient to remain still
“whirlpool sign” indicative of volvulus, visualization of all abdominal
for short period of time, normal relationship between
anatomy
SMA/SMV does not exclude malrotation
No radiation exposure, allows for viewing position of SMA/SMV, may Requires patient to remain still for a longer period of
demonstrate “whirlpool sign”, visualization of all abdominal anatomy
time, expensive, not accessible

CT: Computed tomography; MRI: Magnetic resonance imaging; GI: Gastrointestinal imaging; SMA: Superior mesenteric artery; SMV: Superior mesenteric vein.

from the time of initial evaluation to the time a decision
to operate is made. As discussed, not all imaging results
will be straightforward or immediately diagnostic in the
evaluation of malrotation, so the coordination of multiple
studies should be anticipated and discussed to optimize
imaging for the patient.
Proposed decision algorithm
Knowing the importance of cooperation between the
surgeon and the radiologist, we propose below a decision
algorithm for an infant or child with possible malrotation. It has been discussed that “negative” radiographic
results for most imaging modalities are not 100% reliable
in ruling out malrotation. Whenever imaging results are
positive for malrotation, we recommend considering operative exploration. It is important to keep in mind that
even “positive” radiographic results suggesting malrotation must always be correlated with the clinical picture
before committing to an operation.
We suggest beginning with the history and physical
along with laboratory results; if there is strong evidence
of an emergent ischemic process, the patient may need
urgent operative exploration without the delay of imaging. If this is not the case, we recommend starting with
easily accessible and inexpensive plain radiography. If
the radiograph is negative for evidence of malrotation,
the surgeon-radiologist team should discuss whether the
hospital is equipped to perform experienced gradualcompression ultrasonography. If there is an experienced
radiologist available, the non-irradiating imaging can be
performed. If this imaging modality is negative or not
available to the team, then an UGI should be performed.
Negative UGI results should pause the imaging decision
pathway.
Based on the discussed sensitivity and accuracy of
the ultrasound and UGI, negative results may strongly
suggest that the patient does not have malrotation either

Figure 5 This Upper gastrointestinal in an infant with heterotaxia demonstrates abnormal positioning of the stomach to the right, the liver near the
midline, and the duodenum running left to right. The duodenal-jejunal junction (white arrow) is seen inferior to the duodenum demonstrating malrotation.

DISCUSSION
Cooperation
The most important factor in the evaluation of a child
with bilious emesis and abdominal tenderness is cooperation between the surgery and radiology teams. Malrotation with volvulus is a surgical emergency in which
immediate operative intervention to untwist the volvulus
and prevent bowel loss is imperative. Even given prompt
diagnosis and preoperative optimization, surgery still carries morbidity and mortality risks associated with anesthesia and the operation itself.
Close communication between the examining surgeon
and the radiologist is critical to determine the imaging
study best suited to evaluate the given clinical presentation of the child, and to discuss possible limitations of
certain studies at specific institutions. Whether initially
utilizing radiography/fluoroscopy or cross sectional imaging, lapses in communication should not introduce delay
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my demonstrating normal anatomy or by elucidating evidence of a different diagnosis. At this point, we recommend reassessing the clinical concern for possible malrotation. If the concern is lower, then watchful waiting
may be acceptable. If there is still high clinical suspicion,
then the imaging should proceed with a barium enema.
This pause for decision-making should be short and
cooperatively communicated between the surgeon and
radiologist, as it would be ideal to obtain a barium enema
while the patient is still on the X-ray table from the UGI.
A negative barium enema in a patient with high clinical
suspicion should prompt a discussion about CT imaging.
At this point, do the risks of irradiation with CT imaging
outweigh the risks of negative operative exploration or
delaying surgery for close observation? If the perceived
benefits of the CT outweigh the risks, then CT should
be obtained. In the setting of CT results negative for evidence of malrotation, we recommend close observation
with low threshold to repeat UGI or consider operation
if the exam or labs worsen.
Due to its cost, both in time and dollars, we do not
feel that an MRI can give additional information over the
previous imaging studies without significantly delaying
the diagnosis. Additionally, due to the length of time the
patient must remain still, the patient would almost certainly need to be sedated and intubated in order to obtain
imaging. We feel the risk of anesthesia for this imaging
modality is not acceptable for the benefit of the imaging
results gathered.
We recognize that the above algorithm is based on the
expectation that plain film radiography, ultrasound, fluoroscopy, and advanced radiography are easily and readily
available. Many centers around the world may not have
access to these imaging modalities, and the algorithm
should be adjusted as such. Additionally, it should be considered that a patient may have intermittent volvulus that,
depending on the time of the imaging, may cause false
negative results. These cases rely on the clinical evaluation to determine if imaging studies should be repeated.
In conclusion, malrotation presenting in the newborn
or older child can become a surgical emergency. Delay in
diagnosis, specifically in the setting of a midgut volvulus,
can lead to intestinal necrosis, increased mortality, and
intestinal failure with dependence on parenteral nutrition.
When malrotation is being considered, it is important
that pediatric surgeons and pediatric radiologists work
closely to discuss available imaging options and communicate a clear workflow of studies while making the
decision of whether or not an operation is needed. In
the heterotaxy population, even positive imaging can be
difficult to interpret clinically and little consensus exists
regarding the treatment of this subset of patients.
We have proposed an imaging algorithm based on
the current literature and an evaluation of the pros and
cons of the different imaging modalities (Table 1). Our
algorithm begins with a plain film radiograph followed by
either ultrasound or UGI series depending on resources
available. However, it is important to stress that any algo-
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rithm is useless without the communication and cooperation of the surgery and radiology teams. Teamwork in
diagnosis is the key to optimal outcomes in children with
malrotation.
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Diffusion-weighted magnetic resonance imaging in
management of bladder cancer, particularly with
multimodal bladder-sparing strategy
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differences in the motion of water molecules among
tissues and this information is useful in assessing the
biological behavior of cancers. Promising results in predicting and monitoring the response to CRT have been
reported in several types of cancers. Recently, growing
evidence has emerged showing that DW-MRI can serve
as an imaging biomarker in the management of bladder cancer. The qualitative analysis of DW-MRI can be
applied to detecting cancerous lesion and monitoring
the response to CRT. Furthermore, the potential role
of quantitative analysis by evaluating apparent diffusion coefficient values has been shown in characterizing bladder cancer for biological aggressiveness and
sensitivity to CRT. DW-MRI is a potentially useful tool
for the management of bladder cancer, particularly in
multimodal bladder-sparing approaches for MIBC.
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Abstract
Bladder-sparing strategy for muscle-invasive bladder
cancer (MIBC) is increasingly demanded instead of
radical cystectomy plus urinary diversion. Multimodal
therapeutic approaches consisting of transurethral
resection, chemotherapy, radiotherapy and/or partial
cystectomy improve patients’ quality of life by preserving their native bladder and sexual function without
compromising oncological outcomes. Because a favorable response to chemoradiotherapy (CRT) is a prerequisite for successful bladder preservation, predicting
and monitoring therapeutic response is an essential
part of this approach. Diffusion-weighted magnetic
resonance imaging (DW-MRI) is a functional imaging
technique increasingly applied to various types of cancers. Contrast in this imaging technique derives from
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Core tip: Diffusion-weighted magnetic resonance imaging (DW-MRI) is a functional imaging increasingly
applied in the management of bladder cancer. This
imaging offers unique information reflecting physiological character of the tissues by quantifying the diffusion of water molecules. DW-MRI provides accurate
information for the diagnosis of bladder cancer in a
noninvasive manner. Furthermore, growing evidence
has emerged showing that DW-MRI can serve as an
imaging biomarker of bladder cancer for assessing
biologic aggressiveness and therapeutic sensitivity and
for monitoring the therapeutic response. This review
focuses on the potential role of DW-MRI in multimodal
organ-preservation strategies for bladder cancer.
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patients who achieved CR after trimodality therapy developed MIBC recurrence, and 69% of the recurrences
arose from the original MIBC site. This problem could
be due, in part, to subclinical viable bladder cancer cells
remaining in the original MIBC site, which were missed
by conventional imaging studies and biopsy-based evaluation[14].

Original sources: Yoshida S, Koga F, Kobayashi S, Tanaka H,
Satoh S, Fujii Y, Kihara K. Diffusion-weighted magnetic resonance
imaging in management of bladder cancer, particularly with multimodal bladder-sparing strategy. World J Radiol 2014; 6(6): 344-354
Available from: URL: http://www.wjgnet.com/1949-8470/full/v6/
i6/344.htm DOI: http://dx.doi.org/10.4329/wjr.v6.i6.344

Limitations of conventional radiological evaluations in
bladder-sparing strategy for MIBC
Contrast-enhanced CT and conventional MRI are the
standard techniques that have been used for the radiological evaluation of urinary system tumors. While CT
is generally used to screen for metastasis, MRI plays a
pivotal role in the staging of bladder cancer because of
its superior soft tissue delineation, especially in the context of muscle-invasion. The diagnostic accuracy of MRI
in differentiating MIBC from NMIBC is reported to be
75%-92%[15,16]. However, these anatomical imaging techniques are not ideal for tissue characterization and assessing tumor aggressiveness. Furthermore, these anatomical
imaging techniques often overestimate the extent of
tumor after TURBT and CRT due to the post-treatment
changes. In multimodal organ-preserving strategies, generally, prior to CRT, TURBT is performed for debulking
of the tumor. Both TURBT and CRT can induce local fibrotic and inflammatory changes, both of which manifest
as bladder wall thickening[17]. Additionally, after the combined therapy, bladder cancer may regress and present as
a flat lesion. Therefore, anatomical assessment of therapeutic response based on the response evaluation criteria
in solid tumors on T2WI is not appropriate for discriminating small remnants of cancerous tissue from these
secondary changes. Dobson et al[18] showed the utility of
dynamic contrast-enhanced (DCE) MRI for discriminating cancerous tissue from radiation-induced fibrosis in
thickened bladder walls. However, inflammatory changes
secondary to treatments may persist for many years[19].
These false-positive results on DCE are often problematic, and they lower its specificity for detecting residual
bladder cancer[19]. Thus, the utility of T2WI and DCE is
still limited in monitoring the therapeutic response after
TURBT and CRT[20].

INTRODUCTION
Bladder cancer is the second most common genitourinary
cancer in the United States and some 55600 new cases
and 15100 deaths from bladder cancer are estimated to
have occurred in 2012[1]. At the initial diagnosis, a third
of all cases are diagnosed as muscle-invasive bladder
cancer (MIBC)[2], and radical cystectomy has long been
the treatment of choice for the treatment of localized
MIBC. However, concern for patients’ quality of life has
strengthened the trend toward bladder-sparing approaches with various treatment modalities[3]. In this treatment
approach, meticulous evaluation of the bladder cancer
is essential. Diffusion-weighted magnetic resonance
imaging (DW-MRI) is a functional imaging technique
increasingly applied to various types of cancer. Recently,
growing evidence has emerged showing that DW-MRI
can serve as an imaging technique that is useful for characterizing the pathophysiology of cancer. The biological
behavior assessed with this imaging technique will play an
important role in multimodal organ-preserving strategies
for MIBC. Thus, this review focuses on the potential role
of DW-MRI in multimodal organ-preservation strategies
for MIBC.
Trimodality bladder-sparing strategy for MIBC
Favorable oncological and functional outcomes using
bladder-sparing trimodality therapy combined with transurethral resection of bladder tumor (TURBT), chemotherapy and radiotherapy have been reported by several
groups including Harvard University, the University of
Paris and the University of Erlangen in Germany[4-6]. In
most trimodality bladder-sparing approaches, patients
who achieve complete response (CR) after the trimodal
treatment are selectively subjected to consolidative therapies for bladder preservation, whereas those who do not
achieve CR are advised to undergo early radical cystectomy. The 5-year survival rates after trimodality bladderpreserving trials were reported to be 50%-60%, which is
comparable to those of radical cystectomy series[7, 8].
In the trimodality bladder preservation strategies,
clinically tumor-free status after TURBT followed by
chemoradiotherapy (CRT), as well as lower T stage and
completeness of the TURBT, are important prognostic
factors[6,9-11]. However, even the patients who clinically
achieved CR after TURBT followed by CRT still may develop local tumor recurrence and lymph node metastases.
Zietman et al[12] reported that two-thirds of non-MIBC
(NMIBC) recurrences developed in the original MIBC
sites. Tunio et al[13] also showed that 21% of the MIBC
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DIFFUSION-WEIGHTED MRI IN CANCER
Biophysical basis and clinical application
The DW-MRI technique was initially devised by Stejskal and Tanner in 1965. Since 1985, DW-MRI has been
mainly used for neuroimaging, especially for diagnosis of
acute cerebral infarction and intracranial tumors[21]. With
the recent advent of echo planar imaging, high gradient
amplitudes, multichannel coils, and parallel imaging, DWMRI of the abdomen and pelvis has become possible,
and a growing number of studies have demonstrated the
usefulness of this imaging technique in the diagnosis of
malignant tumors of the abdomen[22,23]. Because the signal
of DW-MRI is derived from the inherent tissue contrast,
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DW-MRI: b = 0 s/mm

T2WI
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D

2

DW-MRI: b = 500 s/mm

2

DW-MRI: b = 1000 s/mm

Figure 1 Magnetic resonance images of a 79-year-old man with non-muscle invasive bladder cancer (urothelial cancer, stage pTa, grade 2 > 3). A: T2WI
shows a hypointense tumor at the trigone; B: The signal intensity of diffusion-weighted magnetic resonance imaging depends on both water diffusion and the T2 relaxation time; C: Due to the very long T2 relaxation time of urine, the signal of the urine in the bladder remains high on the diffusion-weighted magnetic resonance imaging with a b-value of 500 s/mm2. This is known as the “T2 shine-through effect”; D: Using a b-value of 1000 s/mm2 decreases the signal of the urine, as well as those
of the seminal vesicles, while the bladder cancer (arrow head) shows little signal attenuation with the increased b-value.

this imaging technique requires no contrast agent and is
applicable to patients with allergies to contrast agents or
those with renal insufficiency. Furthermore, the addition
of DW-MRI to a routine MRI examination requires only
a few additional minutes and can be adopted for most
current clinical MRI scanners.
DW-MRI is a functional imaging technique, the contrast of which results from quantifying the microscopic
mobility of water molecules in tissue[22,23]. In biological
tissues, the diffusion of water molecule is inversely correlated to the tissue cellularity and the integrity of cell
membranes. In the area of tumor tissues, which have a
high cellular density with intact cell membranes, water
molecule diffusion is restricted, while the diffusion of
water molecule is less restricted in areas of low cellular
density. Areas where the diffusion is restricted generally
show high signal intensity on DW-MRI, and malignant lesions typically show high signal intensity because of their
higher cellularity, tissue disorganization, and decreased
extracellular space, all of which restrict water diffusion.
In recent years, an increasing number of studies have
shown the usefulness of visual assessment of DW-MRI
for detecting malignant tumors, and DW-MRI has quickly
become a useful adjunct for assessing various types of
tumors including bladder cancer[24-27].

“b-value” which is proportional to the gradient amplitude,
the duration of the applied gradient, and the time interval
between the paired gradients[22,23]. Small b-values attenuate
the signals of water molecules with a large degree of motion or a great diffusion distance. By using higher b-values,
the perfusion in the intra-vascular space is restricted and
slow-moving water molecules or small diffusion distances
can be distinguished (Figure 1). Therefore, DW-MRI
should be performed using three or more b-values including b = 0 s/mm2, b ≥ 100 s/mm2, and b ≥ 500 s/mm2.
Comparing the images obtained at different b-values is
useful for characterizing the lesion. The apparent diffusion coefficient (ADC) value is assessed for quantitative
evaluation of DW-MRI by evaluating the signal attenuation of tissue on DW-MRI with increasing b-values.
Generally, the software automatically calculates the ADC
values, and the calculated ADC values for each pixel of
the image are displayed as a parametric map. By drawing
regions of interests (ROI) on this ADC map, the ADC
value of the delineated region can be easily obtained.
However, because of their poor anatomical details, DWMRI and ADC maps should be evaluated in combination
with T1WI and T2WI, and the correlation with anatomical images is important to accurately set the ROI for the
target lesion. Quantitative evaluation of DW-MRI by
assessing the ADC value is potentially useful for tissue
characterization based on the differences in water diffusion. The correlation of tumor ADC values with their

Quantifying the degree of diffusion
The sensitivity of the diffusion is varied by changing the
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biological aggressiveness has been reported for various
types of malignancies[28-30]. However, the reproducibility
of the ADC value is an intrinsic limitation in ADC measurement because the ADC value depends on the MRI
system and imaging protocol used. To standardize the
ADC assessment, some trials using ADC ratio, calculated
with respect to surrounding normal tissues, have been
performed recently.

and the surrounding tissue. The sensitivity, specificity and
accuracy for detecting bladder cancer were reported to be
90%-98%, 92%-93% and 91%-97%, respectively[24,25,27]. In
several studies, quantitative analysis consistently showed
restricted diffusion and lower ADC values in bladder
cancer compared with the surrounding structures[26,42].
Detecting lymph node metastasis
MIBC has the potential to metastasize to lymph nodes
and distant organs, and detecting metastatic lesion is
another problem in managing MIBC. At the time of
surgery, 25% of the patients who undergo radical cystectomy have a lymph node metastasis. Lymph node staging
has been generally performed by CT or conventional
MRI based on size criteria and morphological appearance, and the accuracy for staging nodal disease ranges
from 73% to 90%[43]. On DW-MRI, benign lymph nodes
show high signal intensity due to their highly cellular
structures composed of lymphoid elements (Figure 2).
The utility of DW-MRI has been shown in lymph node
staging in various cancers[44-48]. Papalia et al[49] showed that
malignant lymph nodes have a significantly lower ADC
value than benign lymph nodes with sensitivity of 76.4%
and specificity of 89.4% in a study that included 36 patients with bladder cancer undergoing radical cystectomy.
However, there is a substantial overlap in ADC values between malignant and benign lymph nodes, and discriminating malignant nodes from benign nodes on DW-MRI
is still challenging[50]. Recently, Thoeny et al[51] reported an
excellent diagnostic accuracy of 90% in detecting pelvic
lymph nodal involvement by the combined use of ultrasmall super paramagnetic iron oxide (USPIO) and DWMRI. This agent is taken up by macrophages resulting
signal loss in normal lymph nodes, while the signal of
metastatic lymph nodes is not influenced[51-55]. Further
studies are needed to confirm this encouraging result.

Predicting treatment sensitivity
The important clinical implication of DW-MRI in multimodal organ preservation strategies for MIBC is the
ability to predict therapeutic response prior to treatment.
In a number of prospective studies in various types of
cancers including brain tumors and cervical and rectal
cancers[31-35], the potential of DW-MRI to predict the
sensitivity to radiotherapy has been shown. The tumors
with higher ADC values are less likely to respond to
the treatment. The hypothesized mechanism underlying this relationship is the presence of necrosis reflected
in a higher ADC value, which predicts a poor outcome
related to hypoxia-mediated radioresistance. Meanwhile,
soon after the initiation of chemotherapy and/or radiotherapy, immediate cell death can be observed after the
commencement of the treatment, which is reflected as
an early increase in the ADC value. In cervical cancer and
rectal cancer, this early increase in ADC value is observed
in patients who show good response to CRT, and can be
a potential early biomarker for treatment outcomes[35-38].
Following this early ADC increase, edema and fibrosis
cause a subsequent ADC decrease[35-37].
Monitoring treatment response
Importantly, the DW-MRI can be an imaging biomarker
in monitoring treatment effect. In response to successful treatment, cell necrosis and loss of cell membrane
integrity are induced, leading to increased water diffusion.
Furthermore, tumor apoptosis induced by treatment results in cell shrinkage. These changes are reflected by increases in ADC value[22]. Clinical studies in many types of
malignancies, including liver cancer, cerebral gliomas, and
soft-tissue sarcoma, have demonstrated the correlation
between therapeutic effect and changes in water diffusion
in tumors[39-41].

Detecting bone metastasis
DW-MRI for evaluating primary bladder cancer occasionally shows abnormal signals of pelvic bones or femur
heads. Bone metastasis typically shows clear high signal
intensity on DW-MRI[56,57]. However, as well as benign
bone tumors, hematopoietic bone marrow also appears
as a hyperintense lesion on DW-MRI because of rich
hematopoietic cells[58,59]. These false-positive findings in
detecting metastasis should be kept in mind for staging
bladder cancer[60]. Furthermore, identifying microscopic
metastases or developing metastases remains a challenge,
and a third of MIBC patients have undetected metastases
at the initial diagnosis[61].

CLINICAL APPLICATION OF DW-MRI IN
BLADDER CANCER
Detecting bladder cancer
Since the first report by Matsuki et al[26] showing the utility of DW-MRI for detecting bladder cancer, a number
of studies have shown the usefulness of DW-MRI for
the diagnosis of bladder cancer[24-27]. On DW-MRI with
a high b-value, bladder cancers generally show a hyperintense signal, while the signals of the surrounding tissues,
including urine, are much less intense[26,42] (Figure 1). This
good signal contrast is obtained between bladder cancer
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Characterizing histopathological features
Because the contrast of DW-MRI is based on difference
in the degree of water diffusion between tissues, the
spatial resolution of DW-MRI is generally low. However,
using the clear contrast between bladder cancer and the
surrounding tissues, the utility of DW-MRI for staging of
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D

T2WI

DW-MRI

Figure 2 Magnetic resonance images of a 45-year-old man with muscle-invasive bladder cancer (urothelial cancer, stage cT3N1) before and after chemoradiotherapy. A: Before CRT, an enlarged right external iliac lymph node (arrow head) is visible on T2WI; B: The lymph node on the corresponding DW-MRI shows
a hyperintense signal; C and D: After CRT, size reduction on T2WI (C) and signal attenuation on DW-MRI (D) in lymph node is evident, consistent with the expected
treatment response. CRT: Chemoradiotherapy; DW-MRI: Diffusion-weighted magnetic resonance imaging.

A

B

T2WI

DW-MRI

Figure 3 Magnetic resonance images of a 63-year-old man with non-muscle-invasive bladder cancer (urothelial cancer, stage pT1, grade 2 > 3). A: T2WI
shows a large papillary tumor on the left bladder wall; B: DW-MRI displays a C-shaped high-signal tumor with a low-signal-intensity stalk connecting to the bladder
wall. This C-shaped high signal is known as an “inchworm sign”, which is a criterion for T staging in non-muscle-invasive bladder cancer (stage cT1 or less). DW-MRI:
Diffusion-weighted magnetic resonance imaging.

bladder cancer based on the signal shape and contrast has
been shown (Figure 3). On DW-MRI, bladder cancers
generally show a hyperintense signal in distinct contrast
to the hypointense signal of the submucosal layer and the
intermediate signal of the intact bladder wall. On the basis of these findings, El-Assmy et al[62] reported the ability
to discriminate MIBC from NMIBC with an accuracy
of 63.6% in a study that included 106 patients. Takeuchi et al[63] reported that bladder cancer staging accuracy
improved from 67 to 88% when DW-MRI was added to
T2WI.
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Furthermore, the utility of DW-MRI in characterizing bladder cancer has been consistently shown in
multiple studies using quantitative analysis (Figures 4
and 5). Takeuchi et al[63] reported that the ADC value of
grade 3 tumors was significantly lower than that of grade
1 and 2 tumors in a prospective study that included 40
patients. Avcu et al[64] also reported similar results showing an inverse correlation between the ADC value and
the histological grade. The existence of a substantial
overlap between the histological grades or stages poses
a limit to qualitative analysis and the clinical application
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T2WI
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Figure 4 Magnetic resonance images of a 52-year-old woman with non-muscle-invasive bladder cancer (urothelial cancer, pTa, grade 2). A: T2WI shows
a hypointense tumor at the posterior wall; B: DW-MRI displays the tumor as a high-signal mass; C: The corresponding ADC map demonstrates a lesser degree of
restricted diffusion. The mean ADC value with the ROI positioned not extending over the tumor is 1.21 x 10-3 s/mm2. DW-MRI: Diffusion-weighted magnetic resonance
imaging; ADC: Apparent diffusion coefficient.

A

B

T2WI: coronal

T2WI: axial

C

D

DW-MRI: axial

ADC map: axial

Figure 5 Magnetic resonance images of a 75-year-old man with muscle-invasive bladder cancer (urothelial cancer, stage cT4, grade 3). A and B: T2WI
shows a large hypointense tumor at the bladder neck, invading the prostate; C: DW-MRI displays the tumor as a high-signal mass; D: The corresponding ADC map
demonstrates restricted diffusion. The mean ADC value of the tumor is 0.63 x 10-3 mm2/s. DW-MRI: Diffusion-weighted magnetic resonance imaging; ADC: Apparent
diffusion coefficient.

proliferation, in bladder cancer[65-67]. These data suggest
the potential of ADC value to serve as a quantitative biomarker characterizing the biological features of bladder
cancer.

of this technique. However, these studies indicated that
advanced and aggressive bladder cancers tend to have a
low ADC values. Actually, Kobayashi et al[27] found that
clinically aggressive tumors, including MIBC and highgrade T1 tumors, had a significantly lower ADC value
than the other less aggressive tumors. A threshold ADC
value differentiated these two entities with 87% accuracy
in a series of 121 patients. The underlying mechanisms
whereby the ADC value reflects these tumor characters
are thought to be the tumor cell morphological characters
such as dense cellularity and large cellular size[22,23]. Recent studies have shown an inverse correlation between
ADC value and the Ki-67 labeling index, a marker of cell
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Predicting metastatic potential
The potential role of ADC values in predicting the metastatic potential of localized high-grade bladder cancers
was shown in a small study that included 17 patients. This
study showed that invasive high-grade bladder cancers
with metastasis had lower ADC values than those without metastasis[68]. ADC value can be a supplemental parameter for predicting the presence of metastasis, which
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MR images of a representative case treated with TMDU protocol

Pre-CRT
MRI

T2WI
Debulking TURB

DW-MRI
Induction CRT at 40 Gy

Post-CRT
MRI

T2WI

DW-MRI

Radical cystectomy:
no remaining cancer

DCE

Figure 6 Magnetic resonance images of a 61-year-old man with muscle-invasive bladder cancer (urothelial cancer, stage cT3, grade 3) treated with the
Tokyo Medical and Dental University protocol consisting of transurethral resection of bladder tumor and induction chemoradiotherapy (CRT) followed by
radical or partial cystectomy. T2WI shows a large hypointense tumor at the bladder neck, invading the prostate. At the diagnosis, DW-MRI with a b-value of 1000
s/mm2 displays a hyperintense lobulated mass. After TURBT and CRT, this lesion shows wall thickening (arrow head) on T2WI and enhancement on DCE, while the
abnormal signal on DW-MRI is diminished to normal signal intensity. Histopathologic examination of the cystectomized sample reveals no remaining bladder cancer,
revealing the findings of post-CRT T2WI and DCE to be false-positive findings reflecting post-treatment changes in bladder tissues. TURBT: Transurethral resection of
bladder tumor; CRT: Chemoradiotherapy; DW-MRI: Diffusion-weighted magnetic resonance imaging; DCE: Dynamic contrast-enhanced.

has a great impact on treatment decisions.

preserved in 91% of patients, and none has developed
MIBC or lymph node recurrence[10,14].

POTENTIAL ROLES OF DW-MRI IN
MULTIMODALITY BLADDER-SPARING
STRATEGIES

Predicting sensitivity to CRT
In the majority of CRT-based bladder-sparing protocols
for localized MIBC, patients who achieve a clinical CR
are subjected to consolidative treatment with CRT for
bladder preservation. In these protocols, treatment effect cannot be histologically evaluated. In the abovementioned bladder-sparing protocol incorporating partial
cystectomy, histopathological therapeutic effects of
LCRT can be assessed, which is one of advantages of the
TMDU protocol. By comparing DW-MRIs taken before
and after LCRT with this therapeutic effect, the utility
of DW-MRI for predicting treatment sensitivity and in
monitoring therapeutic response can be evaluated[20,67].
We found a significant inverse correlation between
LCRT sensitivity and ADC value of the tumor[67]. LCRTsensitive MIBCs had significantly lower ADC values than
LCRT-resistant MIBCs. With a defined cut-off ADC
value, the sensitivity, specificity and accuracy in predicting
LCRT sensitivity were 92%, 90%, and 91%, respectively.
These findings are consistent with previous reports on
other tumors including brain, cervix and rectum[31-35].
However, the presence of necrosis is not common in

Novel bladder-sparing approach incorporating
consolidative partial cystectomy with pelvic lymph node
dissection
We started a pilot study of a selective bladder-sparing
protocol incorporating consolidative partial cystectomy
with pelvic lymph node dissection after induction lowdose chemoradiotherapy (LCRT) in 1997 at Tokyo Medical and Dental University (TMDU)[10,11,14,69-71]. Consolidative partial cystectomy with pelvic lymph node dissection
is intended to eradicate possible remaining subclinical
residual tumor tissue in the original MIBC sites and micrometastases in the pelvic lymph nodes. Candidates for
bladder preservation are selected based on the extent,
location, and post-LCRT status of the tumor. More than
one-third of MIBC patients without any metastasis meet
our criteria for partial cystectomy. Partial cystectomy
with pelvic lymph node dissection was performed in 70
patients following LCRT. A functional native bladder was
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MIBC, which is understood to be the background of
the correlation between lower ADC values and favorable
CRT response. One possible explanation of this correlation found in MIBC is that the relationship between the
proliferative activity and the ADC value of MIBC; highly
proliferating MIBCs show low ADC values[65,67]. Because
favorable CRT response in highly proliferating MIBC has
been reported[72,73], a low ADC value would be predictive
of a better CRT sensitivity of MIBC.

5

6

7

Monitoring response to CRT
We also showed the utility of DW-MRI in monitoring the
therapeutic response of MIBC treated with LCRT, as has
been reported for other cancers. The sensitivity/specificity/accuracy of T2WI, DCE, and DW-MRI in predicting
pathologic CR were 43%/45%/44%, 57%/18%/33%,
and 57%/92%/80%, respectively[20]. DW-MRI improved
the accuracy for detecting the remaining cancer after
LCRT, primarily due to its increased specificity (Figure
6). However, the low sensitivity in detecting small lesions
is a notable limitation, which makes it difficult to detect
microscopic residual cancers, as is the case with the other
imaging techniques. Further studies are necessary to evaluate the potential of DW-MRI as an imaging technique
in the context of bladder-sparing approaches. Multiple
approaches, including DW-MRI and biopsies to monitor
the therapeutic response, may improve the accuracy of
these techniques. However, the limits discussed here in
detecting remaining cancers justify partial cystectomies to
eliminate the possibly of remaining microscopic tumors
in the original invasive cancer site, even in the patients
who achieve clinical CR after CRT.

8

9

10

11

12

CONCLUSION
Recent studies have shown that the DW-MRI is a unique
imaging technique that provides qualitative and quantitative information on biological features of bladder cancer,
and is potentially useful as an imaging technique in the
management of bladder cancer, particularly in multimodal bladder-sparing strategies for MIBC. Further large prospective studies are needed to clarify the practical roles of
DW-MRI in the management of bladder cancer.
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Core tip: Imaging in renal infections is challenging,
given the relatively non-specific nature of findings in
majority of the cases. A careful assessment of clinical
situation in question is essential to accurately choose
the imaging modality which would provide most information. In this review we discuss the appropriateness
of specific imaging modalities, to allow the radiologist to
choose the best modality for a given clinical situation.
In addition, some entities such as acute pyelonephritis,
Xanthogranulomatous pyelonephritis and emphysematous pyelonephritis have some specific imaging features.
In this review we describe and illustrate such specific
features, to facilitate their recognition when present.

Abstract

Original sources: Das CJ, Ahmad Z, Sharma S, Gupta AK.
Multimodality imaging of renal inflammatory lesions. World J
Radiol 2014; 6(11): 865-873 Available from: URL: http://www.
wjgnet.com/1949-8470/full/v6/i11/865.htm DOI: http://dx.doi.
org/10.4329/wjr.v6.i11.865

Spectrum of acute renal infections includes acute pyelonephritis, renal and perirenal abscesses, pyonephrosis,
emphysematous pyelonephritis and emphysematous
cystitis. The chronic renal infections that we routinely
encounter encompass chronic pyelonephritis, xanthogranulomatous pyelonephritis, and eosinophilic cystitis.
Patients with diabetes, malignancy and leukaemia are
frequently immunocompromised and more prone to
fungal infections viz . angioinvasive aspergillus, candida
and mucor. Tuberculosis and parasitic infestation of the
kidney is common in tropical countries. Imaging is not
routinely indicated in uncomplicated renal infections as
clinical findings and laboratory data are generally sufficient for making a diagnosis. However, imaging plays
a crucial role under specific situations like immunocompromised patients, treatment non-responders, equivocal clinical diagnosis, congenital anomaly evaluation,
transplant imaging and for evaluating extent of disease.
We aim to review in this article the varied imaging
spectrum of renal inflammatory lesions.

INTRODUCTION
Renal infections range from mild to severe, acute to
chronic (Table 1) and may be associated with predisposing risk factors like diabetes mellitus, human immunodeficiency virus (HIV), leukemia, vesico-ureteric reflux and
staghorn calculi.
Acute infections include acute pyelonephritis which
may be focal or diffuse, may resolve with time or worsen
to abscess formation depending on the treatment rendered and immune status of the patient. Immunocompromised state might predispose an individual to more
severe and life threatening conditions like emphysematous pyelonephritis which may warrant a nephrectomy.
An obstructing pathology with a superimposed infection may lead to pyonephrosis for which drainage is the
treatment of choice. Renal infections may take a turn for
the worse in a chronic irreversibly damaging form like

© 2015 Baishideng Publishing Group Inc. All rights reserved.
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Figure 1 Acute pyelonephritis in a 40 years old male. A: US shows soft tissue in bilateral PCS (arrowhead) with increased echogenecity of perinephric fat (arrow);
B: CECT nephrographic phase shows bilateral enlarged kidneys with heterogeneous enhancement. There is soft tissue thickening and abnormal enhancement of
bilateral PCS and ureter (arrow); C: CECT delayed phase shows striated nephrogram (arrow) seen as linear bands of contrast extending from cortex to medulla. US:
Ultrasonography; PCS: Pelvicalyceal system; CECT: Contrast-enhanced computed tomography.

and is used for guiding interventions as well. The role of
intravenous urography (IVU) has diminished lately, however it still remains the best modality to diagnose calyceal
irregularity of early tuberculosis, papillary necrosis and
to evaluate congenital anomalies. Computed tomography
(CT) is the gold standard for diagnosis and assessment
of severity of acute pyelonephritis and its complications.
Magnetic resonance imaging (MRI) is indicated in pregnancy and patients with contraindication to iodinated
contrast such as transplant recipients. Diffusion weighted
MRI (DW-MRI) has been applied to differentiate hydronephrosis from pyonephrosis as well as to detect infected
cysts and tumors.

Table 1 Spectrum of renal infections
Acute

Chronic

Acute pyelonephritis
Focal nephritis

Chronic pyelonephritis
Xanthogranulomatous
pyelonephritis
Abscess
Malakoplakia
Emphsematous pyelonephritis Eosinophilic cystitis
Papillary necrosis
Pyonephrosis

Others
Tuberculosis
Fungal

chronic pyelonephritis and xanthogranulomatous pyelonephritis. Tuberculosis involves the kidney with calyceal
irregularity being the earliest manifestation, later leading
to scarring, fibrosis and infundibular and ureteric stricture
formation. Immunocompromised individuals are particularly predisposed to fungal infections, the most common
organisms being Candida, Aspergillus and Mucor. Some
rare inflammatory conditions encountered are malakoplakia and eosinophilic cystitis.
Acute infection is usually diagnosed based on clinical symptoms and laboratory data without imaging examinations. Hence, imaging is not routinely indicated in
uncomplicated renal infections. However, imaging plays
a pivotal role in evaluating infections in situations like
immunocompromised state, treatment non-responders,
congenital anomaly evaluation, and post transplant for
evaluating extent of the disease. We wish to review in this
article the varied imaging spectrum of renal inflammatory lesions.

ACUTE PYELONEPHRITIS
Acute pyelonephritis is usually diagnosed based on clinical symptoms and laboratory data without imaging examinations. In many cases of mild acute pyelonephritis,
enhanced CT or ultrasonography may show no abnormal
findings. The recommended phases of CT scan for evaluating renal infections are a non-contrast scan, nephrographic phase at 50-90 s and excretory phase at 2 min
if there is obstruction[2]. Striated nephrogram which is
an appearance described for acute pyelonephritis shows
discrete rays of alternating hypoattenuation and hyperattenuation radiating from the papilla to the cortex along
the direction of the excretory tubules (Figures 1 and 2).
This appearance is ascribed to the decreased flow of
contrast due to stasis and eventual hyperconcentration in
the infected tubules[3]. Striated nephrogram is not specific
and is also seen in some other conditions like renal vein
thrombosis, ureteric obstruction and contusion[4]. Pyelonephritis may manifest as wedge shaped zones of decreased attenuation or a hypodense mass in its focal form
(Figure 3). The diffuse form of acute pyelonephritis may
cause global enlargement, poor enhancement of renal
parenchyma, absent excretion of contrast and streakiness
of fat. Hemorrhagic bacterial nephritis which is relatively
uncommon shows hyperattenuating areas representing
parenchymal bleeding on non-contrast scan[5].

IMAGING MODALITIES
Imaging is not routinely indicated in urinary tract infections, however with severe symptoms, high risk immunocompromised state, diabetic patients and antibiotic nonresponders, it becomes necessary[1]. Plain radiography
may provide evidence of gas in the renal area in emphysematous pyelonephritis or abscess and the typical mass
like calcification in end stage renal tuberculosis (Putty
kidney). Ultrasound (US) is the initial screening modality
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Figure 2 Acute pyelonephritis. A: CECT venous phase shows heterogeneous parenchymal enhancement with pelvic wall thickening (arrow); B: CECT delayed
phase shows alternating discrete rays of hyper and hypoattenuation (arrows) giving the appearance of a striated nephrogram. CECT: Contrast-enhanced computed
tomography.

A

B

Figure 3 Contrast-enhanced computed tomography shows acute pyelonephritis manifesting as a focal wedge shaped hypodensity with surrounding fat stranding as seen in right kidney (arrow).

RENAL ABSCESS
Renal and perinephric abscesses develop as a complication
of focal pyelonephritis or hematogenous infection. Early
abscess appears as a poorly marginated non-enhancing
area of decreased attenuation. A mature abscess shows
a sharply marginated, complex cystic mass with necrosis
and a peripheral enhancing rim[6]. US may show internal
echoes, septations and loculations (Figure 4). DW-MRI
can readily pick up abscesses showing restriction of diffusion (Figure 5). In a transplant patient DW-MRI has an
important role to play as contrast may be contraindicated
due to deranged renal parameters (Figure 6).

Figure 4 Mature abscess. A: US shows a complex cystic lesion with thick
walls in right kidney; B: CECT shows a sharply marginated area of low attenuation due to parenchymal necrosis with peripheral enhancing rim that suggest
a mature abscess. US: Ultrasonography; CECT: Contrast-enhanced computed
tomography.

PYONEPHROSIS

pyonephrosis as pyonephrosis tends to show restricted
diffusion (Figure 9)[7]. Contrast enhanced MRI may show
enhancement and wall thickening of the renal pelvis (Figure 10).

Pyonephrosis is pus collection in an obstructed collecting
system, the cause of obstruction being calculus, stricture, tumour or congenital anomaly. US shows dilated
pelvicalyceal system (PCS) with debris and fluid-fluid
levels within (Figure 7)[1]. On CT, high density of urine in
dilated PCS with contrast layering, parenchymal or perinephric inflammatory changes and thickening of pelvic
wall suggests infection (Figure 8). DW-MRI may have
an additional role in distinguishing hydronephrosis from
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Figure 5 Diffusion weighted magnetic resonance imaging. A: CECT of a diabetic middle aged male shows multiple peripherally enhancing lesions in bilateral
kidneys (arrows). B, C: DW-MRI (b = 1000) (B) and corresponding ADC maps (C) show that the lesions have restricted diffusion. Aspiration revealed the pyogenic nature of the abscess. There was excellent response to antibiotics. CECT: Contrast-enhanced computed tomography; DW-MRI: Diffusion weighted magnetic resonance
imaging.

A

Figure 6 Acute pyelonephritis in transplant kidney.
A: USG of transplanted kidney in a 25 years old patient shows multiple hypoechoic lesions (arrowheads)
within the cortex and one large hypoechoic lesion
laterally (arrow); B: Coronal T2W MR shows multiple
hyperintensities (arrowheads) in the renal cortex and a
large well defined abscess (arrow) laterally suggestive
of acute pyelonephritis with abscess formation.

B

nephritis are presence of a central calculus, expansion of
the calices with hypodense material in a non-functioning
enlarged kidney and inflammatory changes in the perinephric fat. Atypical features include absence of calculi
(10%), focal instead of diffuse involvement (10%) and
renal atrophy instead of enlargement.

EMPHYSEMATOUS PYELONEPHRITIS
Emphysematous pyelonephritis is a life threatening,
necrotising infection with gas formation and is associated with diabetes mellitus or immunocompromised
state. The presence of gas is attributed to fermentation
by bacteria in the presence of high glucose levels[10]. USG
shows non-dependent echoes within the parenchyma and
collecting system with dirty shadowing. However, USG
is not sensitive to small amounts of gas (Figure 12). CT
is performed for evaluating severity, extent of disease,
parenchymal destruction, fluid collections and abscess
formation. It is divided into two forms depending on
severity and prognosis. Type 1 is the more severe type
with a mortality rate of 80%. It is characterised by severe
parenchymal destruction, intraparenchymal gas and paucity of pus collection (Figure 13). Type 2 is less common
and has a lower mortality rate of 20%. It has less parenchymal destruction and renal or perirenal fluid collections
(Figure 14). A comparison of the types of emphysema-

Figure 7 Ultrasonography shows hydronephrosis with echogenic debris
within suggestive of pyonephrosis.

E. coli and Proteus mirabilis infection affecting middle
aged females and children. Most (90%) of the affected
individuals have a staghorn calculus. Pathologically there
is replacement of renal parenchyma with foamy macrophages which appear as multiple hypoechoic masses on
sonography and as low attenuation rounded masses on
CT which represent dilated calyces and abscess cavities
(Figure 11) filled with pus and debris[8]. It can manifest
as either diffuse (80%) or focal (15%) forms which are
treated by nephrectomy and partial nephrectomy respectively[9]. Typical features of xanthogranulomatous pyelo-
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A

Figure 8 Pyonephrosis in duplex left kidney. Coronal
(A) and axial (B) sections of delayed phase CECT shows
left duplex kidney with obstruction and hydronephrosis of
lower moiety (arrow, A). Walls of the PCS shows thickening
and crescentic enhancement (arrowhead, B) suggesting
pyonephrosis. PCS: Pelvicalyceal system; CECT: Contrastenhanced computed tomography.

B

A

B

Figure 9 Diffusion weighted magnetic resonance imaging at b = 1000 (A) and corresponding ADC map (B) show hydronephrosis with diffusion restriction
suggestive of pyonephrosis (arrows).

A

B

Figure 10 Axial sections of post gadolinium magnetic resonance imaging. A 42 years old male with right hydronephrosis, peripheral enhancement of dilated
pelvis (arrow, A) representing pyonephrosis along with a heterogeneously enhancing focal lesion in right kidney (arrow, B) suggestive of focal pyelonephritis.

Table 2 Emphysematous pyelonephritis

Parenchymal destruction
Fluid collection
Mortality
Treatment

TYPE 1 -33%

TYPE 2 -66%

Severe – streaky gas radiating from medulla to cortex with
crescent of subcapsular gas
None as the reduced immune response limits pus collection
80%
Nephrectomy

Less

50% of the affected patients are diabetics[10-12]. CT shows
gas within the dilated PCS and urinary bladder (Figure 15
A). Emphysematous cystitis shows an air fluid level in the

tous pyelonephritis is presented in Table 2.
Emphysematous pyelitis is usually accompanied by
obstruction due to calculus, neoplasm or stricture and
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Renal or perirenal fluid collection is characteristic
20%
Aggressive medical treatment with percutaneous drainage
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A

B

Figure 11 Xanthogranulomatous pyelonephritis. A: USG shows enlarged kidney with parenchyma replaced with multiple hypoechoic masses (arrow, A) comprising
inflammatory exudate; B: Computed tomography shows multiple low-attenuation rounded masses, corresponding to either dilated calyces or focal areas of parenchymal destruction with a central staghorn calculus (arrow, B).

A

C

Figure 12 Emphysematous pyelonephritis. Ultrasonography shows dilated
calyces with echoes within pelvis and renal parenchyma with dirty shadowing.

bladder lumen or linear streaks of air in the bladder wall
(Figure 15B). Before making a diagnosis of emphysematous cystitis, history of instrumentation must be ruled
out.
It is important to make the distinction between emphysematous pyelitis and pyelonephritis as the former is
a less aggressive infection and does not require nephrectomy. In pyelitis, air is limited to PCS while in pyelonephritis it enters the parenchyma.

Figure 13 Type 1 emphysematous pyelonephritis. A: Plain abdominal radiograph shows large amount of gas outlining the right kidney (arrow); B, C: Contrast-enhanced computed tomography axial (B) and coronal (C) images show
gas pockets and parenchymal destruction destroying and replacing almost the
entire right kidney. No perirenal collections are noted.

CHRONIC PYELONEPHRITIS
Chronic pyelonephritis may be caused by reflux of infected urine in childhood, recurrent infections or as a result of a remote single infection[13]. Imaging shows focal
polar scars with underlying calyceal distortion with global
atrophy and hypertrophy of residual tissue (Figure 16)[14].
Lobar infarcts can be differentiated by their lack of calyceal involvement. Fetal lobulations are differentiated by
depressions lying between calyces rather than overlying
calyces

dissemination. In half of the affected patients of genitourinary TB, there may be no lung involvement[15]. The
earliest finding in TB which can be picked up on Intravenous Urography (IVU) is caliectasis with a feathery contour, later appearing as a phantom calyx or a cavity communicating with a deformed calyx (Figure 17A). These
findings can also be picked up on CT. Over the course
of the disease, the granulomas coalesce forming mass
like lesions (tuberculoma) which may rupture into the
PCS[16]. Eventually as the disease evolves, fibrosis ensues
leading to infundibular stenosis. In the late stage, the kid-

TUBERCULOSIS
Renal tuberculosis (TB) may occur due to hematogenous

WCR|www.wjgnet.com

B

242

March 28, 2015|First Edition|

Das CJ et al . Multimodality imaging of renal inflammatory lesions

A

C

Figure 17 Renal tuberculosis. A: Delayed CECT shows a cavitation at the
lower pole of right kidney communicating with the PCS. This finding is fairly typical
of GU TB. This adolescent male was a known case of pulmonary tuberculosis; B:
Plain abdominal radiograph in a different patient shows diffuse parenchymal calcification of right kidney suggestive endstage autonephrectomy or putty kidney; C:
Volume rendered technique image of delayed phase CECT shows a contracted
thimble bladder (arrowhead), hiked up right pelvis (arrow) and hydroureteronephrosis. This patient had acid fast bacilli cultured from urine. PCS: Pelvicalyceal
system; CECT: Contrast-enhanced computed tomography; TB: Tuberculosis.

Figure 14 Type 2 Emphysematous pyelonephritis. Contrast-enhanced computed tomography shows extensive inflammatory changes in right kidney and
perinephric space with presence of gas within along with perirenal collection.
The patient responded to antibiotics and percutaneous drainage.

A

B

B

A

Figure 15 Emphysematous pyelitis and cystitis. A: Para-sagittal reformatted
CECT of a 42 years old diabetic lady showing air within dilated PCS with surrounding inflammatory changes; B: Axial CECT shows bladder wall thickening
and air within the bladder lumen. PCS: Pelvicalyceal system; CECT: Contrastenhanced computed tomography.

B

Figure 18 Disseminated hydatidosis. A: Coronal reformatted CECT of a 7
years old boy shows multiple hydatid cysts in lung (white arrowhead), liver (arrow) and right iliacus (black arrowhead); B: Axial CECT shows multiple liver (arrow) and renal hydatid cysts (arrowhead). CECT: Contrast-enhanced computed
tomography.

multiple diverticulae (Figure 17C).

PARASITIC INFECTION
Schistosomiasis can appear in the acute phase as nodular
bladder wall thickening, later causing it to become contracted, fibrotic and thick walled with curvilinear calcifications. This chronic phase of schistosomiasis is considered
to be premalignant. Liver is the most common organ
involved by hydatid disease while renal involvement comprises only 5% of patients. Hydatid disease affecting the
kidney may appear as a unilocular or multilocular cystic
lesion(s) with or without peripheral calcification[17] (Figure
18). Occasionally on communication with the pelvicalyceal system (PCS) it may lead to hydatiduria.

Figure 16 Coronal contrast-enhanced computed tomography shows atrophic right kidney with multiple cortical scars overlying the dilated calyces.
This appearance is typical of chronic pyelonephritis.

ney either becomes calcified or shrunken (putty kidney)
(Figure 17B) or an enlarged sac with caseous material
(case cavernous type autonephrectomy). Ureteric involvement may manifest as wall thickening causing strictures
and shortening leading to a beaded appearance. Bladder
involvement results in a contracted thimble shape with
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A

B

C

Figure 19 Fungal infection. A: CECT shows liver, spleen and bilateral kidneys studded with small hypodense lesions in a 10 years old leukemia patient who was
proven to have Aspergillus infection on aspiration cytology. The patient also had lung involvement with contiguous cardiac thrombus (not shown); B, C: Nephrographic
(B) and delayed (C) phase CECT in a 26 years old aplastic anemia patient reveal a poorly enhancing, non-excreting left kidney with perinephric inflammation. Aorta
and left renal artery are almost completely occluded by a non-enhancing thrombus (arrow B). On delayed image (Figure C), patchy areas of enhancement (arrow)
noted in left kidney are characteristic of acute pyelonephritis. FNAC from the perirenal soft tissue revealed fungal hyphae and diagnosis of angioinvasive fungal infection (mucor) was made and Amphotericin B was started. However patient expired two days later. CECT: Contrast-enhanced computed tomography.

A

neys and organs of the reticuloendothelial system[19].

B

EOSINOPHILIC CYSTITIS
Eosinophilic cystitis is a rare chronic inflammatory disease of urinary bladder due to eosinophil infiltration into
the bladder wall leading to fibrosis and muscle necrosis[20].
It clinically presents with hematuria, frequency and irritative symptoms. The mean age at diagnosis is 41.6 years
with an equal sex distribution[21].
On imaging, there is diffuse bladder wall thickening
which is often more than 10 mm with characteristic preservation of the mucosal line and enhancement on delayed
images (Figure 20)[22,23]. This entity is often confused with
a neoplastic etiology, therefore biopsy is essential. There
may be associated diffuse or segmental bowel wall thickening and hepatic nodules[22].

Figure 20 Eosinophilic cystitis. A 25 years old man who presented with
hematuria and worsening irritative symptoms over past one year. Clinical
suspicion was that of a bladder malignancy. A: Coronal reformatted CECT in
nephrographic phase shows diffuse mass like bladder wall thickening and irregularity with air specks in the wall. Mass like soft tissue is replacing entire
right kidney with perinephric spread; B: Delayed coronal CECT shows opacification of rectum through a fistulous communication (arrow). Note made of striated nephrogram in left kidney suggesting ongoing acute inflammatory process.
Biopsy revealed eosinophilic infiltration and fibrosis within the bladder wall with
no evidence of malignancy. CECT: Contrast-enhanced computed tomography.

CONCLUSION
Over the years imaging modalities used for renal infections have evolved from USG and IVU to CT and MRI.
CT remains the mainstay in evaluation of inflammatory
disease of kidney and urinary bladder. Ultrasonography
forms an excellent screening tool for evaluation in the
emergency setting. An IVU continues to be invaluable
in some indications like tuberculosis. Upcoming role of
DW-MRI deserves mention in identifying abscesses and
differentiating pyonephrosis from hydronephrosis.

betes mellitus, haematological malignancy, HIV or other
immunocompromised status. The common fungal organisms are Candida and Aspergillus which may be acquired
by hematogenous or ascending urinary tract infection.
There is formation of multiple renal abscesses appearing
as hypoattenuating lesions with a striated nephrogram
signifying acute pyelonephritis (Figure 19A). There can
also be conglomeration of fungal hyphae and inflammatory cells into a fungal ball which appears as an irregular
filling defect in the collecting system[1]. Diagnosis requires
demonstration of fungi in tissues. Mucor is a rare organism which has a tendency to invade vessels and cause infarction with high mortality requiring combined surgical
and aggressive medical management to improve outcome
(Figure 19B, C)[18]. Pneumocystis carini infection in HIV
patients presents as diffuse punctate calcifications in kid-
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Core tip: Elderly people are prone to accidental falls and
many fractures sometimes due to vitamin D deficiency.
In this narrative review we will discuss the role of skeletal
muscle imaging in vitamin D-deficient individuals. The aim
of this paper is to improve and encourage the role of radiologists in this field.
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Abstract

INTRODUCTION

Elderly people are prone to accidental falls and one
of the main risk factor is considered muscle weakness. Several studies focused on muscle weakness and
muscle morphology changes in the elderly that may be
associated with vitamin D deficiency. The prevalence of
vitamin D deficiency is higher than previously though
representing an important issue for public health and
prevention. There is an increased interest in vitamin D
effects in skeletal muscle and imaging modalities are
particularly involved in this field. In patients with vitamin D deficiency, ultrasound, computed tomography,
densitometry and magnetic resonance imaging (MRI)
can efficiently describe changes in muscle morphology
and size. Moreover, new imaging modalities, such as
MRI spectroscopy, may improve knowledge about the
metabolic effects of vitamin D in skeletal muscle. In
this narrative review we will discuss the role of skeletal
muscle imaging in vitamin D-deficient individuals. The
aim of this paper is to improve and encourage the role
of radiologists in this field.

Elderly people are prone to accidental falls. Many factors are involved in falls risks such as visual impairment,
neurological disorders, orthopaedic disabilities, and drug
effects. More than 33% of people aged over 65 fall each
year and this issue is closely related to muscle weakness[1].
It has been suggested that reduced muscle strength and
weakness may be associated with vitamin D deficiency,
which is common among elderly people[2]. Vitamin D
deficiency in adults primarily affects bone, up to osteomalacia in severe cases, due to the combination of bone
mineralization defects and resorption, the latter of which
is a result of secondary hyperparathyroidism[3]. Vitamin
D deficiency has also been associated with a decline in
physical performance and loss of muscle strength and decreased muscle mass. Symptomatic myopathy can occur in
osteomalacia, and a more subtle muscular impairment is
often present in patients with moderate or mild vitamin D
deficiency[4].
Beside the vitamin D skeletal and extraskeletal effects[5], there is an increased interest on vitamin D effects
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in skeletal muscle. Imaging modalities are particularly involved in this issue. Ultrasound (US), computed tomography (CT), densitometry and magnetic resonance imaging
(MRI) can assess, with different physical principles the effects of vitamin D deficiency measuring changes in muscle morphology and size. Moreover, new imaging modalities, such as MRI spectroscopy, may improve knowledge
about metabolic effects of vitamin D in skeletal muscle
at a microscopical level. In this narrative review we will
discuss recent developments in skeletal muscle imaging
among elderly people with vitamin D deficiency.

including muscle strains and tears, delayed onset muscle
soreness, myositis ossificans, muscle hernia, acute and
chronic exertion compartment syndromes, inflammatory and infectious diseases, tumours and non-neoplastic
masses is crucial to obtain the best information clinically
useful. The value of CT, US, MRI in each muscle disorder has to weighted up to take advantage of strengths
and weaknesses of the each technique and to understand
the appropriate place of modern imaging in the clinical
management of patients with muscle disease[9,10].
It is known that US, MRI, and CT are widely used
with different purposes to visualize the normal anatomy
of the musculo-skeletal system. However, in recent years,
new and technologically advanced imaging techniques
have been introduced for both clinical and research purposes to study the muscular anatomy from a physiological
and microscopical point of view. For example, elastography has been introduced to assess the elastic properties of
tendons and muscles. Using MRI, diffusion tensor imaging (DTI) has been introduced to study the architecture
of the skeletal muscle. The DTI technique is based on the
measurement of the apparent diffusion of water in a (biological) tissue. It is concluded that DTI fiber directions resemble fascicle directions visible in high-resolution images
very well. Indeed, on DTI images it is possible to observe
and study specific features of the skeletal muscle such as
the pennate insertion on the aponeuroses and the pennation angle[9,10]. DTI has the potential to be introduced in
biomechanical research on skeletal muscle function. The
imaging evaluation of skeletal muscle is often performed
on US. The use of small-sized probes working in general
at high frequencies (frequency band 7-15 MHz) is suitable
for very superficial muscles. On the other hand, if a large
and deep muscle should be evaluated, for example, at the
level of the lower limb it should be better to use lowfrequency probes with high penetration of the US-beam
(frequency band 3.5-10 MHz). It is important to remember that to depict the normal anatomy of a large wide
muscle, such as the biceps femoris and the sartorius, it is
possible to use an extended field-of-view which is an option frequently available on the majority of US machines
currently available. The advantage of US over MRI is that
the muscle may be studied “in vivo” in a relaxed status and
during contraction.

VITAMIN D AND SKELETAL MUSCLE
The role of vitamin D in bone health and mineral homeostasis has been well established. There is growing
evidence that vitamin D exerts several effects in skeletal
muscle, including enhanced muscle strength, function and
performance in general. Cell culture models suggested
muscle vitamin D role in calcium handling, proliferation
and differentiation, protection against insulin-resistance
and arachidonic acid mobilization[6]. Vitamin D probably
exerts its effects both indirectly, through calcium and
phosphate pathways, and directly via binding of 1,25-dihydroxyvitamin D (1,25D) to the vitamin D receptor,
that seems to be expressed in skeletal muscle cells, even
if this topic is still under research[5,6].
It has been supposed that the vitamin D relationship
with muscle strength may influence the increasing risk
of accidental falls in the elderly[6]. Vitamin D deficiency
is associated with proximal muscle weakness and reduction in performance speed, probably related to selective
muscle atrophy of type Ⅱ muscle fibers[5,6]. Moreover,
proximal muscle weakness in severe vitamin D deficiency
may be caused by secondary hyperparathyroidism and
consequent hypophosphatemia[5]. It has been reported
that proximal myopathy and muscle pain in subjects with
severe vitamin D deficiency resolve in most cases with vitamin D supplementation[7]. In addition, a recent systematic review focused on healthy adults reported that higher
25-hydroxyvitamin D levels may have a positive effect for
increasing muscle strength and reducing the incidence of
injuries, but further researches are needed to strengthen
these hypotheses[8]. It has also been suggested an association between low levels of vitamin D and fibromyalgia,
in particular among women, but more researches in this
field are still needed[7].
Therefore, vitamin D role in skeletal muscle and its
association with muscle weakness and falls are an active
area of research supported by clinical, biochemical and
imaging parameters.

STUDYING THE RELATIONSHIP
BETWEEN VITAMIN D AND MUSCLES
WITH CLINICAL IMAGING
Changes in muscle morphology in patients with severe
vitamin D deficiency have been reported in literature. In
the elderly, muscular atrophy with fatty infiltration is associated with vitamin D deficiency. Muscle trophism can
be evaluated with clinical imaging modalities. In particular, to study the skeletal muscle with diagnostic imaging
several modalities may be used: US, CT, dual-energy X-ray
absorptiometry (DEXA) and MRI. The cross-sectional
area (CSA) of a muscle is normally used to evaluate mus-

SKELETAL MUSCLE IMAGING
Muscle imaging is complex and presents unique anatomical and morphological challenges, which require a continuous integration of dynamic, physiologic, and functional capabilities of modern imaging techniques. The
optimal use of US and MRI in various muscle disorders,
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Table 1 Percentage of selective atrophy of thigh muscle in patients with vitamin D deficiency: Our clinical records
Rectus femoris
30%

Adductors

Semitendinosus

Semimembranosus

Biceps femoris

23%

8%

30%

8%

Gracilis

Sartorius

Note that the Gracilis muscle and the Sartorius muscle are spared.

cle size and volume. Moreover, CSA is directly related to
muscle strength[11]. MRI and CT can both assess CSA and
muscle composition with different physical principles. US
has a limited field-of-view: this limitation hampers direct
measurement of CSA of large muscles due to insufficient
visualization of the whole muscle bulk[11]. US, MRI and
CT can assess the presence of higher skeletal fat content
than in normal muscles. Fatty replacement may present
as a focal process or as a diffuse change involving one
group of muscle of the entire skeletal muscle, as largely
demonstrated for dystrophic muscle diseases[12]. Table 1
shows the prevalence of selective complete fatty degeneration and atrophy of the thigh muscles as recorded in
our clinical practice and as demonstrated in literature[4].
This review has been focused on vitamin D deficiency
and skeletal muscle, and it will not discuss the huge literature about skeletal muscle diseases.
We will discuss the role of each modality in assessing
skeletal muscle in vitamin D-deficient patient. Research
studies in literature frequently refers to skeletal muscle
and sarcopenia, a syndrome with loss of skeletal muscle
mass and strength that occurs in the elderly[13]. In severe
vitamin D deficient patients imaging of skeletal muscle
may overlap with that of sarcopenia.

D deficiency. We encourage research studies using US because this modality has the advantage of being available
even at bedside, cheap and easily repeatable.
CT and densitometry (DEXA)
Regarding CT it has been shown that radiological measures of bone health measured with quantitative CT were
not affected by persisting low vitamin D levels[18]. Nonenhanced CT scan of the pelvis demonstrated that the
fat content varied among the hip muscles, with an anteroposterior gradient from the hip flexors to the hip extensors. This gradient increased after fifty years of age. Higher fat content was associated with poorer performance
on physical tests, even after adjustment for the CSA of
the muscle. Figure 1 shows cross-sectional CT of thigh
muscles in a patient with vitamin D deficiency. Higher fat
content was also associated with greater age, higher bodymass index, and lower physical activity[19]. This data has
been supported by the data on muscle of the thigh and
vitamin D deficiency[4]. Using very sophisticated and new
techniques it has been found that the characteristic increase in osteoid-covered surfaces in vitamin D-deficient
bone hampers remodelling of the remaining mineralized
bone tissue. Using spatially resolved synchrotron bone
mineral density distribution analyses and spectroscopic
techniques, the bone tissue within the osteoid frame has a
higher mineral content with mature collagen and mineral
constituents, which are characteristic of aged tissue[20]. A
recent cross-sectional study demonstrated a positive correlation between 1,25D levels and total skeletal muscle
mass as measured on DEXA among subjects younger
than 65 years[21]. This was supported by greater isometric
knee extension moment in women with higher 1,25D levels. However, no association was found between 25D levels and muscle mass or strength or in those over 65 years
of age. Among 26 subjects with chronic kidney disease,
thigh muscle CSA on MRI correlated significantly with
a model including 1,25D levels, calcium levels, and daily
physical activity. Functional parameters assessing gait and
proximal musculature also independently correlated with
1,25D[7,21].

US
Using US it has been shown that quantitative muscle US
is a potential alternative for assessment of disease severity and progression in several muscular diseases. The main
findings in muscular diseases are increased echo intensity,
reflecting increased infiltration of fat or fibrous tissue in
muscles, and decreased muscle thickness, indicative of atrophy. Additional advantages of US are high discriminating ability, low cost, fast execution, and non-X-ray dependent nature. Structural abnormalities quantified with US
may reflect muscle function or strength[14-16]. Moreover,
US has been proposed as a reliable method for monitoring the extent of sarcopenia measuring muscle thickness,
especially of musculus vastus medialis and musculus intermedius[11].
However, muscular US has been shown to have several disadvantages regarding the reliability of the results in
terms of intra- and inter-observer agreement (Tagliafico
et al[9], personal communication).
US elastography assesses tissue stiffness before and
after compression[17]. Until now, there are limited data
about the use of elastography to assess normal and
pathologic skeletal muscle. However, it is likely that fatty
infiltration of a muscle determines global reduce stiffness, as suggested in studies on inflammatory myositis[17].
There are no significant radiological studies about US
assessment of skeletal muscle in individuals with vitamin
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MRI
By our group it has been shown that fatty degeneration
of thigh muscles detected on MRI was associated with
vitamin D deficiency and impaired balance and gait. Selective complete fatty degeneration of single muscles was
observed[4]. These data are also supported by previous
studies on muscle biopsy specimens[4].
Fatty replacement and atrophy can be evaluated with
MRI using a scoring system from 0 to 3 (grade 0 = normal appearance; grade 3 = severe changes)[4]. For illustra-
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Figure 1 Cross-sectional computed tomography at the level
of the middle thigh showing fatty degeneration and atrophy of
skeletal muscles in a vitamin D-deficient patient.

A

Figure 2 Magnetic resonance imaging of
two different grades of fatty degeneration and atrophy involving thigh muscle
in patients with vitamin D deficiency. A:
Grade 1 (less than 30% of the volume of
muscles involved); B: Grade 2 (30%-60% of
the volume of muscles compromised).

B

tion, Figure 2 shows MRI of two different grade of fatty
atrophy involving thigh muscle in patients with vitamin
D deficiency. The hypothesis that arose was that atrophy
of skeletal muscle fibers and their replacement by fat
tissue are the anatomic basis for the impairment in muscular performance described in older vitamin D-deficient
people[4]. It may supposed that fatty substitution related
to vitamin D deficiency may be the result of the lack
of the known trophic effects of vitamin D on skeletal
muscle cells[4]. If the thigh muscles are affected, the lack
of enough muscular bulk may hamper balance and gait.
Clinical scores were concordant with this observation.
Concerning technical MRI protocols we suppose that
a standard, patient-friendly protocol, including T1 and
T2 weighted sequences may be sufficient for the followup of elderly people with potential vitamin D deficiency.
In another study of 366 older patients receiving MRI of
one shoulder for the investigation of potential rotator
cuff injury, a correlation between higher fatty infiltration
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of rotator cuff muscles and lower serum levels of 25D
was reported[22]. After multivariate linear regression analysis, this association remained statistically significant in
two muscle groups (i.e., supraspinatus and infraspinatus
muscles) but only among those whose MRI also demonstrated a full-thickness rotator cuff tear (228 patients).
Conventional MRI shows distribution pattern of fatty
degeneration and it can be used for disease monitoring
after treatment. Moreover, MRI allows standardize image protocols that can be useful to engage diagnostic or
monitoring multi-centric trials.
New MRI sequences such as diffusion, perfusion and
spectroscopy may improve the role of MRI in muscular
evaluation of vitamin D role. In particular, spectroscopy
magnetic resonance spectroscopy (MRS) may provide
metabolic information on the musculoskeletal system.
Phosphorus-31 MRS (31P-MRS) is a noninvasive technique that allows observation of mitochondrial function
and oxidative phosphorylation in vivo. Based on the hy-
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pothesis that a suboptimal mitochondrial function may
lead to myopathy in vitamin D-defiecient subjects, a recent study used 31P-MRS to observe that cholecalciferol
therapy in vitamin D-deficient subjects improved both
mitochondrial oxidative function and symptoms of myopathy and fatigue[23]; this result represented a direct sign
of a link between vitamin D and mitochondria in skeletal muscle. Therefore, MRS lead to improve knowledge
about vitamin D effects on skeletal muscle.

4

5

6

CONCLUSION

7

Many studies examined the specific effects of vitamin D
on muscle function and physical performance. However,
a very important review stated that comparing these
studies is made very difficult by the variety of outcome
measures used to assess muscle function[7]. We believe
that including the role of diagnostic imaging to study the
anatomy of skeletal muscle and not only its function may
add new insights into vitamin D and muscle relationships.
It has been suggested an association between vitamin D
deficiency and structural muscle changes such as atrophy
and fatty infiltration, both of which can be detected with
cross-sectional imaging[12]. However, there are several
confounders as, for example, disuse, drug use and denervation. Moreover, skeletal muscle is a highly metabolic
tissue that respond not only to vitamin D effects, but
to a variety of hormones and factors including, but not
limited to, IL-6, brain-derived neurotrophic factor, insulin, glucocorticoids, thyroid hormones[7]. Each factor and
hormone contributes and influences muscle differentiation, metabolism and function, through well known and
emerging mechanisms[7]. In addition, one of the main
topic is that imaging modalities can’t yet differ between
extracellular fat and intracellular fat, of important pathophysiological significance[7].
On the other hand, imaging modalities permit to
monitor muscle changes in size and tissue architecture.
Moreover, new imaging modalities such as MRS may improve the knowledge about the direct effects of vitamin
D on skeletal muscle.
In conclusion, we believe that the use of diagnostic
imaging should be strongly encouraged to have radiological outcomes added to clinical and biochemical outcomes. Additional studies are needed to determine the
exact role of imaging in the care of patients with vitamin
D deficiency.
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INTRODUCTION
Abstract

Rotator cuff disorders are common in the middle and
old age population. They are a major cause of chronic
shoulder pain. In addition, rotator cuff disorders result in
loss of strength and stability of the shoulder[1,2].
The balanced combination between accurate clinical
examination, clear view of the patient’s needs and disabilities and precise radiological diagnostic modalities is
invaluable in the correct formulation of the treatment
plan of the patient whether surgically or conservatively.
Magnetic resonance imaging (MRI), which is considered
by many authors the modality of choice for diagnosing
rotator cuff disorders[3,4], has a very important role in
achieving this balance.
In this article, we discuss the techniques of MRI of
the shoulder; the relevant rotator cuff anatomy, mechanisms of injury, and the specific imaging findings of rotator cuff disorders that are important for formulating a
well-structured and complete MRI report.

Evaluation of rotator cuff is a common indication for
magnetic resonance imaging (MRI) scanning of the
shoulder. Conventional MRI is the most commonly used
technique, while magnetic resonance (MR) arthrography is reserved for certain cases. Rotator cuff disorders
are thought to be caused by a combination of internal
and external mechanisms. A well-structured MRI report
should comment on the relevant anatomic structures
including the acromial type and orientation, the presence of os acromiale, acromio-clavicular degenerative
spurs and fluid in the subacromial subdeltoid bursa. In
addition, specific injuries of the rotator cuff tendons
and the condition of the long head of biceps should
be accurately reported. The size and extent of tendon
tears, tendon retraction and fatty degeneration or atrophy of the muscles are all essential components of a
surgically relevant MRI report.
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MRI TECHNIQUE

MECHANISMS OF ROTATOR CUFF INJURY

MR imaging of the shoulder for evaluation of rotator
cuff disorders may be carried out either conventionally
(non-arthrographic), or with direct contrast distension
of the joint (MR arthrography). Magnetic resonance arthrography was reported to be the most accurate imaging
technique for diagnosis of both partial and full-thickness
rotator cuff tears[5,6], but is limited by invasiveness and
necessity of fluoroscopic guidance for injection, and
therefore not routinely used for rotator cuff disorders[7,8].
An alternative technique, indirect MR arthrography, is
a non-invasive technique using intravenous rather than
intra-articular contrast to provide the arthrographic effect[9,10]. Continuous advances in MRI field strength,
gradients, and coil technology have allowed even more
accuracy for conventional MRI than that reported in the
early literature, and conventional MRI is still the most
commonly used technique for diagnosis of rotator cuff
tears[3,11,12].
MR imaging is typically performed in the supine position with the arm by the side of the patient, in the neutral position. Images must be obtained in axial, coronal
oblique and sagittal oblique planes[13]. The sequences used
may vary but typically include T1-, proton density- and
T2-weighted sequences and it is recommended to have
both fat-suppressed and non-fat-suppressed sequences.
Additional imaging in the abduction external rotation
(ABER) position of the shoulder was reported to improve sensitivity and increase diagnostic confidence for
partial-thickness tears of the supraspinatus tendon[10,14].
However, this technique is not widely spread due to difficult positioning and prolonged scan time.

The exact pathophysiology of rotator cuff injury, after
exclusion of acute trauma, is still not fully understood.
The current understanding is that rotator cuff degeneration is caused by a multifactorial pathogenesis, including
both internal and external mechanisms[17,18].
Internal mechanisms
Those are mechanisms that originate from within the tendons in the form of degenerative processes, possibly agerelated, that result in alterations in the tendon biology,
morphology, vascularity and mechanical properties[18,19].
External mechanisms
External mechanisms include the well-known impingement syndromes, of which the subacromial impingement
is the commonest. Subacromial impingement is defined
as entrapment of the subacromial subdeltoid bursa and
the supraspinatus tendon between the coraco-acromial
arch and the greater tuberosity of the humerus. The main
causes of this type of impingement include abnormal
acromion configuration[20], osteoarthritis of the acromioclavicular (AC) joint and narrowed subacromial space[21].
Another type of impingement syndromes is subcoracoid impingement; defined as entrapment of the
subscapularis tendon in the coracohumeral interval (the
space between the coracoid process and the anterior
humerus). It is usually caused by abnormal coracoid
configuration that may be congenital, traumatic or iatrogenic[17,21].
Less common types of impingement include secondary external impingement due to glenohumeral instability
in the absence of outlet stenosis of the rotator cuff tendons[22], as well as internal impingement (intra-articular)
due to compression of the articular surface of the tendons between the humeral head and glenoid[23].

ROTATOR CUFF ANATOMY
The rotator cuff consists of four muscles; the supraspinatus, infraspinatus, subscapularis and teres minor muscles. The supraspinatus muscle originates from the supraspinous fossa of the scapula and passes on the superior
aspect of the humeral head to be inserted in the greater
tuberosity. The infraspinatus muscle originates from the
infraspinous fossa and shares a common tendinous insertion with the supraspinatus tendon on the greater tuberosity; together with the tendon of teres minor muscle[15].
On the other hand, the subscapularis muscle originates
from the subscapular fossa of the scapula and its wide
tendon inserts in the lesser tuberosity, separated from the
insertion of the other rotator muscles by the rotator interval.
The long head of biceps tendon is anatomically and
functionally related to the rotator cuff. The tendon arises
from the supraglenoid tubercle and its proximal segment
(2-3 cm) is intra-articular. It exits the gleno-humeral joint
and passes through the rotator interval between the subscapularis and supraspinatus tendons into the bicipital
(intertubercular) groove of the proximal humerus[16].
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MRI FINDINGS
Acromion type
The acromion was classified according to its shape into
three types (Figure 1). Type Ⅰ has a flat under surface,
type Ⅱ a concave under surface and type three a concave
under surface with anterior hook. Some authors added
a further type Ⅳ to the original classification describing
a convex under surface[24,25]. The shape of acromion is
best depicted on sagittal oblique MR images lateral to the
AC joint plane. The most common type is type Ⅱ, while
type Ⅲ is the one most commonly associated with rotator cuff tears where its anterior hook causes injury of the
anterior fibres of the supraspinatus tendon[26].
Acromion orientation
Normally, the acromion has no slope either anteriorly,
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A

B
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Os

Figure 1 Acromion types. Sagittal oblique T2-weighted images of different
patients showing type Ⅰ flat acromion (A), type Ⅱ concave under surface (B)
and type Ⅲ concave under surface with anterior hook (C).

Figure 3 Os acromiale. Axial T1-weighted image showing the os acromiale.

A
c
a

Figure 4 Acromio-clavicular joint osteoarthritis. Coronal oblique fat-sat
proton-density-weighted image shows degenerative changes of the acromioclavicular joint (arrow) in a patient with rotator cuff tear.

B

related part of the humeral convexity than its posterior
part.
Os acromiale
The acromion is formed from multiple ossification
centres with complete fusion between the ages of 22
and 25 years. If one of the ossification centres fails to
fuse, an accessory ossicle is formed; the os acromiale[28].
The os acromiale is mobile and is thought to contribute
to impingement, but the reported incidence in normal
population is between 1% and 15%[28]. It is best assessed
in the upper axial images (Figure 3) where a low signal
space is detected between the high signal marrow of the
distal acromion and the non-fused ossicle[25]. On coronal
oblique images it can be suspected by the presence of the
so called “double AC joint”; the normal AC joint appears
on the anterior image and the pseudo-articulation of the
os acromiale appears on the posterior one[27].

Figure 2 Acromion orientation. A: Coronal oblique T1-weighted image shows
low lying acromion (a) in relation to the clavicle (c) at the Acromio-clavicular
joint level; B: Coronal oblique T1-weighted image in another patient shows
infero-lateral slope of the acromion. The angle between the acromion and the
clavicle is tilted by 20 degrees.

laterally or inferiorly. A lateral or anterior down-sloping
acromion and a low-lying acromion are thought to play a
role in the development of subacromial impingement[21].
A low-lying acromion is diagnosed when the lower
acromial surface is below the lower surface of the clavicle
at the AC joint level on the anterior coronal oblique MR
image (Figure 2A). On the same image showing the AC
joint, an infero-lateral slope is detected by measuring the
angle between the acromion axis and the clavicle (Figure
2B); an angle more than 10 degrees is abnormal[27]. An
anterior slope is diagnosed on sagittal oblique images
when the anterior part of the acromion is closer to the
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AC joint
Osteoarthritis of the AC joint (Figure 4) is a common
finding in patients with rotator cuff disorders. However,
its role in impingement remains unclear and could either
be a risk factor for impingement or a result of rotator cuff injury and disturbed shoulder biomechanics.
A large osteophyte arising from the inferior surface of
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Figure 5 Supraspinatus tendinosis. A: Coronal oblique T1-weighted image. B: Coronal oblique fat-sat proton-density image. Images (A) and (B) show focal high
signal intensity within the distal supraspinatus tendon (arrow); C: Coronal oblique fat-sat T2-weighted image shows focal high signal at the same site within supraspinatus tendon (arrow). Final diagnosis was tendinosis.

Rotator cuff tendons and specific injuries
Tendinitis and tendinosis: Tendinitis and tendinosis
typically appear as focal areas of increased signal intensity on proton density weighted images, that is less than
that of fluid on T2-weighted images (Figure 5). Chronic
forms are associated with thickening (tendinosis)[34].
Partial thickness tear: A partial thickness tear appears
on fat-suppressed T2-weighted MR images as fluid signal
intensity with thinning, or an incomplete gap, in the tendon[3]. The supraspinatus tendon is usually about 12 mm
in average cranio-caudal thickness. Partial thickness tears
are classified according to their depth into either grade Ⅰ,
in which less than one fourth of the fibres is torn; grade
Ⅱ, when more than one fourth and less than half of the
tendon thickness is torn and grade Ⅲ, when more than
half of the tendon thickness is torn[24,35].
According to the tear site, partial thickness tears of
the supraspinatus tendon are classified into bursal; articular surface or intra-tendinous tears (Figure 6). Articular
surface tears are more common[35].

Figure 6 Partial interstitial supraspinatus tendon tear. Coronal oblique
fat-sat proton-density-weighted image showing focal high signal within the supraspinatus tendon fibres (arrow). Also note the associated high signal intensity
fluid in the subacromial subdeltoid bursa.

the joint is thought to be a cause of tendon tear[29]. MRI
is more sensitive than radiography for detection of AC
joint degenerative disease. MRI can differentiate joint
enlargement due to capsular hypertrophy (intermediate
signal intensity) form joint effusion (bright signal on T2weighted images). Osteophytes appear in late stages of
the disease[30].

Full thickness tear: A full-thickness tendon tear appears
as a focal, well-defined area of increased signal intensity
on both T1- and T2-weighted images (Figure 7), that
traverses the whole thickness of the tendon from the
bursal to the articular surface[7,36].
Full-thickness tendon tears are classified according
to the tear dimensions as small (less than 1 cm), medium
(between 1 and 3 cm), large (between 3 and 5 cm) or
massive (exceeding 5 cm)[24]. The dimensions are measured on coronal and sagittal T2 fat-suppressed images[37].
The degree of retraction of the torn supraspinatus
tendon is typically assessed on coronal oblique images.
When the tendon stump is still close to the insertion site,
it is classified as stage 1. A stump retracted to the level
of the humeral head is classified as stage 2, while stage 3
denotes retraction of the stump to the level of the glenoid[38,39].

Subacromial subdeltoid bursa
The subacromial subdeltoid bursa is a synovial lined
structure between the acromion and deltoid muscle
externally and the rotator cuff tendons internally. The
subacromial and subdeltoid components are connected
in 95% of individuals. Normally it is not connected with
the joint space but communication occurs in association
with full thickness supraspinatus tears[31,32].
The normal bursa usually does not exceed 2 mm in
thickness and is usually located posteriorly. On coronal
MRI, features suggesting abnormal amount of fluid
include thickness of fluid signal more than 3 mm, fluid
signal medial to the level of the AC joint, and fluid in the
anterior part of the bursa[33].
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Figure 7 Full-thickness supraspinatus tendon tears in two different patients. A: Coronal oblique fat-sat T2-weighted image shows full-thickness supraspinatus
tendon tear without significant tendinous retraction (arrow); B: Coronal oblique fat-sat T2-weighted image in another patient shows torn retracted supraspinatus tendon
(arrow).

A

B

Figure 8 Subacromial impingement. A: Coronal oblique fat-sat T2-weighted image; B: Coronal oblique fat-sat proton-density-weighted image. Both images show
findings associated with subacromial impingement in the form of osteoarthritis of the acromio-clavicular joint, distended subacromial subdeltoid bursa by fluid signal
(arrowhead) and focal thickening of the distal supraspinatus tendon with partial irregularity of the bursal surface reported as partial tear (arrow).

A

B

C

Figure 9 Magic angle artifact. A: Coronal oblique T1-weighted image. B: Coronal oblique fat-sat proton-density image. Images (A) and (B) show focal high signal
intensity within the distal supraspinatus tendon (arrow); C: Coronal oblique fat-sat T2-weighted image shows normal signal of the supraspinatus tendon (arrow). Final
diagnosis was magic angle artifact with normal tendon.

Supraspinatus tendon: The most common site for rotator cuff tears is the supraspinatus tendon, especially at
its distal part 1 to 2 cm from its insertion, the so called
“critical zone”, where the vascularity is low and the effect
of subacromial space narrowing or subacromial impingement is maximized (Figure 8)[26].
The supraspinatus tendon is best evaluated on the
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coronal oblique images. A potential pitfall is the magic
angle artefact (Figure 9); that may occur whenever parallel
collagen fibres are oriented at 55 degrees relative to the
magnetic field. This effect is common at the distal end
of the supraspinatus tendon and appears as high signal
mimicking tendinitis or partial tear on short time of echo
(TE) MR sequences. However, the high signal intensity
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A

B

Figure 10 Infraspinatus tendinosis. Posterior coronal oblique fat-sat protondensity-weighted image showing focal thickening of the infraspinatus tendon
fibres with abnormal high signal diagnosed as tendinosis (arrow). Also note fluid
signal within the subacromial subdeltoid bursa.

A

C

*

B

Figure 12 Sub-coracoid impingement. A and C: Axial gradient-recalled
echo images; B: Axial T1-weighted image showing narrowed coraco-humeral
distance (arrows in A) with tapered coracoid process, thickening and abnormal
high signal of the subscapularis tendon (asterisk in C).

Subscapularis tendon: Subscapularis tendon tears may
occur as a component of massive rotator cuff tears[40,41].
The tendinous part of the subscapularis tendon is the
broadest tendon among the rotator cuff and therefore
commonly affected by tears and tendinitis (Figure 11).
The subscapularis tendon may be affected in isolation
in traumatic injury[41]. Subcoracoid impingement, which is
a cause of subscapularis degenerative tears (Figure 12), is
suspected when the distance between the coracoid process and the lesser tuberosity of the humerus is less than
6 mm on axial MR images[21,42]. Other reported associated
MRI signs include subcortical bone marrow edema of
the coracoid process and lesser tuberosity of the huemrus.

Figure 11 Subscapularis tendinosis. A: Axial gradient-recalled echo image
showing focal high signal within the subscapularis tendon with fibres thickening (arrow); B: Anterior coronal oblique fat-sat T2-weighted image of the same
patient showing high signal within the lower fibres of the subscapularis tendon
(arrow).

disappears on using long TE sequences; for example T2
fat-suppressed sequence[25].
Infraspinatus tendon: The infraspinatus tendon is most
commonly torn as an extension from supraspinatus tear
(postero-superior cuff tear)[39]. The infraspinatus tendon is best evaluated on posterior coronal oblique fatsuppressed T2-weighted or STIR images (Figure 10). A
second look may also be carried out on the upper axial
images as well as on sagittal images[13].
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Teres minor tendon: The teres minor tendon is the least
injured among rotator cuff tendons[43]. The teres minor
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A

B

Figure 13 Supraspinatus muscle atrophy, tangent sign. Sagittal oblique T1weighted image showing the upper border of supraspinatus muscle below the
line extending between the scapular plate and spine.

tendon is best evaluated on posterior coronal oblique and
axial MR images and to less extent on sagittal images.

*

Muscle atrophy and fatty degeneration
Atrophy of the supraspinatus muscle could be assessed
by calculating the occupation ratio of the supraspinatus
fossa. On the most lateral oblique sagittal image, atrophy
of the supraspinatus muscle is diagnosed if the supraspinatus muscle occupies less than half the area of the
fossa[44,45].
The tangent sign (Figure 13) describes an additional
straight line drawn from the top of the coracoid process
to the top of the spine of the scapula on the same oblique sagittal image as above. Atrophy is diagnosed when
the superior border of the muscle lies below the tangent
line[24,45,46].
Fatty degeneration of the supraspinatus muscles
could be assessed on the T1-weighted oblique sagittal image in which the spine and body of the scapula appear.
Fatty degeneration could be classified as either low (grade
0; no fat or grade 1; some fatty streaks) or moderate (grade
2; muscle > fat) or advanced (grade 3; muscle = fat and
grade 4; muscle < fat)[47-49].

C

Figure 14 Subscapularis tendon avulsion with long head of biceps tendon
dislocation. A: Axial T1-weighed image; B: Axial gradient-recalled echo image;
C: Coronal oblique T1-weighted images showing avulsion of the subscapularis
tendon (asterisk in B) with muscular atrophy and long head biceps tendon dislocation (arrows) with diffuse tendinous thickening and high signal.

Long head biceps tendon
MR evaluation of the intra-articular segment of the long
head biceps tendon (LHBT) is best carried out on both
oblique sagittal and oblique coronal images, while the
extra-articular segment is best evaluated on axial images.
The LHBT tendon is covered with a synovial sheath
connected with the joint space along its course within
the bicipital grove[30,50]. Therefore, fluid signal around
the tendon may be seen in cases of joint effusion, nevertheless in proportionate amount, and should not be
mistaken for tenosynovitis. Tenosynovitis of the LHBT
is diagnosed if fluid is detected around the tendon only
or if the amount of fluid around the tendon is clearly out
of proportion to that in the glenohumeral joint[51]. Tendinosis of the LHBT is suspected when focal thickening
and high signal (but less than that of fluid) of the tendon
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or part of it is noted, usually associated with fluid signal
within the synovial covering[52]. The most commonly affected part is the supra-humeral portion or the horizontal
part and it may be a result of impingement. Tears of the
LHBT vary from partial to complete tear to tendon avulsion. Tears appear as focal areas of high signal intensity,
similar to that of fluid on T2-weighted images. Avulsion
is diagnosed by noting the absence of the intra-articular
segment of the tendon with no signs of dislocation. A
dislocated LHBT (Figure 14) is often medially displaced,
and is commonly associated with subscapularis tendon
tear[50-52].
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Figure 15 Calcific tendinopathy. Coronal oblique fat-sat proton-densityweighted image showings focal area of signal void (calcifications) within the
distal supraspinatus tendon fibres (arrows). Diagnosis was confirmed by ultrasonography.

Figure 16 Bony degenerative changes. Coronal oblique fat-sat T2-weighted
image showing focal fluid-like high signal within the distal supraspinatus tendon
fibres reported as partial capsular surface tear with subcortical cystic erosion
of the greater tuberosity at the rotor cuff insertion (thin arrow). Also note fluid
signal within the subacromial subdeltoid bursa reported as bursitis (thick arrow).

Other findings
Bony changes: Erosions and degenerative changes of
the lateral aspect of the greater tuberosity of the humerus (Figure 15) are common associated findings in rotator
cuff disorders[30]. This finding is important for surgical
planning as it significantly decreases the hold of anchors
used during repair of torn rotator cuff tendons.

4

5

Calcific tendinopathy: Calcific tendinopathy most commonly affects the supraspinatus tendon, less commonly
the infraspinatus and other tendons. On MRI, calcifications typically appear as focal areas of signal void on all
spin echo sequences (Figure 16), and is usually difficult
to detect within the natively low signal tendon[7,53]. The
area of signal void increases on gradient-recalled echo
sequence due to susceptibility effects[30].

6

7
8
9

CONCLUSION
Evaluation of rotator cuff disorders is one of the commonest indications for magnetic resonance (MR) imaging
of the shoulder. Complete and accurate interpretation of
MR images is essential to provide the treating clinician
with adequate information for choosing the best therapy
and avoiding unnecessary interventions. Radiologists
should be familiar with the technique of MRI of the
shoulder, the anatomy of the rotator cuff and the mechanisms of rotator cuff injury. A well-structured MRI
report should include full comment on the rotator cuff
tendons and all other relevant structures.

10

11

12
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Core tip: This extended review of current literature on
vertebral augmentation is supported by our wide experience in the treatment of vertebral fractures. The
most innovative topics are the possibility of treating
multilevel vertebral fractures in the same session and
the failure of vertebral augmentation due to mechanical
disruption of the cement. This is intended to present a
thorough review to physicians interested in osteoporosis and vertebral fractures.
Original sources: Ruiz Santiago F, Santiago Chinchilla A,
Guzmán Álvarez L, Pérez Abela AL, Castellano García MM,
Pajares López M. Comparative review of vertebroplasty and kyphoplasty. World J Radiol 2014; 6(6): 329-343 Available from:
URL: http://www.wjgnet.com/1949-8470/full/v6/i6/329.htm
DOI: http://dx.doi.org/10.4329/wjr.v6.i6.329

INTRODUCTION

Abstract

The treatment of pain related to vertebral body fractures by vertebroplasty or kyphoplasty has become a
widespread practice. The main reported advantages of
Kyphoplasty vs vertebroplasty are restoration of vertebral
body height and a lower rate of cement extravasation. Although both techniques would appear effective in achieving pain relief, the impact on functional outcome is not
sufficiently proved.
The choice of vertebroplasty or kyphoplasty and the
selection of patients for one or other procedure remain
unresolved questions. These issues are complicated by the
considerable competition between the procedures and the
conflicting claims made for each[1]. The degree of pain
relief and functional improvement obtained must play an
important role in the choice between these techniques.
Previous studies reported good outcomes that remained
stable during long follow-up periods for both vertebro-

The aim of this review is to compare the effectiveness
of percutaneous vertebroplasty and kyphoplasty to
treat pain and improve functional outcome from vertebral fractures secondary to osteoporosis and tumor
conditions. In 2009, two open randomized controlled
trials published in the New England Journal of Medicine
questioned the value of vertebroplasty in treating vertebral compression fractures. Nevertheless, the practice of physicians treating these conditions has barely
changed. The objective of this review is to try to clarify
the most important issues, based on our own experience and the reported evidence about both techniques,
and to guide towards the most appropriate choice of
treatment of vertebral fractures, although many questions still remain unanswered.
© 2015 Baishideng Publishing Group Inc. All rights reserved.
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plasty and kyphoplasty[2,3]. However, comparative studies
are scarce. At present, different devices claiming advantages over more traditional methods are being developed.
Due to the existing controversies regarding the treatment of vertebral fractures, the objective of this review is
to analyze the evidence of current literature supported by
our own experience.

ing pathologic or insufficiency fractures.
When a high energy fracture is detected radiographically, many authors suggest the addition of computed tomography (CT) to the study, as it allows for better definition of fracture anatomy. When the clinical presentation
suggests a fracture and conventional radiography is not
diagnostic, a multi-slice CT or magnetic resonance imaging (MRI) help to clear out traumatisms of spine. A prospective study found a CT sensitivity of 99% in detecting
fractures compared to 87% with plain-film radiography[9].
Osteoporotic vertebral fractures deformity usually is
presented in two ways, wedge and biconcave (fish vertebra or diabolo-shaped vertebra) types, while pathological
fractures often demonstrate predominately osteolytic
changes. The presence of air collections within a vertebral body is considered a sign of vertebral cleft that may
be due to fracture instability and/or necrosis (Kummel’
s disease) and is more frequently associated to benign
osteoporotic fractures[10]. Nevertheless cases associated to
metastasis and myeloma has been described[11] (Figure 1).
A 15% vertebral body height loss constitutes a vertebral compression fracture. The leading cause of vertebral
compression fractures is osteoporosis. Morphologic
changes that allow for the diagnosis of an osteoporotic
fracture may require time for their development. Therefore, the absence of a fracture on plain-film radiography
in an osteoporotic patient does not rule it out, and when
symptoms persist, a MRI should be performed. MRI can
detect fractures without vertebral deformities and can
better discriminate between benign and malignant fractures[12]. Additionally, MRI provides valuable information
on factors such as the degree of edema, vertebral deformities, and invasion of the spinal canal, all of which are
useful data for planning medical, percutaneous (kyphoplasty, vertebroplasty) or surgical treatment[13].
Plain-film radiography is somewhat insensitive when
it comes to the visualization of the bone destruction or
marrow replacement, requiring, depending on the size of
the lesion, between 30%-50% of bone density loss before
the lesions become visible[14]. The detection of blastic lesions may also be delayed with conventional radiography.
One study reported that in the case of breast cancer,
plain film detection of blastic lesion may be delayed by 3-6
mo[15].
Based on vertebral morphology and bone marrow
signal, MRI can differentiate between osteoporotic and
pathologic fractures with high confidence. Pathologic
fractures may show complete substitution of normal
bone marrow or, when incomplete, tend to show and
nodular or patchy pattern. Morphologic signs are a convex vertebral border, due to expansion by growing tumor, and the presence of asymmetric paravertebral mass.
Acute osteoporotic vertebral fractures tend to show a
band-like pattern of subchondral edema and, quite often,
the lineal pattern of the vertebral fracture can be depicted inside the edema[13]. A retropulsed bone fragment
and the presence of intra vertebral cleft are characteristic

EPIDEMIOLOGY AND TYPES OF
VERTEBRAL FRACTURES
Vertebral fractures can be secondary to high or low
energy trauma. With population ageing most of the
fractures (85%) are due to low energy trauma. These
are more frequent in women and its prevalence increase
with age in both sexes. High energy fractures are more
frequent in men and are not related with older age. The
incidence of clinically diagnosed vertebral fractures was
assessed in a population-based study in Rochester, Minnesota, 1985-1989. The overall age- and sex-adjusted
incidence rate was 117 per 100000 person-years (95%CI:
105 to 130). The age-adjusted rate in women (145 per
100000 person-years) was almost twice that in men (73
per 100000 person-years). Of all fractures, 47 (14%) followed severe trauma, 282 (83%) followed moderate or no
trauma, and 12 (3%) were pathologic[4].
Vertebral compression fractures (VCF) are the most
common fracture in osteoporotic patients, followed by
hip, wrist or ankle fractures. These are known as low energy fractures or insufficiency fractures because the main
cause is the fragility of bone that make it prone to injury
with minimal or not trauma. After suffering the first vertebral fracture, the risk of developing new vertebral fractures increases 5-10 times[5].
Pathologic vertebral fractures are secondary to osseous involvement by a localized debilitating condition,
mainly tumors. Most are due to malignancies such as
metastases, myeloma and primary bone tumors, although
benign tumors like haemangioma can also lead to a vertebral fracture. The spine is the musculoskeletal target most
affected by metastases, mainly secondary to breast, lung,
prostate, kidney and thyroid tumors[6]. Nevertheless, even
in oncologic patients, a third of the vertebral fractures are
due to coexisting osteoporosis[7]. Imaging techniques and
biopsy help to differentiate the underlying cause.
Vertebral fractures happen in 50%-70% of patients
with multiple myeloma. It may lead to spinal cord compression until 15% of the patients. On imaging its appearance may be misleading, simulating an osteoporotic
vertebral compression fracture[8].

IMAGING OF VERTEBRAL FRACTURES
Conventional Radiographs are usually the first technique
used to study patients with suspected vertebral fracture.
While its ability to diagnose high energy posttraumatic
fractures is high, its findings may be misleading diagnos-
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Figure 1 Sagittal T2 weighted (A) image shows metastatic compression fracture with intravertebral cleft
(arrow) and epidural cyst (arrowhead), computed
tomography guided biopsy (B), Sagittal computed
tomography before (C) and after (D) vertebroplasty
showing air filling of the cyst (arrowhead).

Figure 2 Sagittal T1 weighted (A) and STIR (B) images
of osteoporotic fractures with typical band-like subchondral edema (arrows), sagittal T1 weighted (C) and
STIR images (D) of a pathologic fracture, due to vertebral metastases, with typical convex border (arrows).

of benign compression fractures[11]. Chronic vertebral
compression fractures are characterized by morphologic
changes with recovery of normal signal of the bone marrow (Figure 2).

pression fractures is usually appropriate for patients with
normal neurological status without suspected radiological
instability, with an anterior vertebral body height > 50%
of the posterior height and a Kyphotic angulation < 25º;
or incomplete injury of the posterior column of the vertebral body[16,17]. Although in some cases early closed reduction and casting can be performed, bracing alone and
physiotherapy in younger patients (< 65 years) is usually
the best treatment option. A short period of bed rest (less

MEDICAL TREATMENT OF VERTEBRAL
FRACTURES
Non-operative treatment of traumatic vertebral com-
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Figure 3 Segmental kyphotic deformity. A:
Wedge fracture of T12; B: Local vertebral kyphosis angle; C: Regional kyphosis; D: Segmental
kyphosis (SK). One vertebra, one disc=one segment. Sagittal index (SI): SI = SK-X (X = +5 in
the thoracic spine, X = -10 in the lumbar spine, X
= 0 in T12-L1).

than 1 wk) avoids complications caused by immobilization. In older patients, percutaneous vertebral augmentation may promote early mobilization and reduce analgesic
intake[17].
Traditional treatment for osteoporotic fractures has
been medical, including lifestyle changes (diet, smoking and exercise), pain management with rest, analgesic
and anti-inflammatory drugs and external brace. Medical
treatment for osteoporosis includes calcium supplements,
vitamin D, hormone replacement and bisphosphonates.
These treatments have strong effects on pain, but minimal effect on vertebral stability, vertebral height restoration or reduction of kyphotic deformity. Side effects of
chronic medication and rest are increased demineralization of bone and greater risk of developing new fractures. Surgery is left for fractures with vertebral instability
or neurological compression.
Traditional treatment for painful vertebral metastases
is based on rest, braces, analgesic drugs, radiotherapy and
chemotherapy. External beam radiation therapy is the
current gold standard treatment for cancer patients with
localized bone pain. Nevertheless, 20%-30% of patients
do not experience pain relief with this approach. Radiation treatment can also result in additional early bone loss
due to inflammation, and limited weight-bearing should
be recommended during radiation to prevent pathological fractures. Radiotherapy control of pain is achieved in
approximately 70%-80% of the cases, but its maximum
effects usually takes place 1 mo after the beginning of
treatment and osseous reinforcement up to 2 to 4 mo
after, increasing the risk of vertebral collapse with its biomechanical consequences[18].
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PERCUTANEOUS AND SURGICAL
TREATMENT OF VERTEBRAL
FRACTURES
Criteria for surgical indication of high-energy fractures
are variable[19]. In our center, surgery is mainly indicated
when the body fracture is associated to injury of the
posterior column or in cases with neurologic deficit (deterioration of the initial neurologic status constitutes an
emergency. It can also be indicated in cases without neurological deficit when there are other radiological signs
of instability: central canal narrowing > 50%, vertebral
height loss > 50%, fracture-dislocation, local vertebral
kyphosis > 25º-30º, regional traumatic angle of kyphosis
> 20% and sagittal index (SI) > 15º.
Local vertebral kyphosis angle is measured between
the tangent to the upper endplate and the lower endplate
of the injured vertebra. Regional kyphosis is the angle
defined by the tangent to the upper endplate of the vertebra overlying the fracture and the tangent to the lower
endplate of the vertebra underlying the injured vertebra.
The SI is defined as segmental kyphotic deformity minus
baseline sagittal contour in the segment with the fractured vertebral body. The segmental kyphotic deformity
is the angle between the inferior endplate of the injured
vertebra and the inferior endplate of the overlying vertebra. The baseline sagittal contour in each vertebral segment arbitrarily amounts to +5° for the thoracic region, 0°
T12-L1 and -10° for the lumbar spine segments (Figure 3).
The normal index is 0[20].
Accepted methods for surgical decompression and
stabilization include anterior or posterior approaches and
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A

Figure 4 Forty-five years old man with acute Wedge impaction
fracture of L1 (A) treated by posterior instrumentation and vertebral
body kyphoplasty using biological cement (B).

B

a combination of both procedures. Instrumented fusion
is better than laminectomy alone because it does not
restore neurological function and it’s associated with significant complications, such as persistent spinal instability
and progressive kyphosis, mechanical pain and worsening
of neurological injury[19].
Sometimes, instrumentation is complemented with
VT or KP. Transpedicular vertebral augmentation for the
direct restoration of burst fractures in combination with
posterior instrumentation may avoid the surgical anterior
reconstruction. The aim is to reinforce the anterior column and prevent anterior vertebral body height loss[21]
(Figure 4).
The role of vertebroplasty and kyphoplasty in the
treatment of high energy vertebral fractures is not still
well defined, although good results with regard pain
relief and quality of life have been reported using both
procedures[22,23]. In young patients it has been suggested
the use of biological cement, instead of PPMA, due to its
capacity of integrating with bone[24]. Nevertheless, it has
been reported that low resistance against flexural, tractive, and shear forces compared to PMMA, may lead to a
higher risk of cement failure and subsequent loss of correction, mainly when fracture of the posterior wall of the
vertebra is present[25]. The aim of treating percutaneously
these fractures is to recovery vertebral height and to obtain early relieving of pain in order to reducing recovery
time in young active population.
The principal surgical options for treatment of osteoporotic VCFs are decompression and fusion. The success of surgical instrumentation is compromised by poor
bone quality[26]. As a result, interest in new and quick
methods for pain relief and early functional restoration
has increased. Percutaneous treatment of osteoporotic
fractures is mainly indicated after failure of medical treatment, when the patient has a disabling pain or when
there are severe side effects due to analgesic medication.
In order to minimize these effects in patients with VCFs
and reduce prolonged hospital resource utilization, VP
and KP have been increasingly used with the expectation
of a more rapid pain relief and earlier mobilization than
that achieved with medical pain management[27]. Recently
a randomized non-blinded trial appeared, strongly indicating that vertebroplasty is dramatically superior to conservative therapy[28].
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Surgery in vertebral metastases is left for lesions affecting a unique vertebra or for treating neurological
deficit secondary to compression or instability. Inconveniences of surgery are long recovery times and high morbidity and mortality[29].
Although external beam radiation therapy is the current gold standard treatment for cancer patients with
localized bone pain we have to take into consideration
that the life expectancy of most patients with bone metastases is limited, and that around 12-20 wk are usually
required before maximum benefits are obtained from
post-radiation therapy. In these cases vertebral augmentation techniques in isolation or combined with thermal
ablation provide the earliest possible pain relief[30].

HISTORICAL NOTES
Deramon and Galibert performed the first vertebroplasty
in France in 1984. It was performed in a patient with an
aggressive haemangioma at the C2 level with resolution
of pain. The results were so gratifying that cement injections were soon used in more patients with symptomatic
hemangiomas and fractures due to tumors. The application of vertebroplasty in osteoporotic VCF was first published in 1989[31]. The hopeful analgesic effect led to the
widespread use of augmentation for treating osteoporotic
VCF[32]. Over the last years, osteoporotic fractures have
become the main indication for vertebroplasty[33].
Kyphoplasty is the most widely used modification of
vertebroplasty and was developed specifically for use in
the osteoporotic vertebra. The basic idea behind this procedure was to raise the end plate of fractured vertebral
body with an orthopedic balloon to achieve a more favorable angle of kyphosis before the cement augmentation.
Therefore, a cavity is first created within the vertebral
body before injecting the cement. The first kyphoplasty
was performed by the orthopedic specialist Mark Reiley
in California in 1998 with good results[34].

TECHNICAL ISSUES
Vertebroplasty involves the injection of polymethilmetacrhilathe (PMMA) cement into an injured vertebral
body via a needle that is placed percutaneously either
using a transpedicular or extrapedicular approach. The
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authors find a high rate of mechanical failure with these
materials, due to its lower resistance to shear, flexion and
distraction forces[25].
The number of vertebrae augmentable per session
also remains unclear, although extensive augmentation
to more than three vertebral levels per session has been
shown as feasible[38]. However, it may lead to an increase
of the amount of bone marrow floating to the pulmonary capillary system, increasing the risk of pulmonary
fat embolism. Also, with PMMA there is some risk of
incomplete polymerization, leading to increased residual
toxic monomers that may result in adverse systemic effects, such as hypotension, bradycardia, asystole and
bronchospasm. If the amount of cement injected in each
vertebral body due to these reasons is reduced, it might
result in incomplete stabilization of some vertebral body
fractures leading to residual instability and pain. Notwithstanding, we have treated some cases of multilevel
fractures in one single operative session with quite good
results[35] (Figure 5). We recommend carefully planning
the positioning of the needles and the amount of cement to be injected; taking into account the anatomical
characteristics of each vertebral fracture, such as location
of the fracture lines, integrity of vertebral walls and the
presence of vertebral clefts.

Figure 5 Sagittal STIR image (A) in a patient with multiple thoracolumbar
compression fractures, eight vertebrae were treated in the same procedure (B and C).

injection has to be forced to surpass the local pressure of
the trabecular bone of treated vertebra increasing the risk
of leakage through the cracks of the fractured vertebra.
It may be performed under general anesthesia, although
more commonly the patient is given a local anesthetic at
the injection site and conscious sedation[35].
Kyphoplasty, a modification of vertebroplasty, involves the percutaneous insertion of an inflatable highpressure bone tamp into the fractured vertebral body
with the aim of elevate the end-plates by creating a cavity
inside the vertebral body that filled with cement help to
restore and stabilize the vertebral height. The cavity allows low pressure injection of more viscous cement, lowering the risk of extravasation[33].
PMMA is the most frequent cement used in these
procedures. It is the result of the polymerization of
methyl methacrylate monomers to PMMA polymers. It is
cheap, easy to manipulate, allows combination with radiopaque materials and gives the appropriate stiffness and
strength to the vertebral body. However, it does not have
osteoinductive or osteoconductive properties and, therefore, it will not integrate itself to host bone over time. Its
stiffness may promote mechanical overload to adjacent
vertebral bodies[25].
New biological materials have been introduced as
alternatives to PMMA, such as calcium phosphate and
hydroxyapatite. These are not exothermic, allowing the
deposition of new bone that, eventually, could replace
the cement. These cements would in time become incorporated into the patient’s bone, therefore functioning
in a more physiological and biomechanically compatible
fashion. This requires the presence of trabecular bone
and the haversian canal system, thus cavity creation with
a balloon will probably never be a part of the future of
biological cements and prophylactic vertebroplasty[33].
Nevertheless, biological cements are expensive; their
manipulation is not easy due to their high viscosity that
makes difficult the interstitial diffusion inside the vertebral body[36]. These materials have been recommended in
high-energy fractures of young patients[37], although other

WCR|www.wjgnet.com

CLINICAL SUCCESS OF
VERTEBROPLASTY AND KYPHOPLASTY
Analgesic effect effects of these techniques can rely in
many factors, such as ablation of C-nociceptive fibers by
the thermal effect of the cement, mechanical stabilization of the fracture, height restoration of the vertebral
body. The thermal effect also leads to tumor necrosis in
patients with metastases[39].
Mechanical stabilization of the vertebral body relies
on basal bone density, volume and localization of the
injected cement. The filling of 14% to 30% of the volume is able to recover vertebral stiffness, although partial
recovery of the stiffness, below the pre-fracture state,
would be enough to obtain clinical healing[40].
Cadaveric studies have shown greater recovery of
vertebral height with kyphoplasty (5.1 mm) than with
vertebroplasty (2.3 mm)[41]. Yet, clinical studies are contradictory. While some authors found greater height restoration with kyphoplasty[42], others didn’t find differences
between both techniques[43]. In comparison with cadaver
studies, the disk and paravertebral soft tissues may hinder
augmentation with more aggressive techniques in living
patients.
Vertebroplasty can mainly restore vertebral height
when there is fragment instability with intravertebral
clefts, indicating non-union of the fracture fragments.
The cleft may be filled with greater amount of cement,
mainly when there is integrity of the walls of the vertebral body, without extravasations leading loss of intravertebral pressure[41,44] (Figure 6).
Relationship between vertebral height restoration and
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Figure 6 Sagittal T2 weighted image (A) and lateral X-ray
film (B) of a vertebral fracture with intravertebral cleft, AP
(C) and lateral (D) view after vertebroplasty.

clinical evolution is not well established. Some studies
found no better pain resolution with height restoration
and don’t consider this factor mandatory in order to
achieve pain control[45].
Another issue to consider is the stability over time of
the height restoration. A follow up of height loss after
performing these techniques shows the loss to be greater
in kyphoplasty, due to less homogeneous distribution of
cement, than in vertebroplasty, where the cement intermingles with host bone. Therefore, height recovery differences tend to vanish with time[46].
Short-term pain relief has been demonstrated in osteoporotic and tumor fractures treated with vertebroplaty
and kyphoplasty[47,48]. Long-term outcomes have not been
so well established, although some reports state that the
beneficial effects of vertebroplasty remain after a followup period of several years[49,50].
Compared with medical treatments, pain relief after
VP seems on the whole significantly superior. The followup point at which the difference becomes insignificant
varies between studies at 3 mo[51], 6 mo[52] or 1 year[53].
Regarding Kyphoplasty, two prospective controlled studies evaluated and compared the efficacy and safety of this
technique vs medical management and found better longterm pain relief and superior functional outcome with
kyphoplasty, up to 3 years[54,55].

Nevertheless, bias in both studies may invalidate their
conclusions[58]. First of all, the small sample size avoid
that a better evolution in the vertebroplastic group reaches statistical significance. Second at all, the percentage of
control patients that chose to pass to the vertebroplasty
group was high enough to invalidate the randomization
of the studies. With regard selection of the patients,
those with high pain scores were not included. These patients tend to show better results after vertebroplasty[59].
Another important factor was the inclusion of a high
percentage of non-acute fractures; therefore, it is unclear
if the origin of the back pain was the osteoporotic VCF
or other common reasons for back pain in the elderly,
such as arthritis of facet joint or disc pain. By nature of
the patient population studied, “sham” facet injections
may have led to decreased facet pain. Local anesthetic
infiltration of the posterior longitudinal ligament is an established treatment for osteoarthritis back pain. Perhaps
a sham procedure in which a dry needle was inserted
might have been a more appropriate control. Other differences with previous studies are lower amount of injected PMMA, non-confirmation by imaging of vertebral
fractures previous to procedure in patients with known
fractures of less than 1 year and a lack of standardization
of the medical treatment. The interpretation of the data
is even more difficult due to the absence of a medical
treatment group[60].
It has been stated that a percentage of patients with
pain following VCF do not have pain arising from the
fracture itself, but due to instability or overload on the
facet joints produced by adjacent vertebral body deformity[61]. Since both causes of pain, VCF and osteoarthritis, may concur at the same time, we often combine

CLINICAL EVIDENCE OF AUGMENTATION
EFFECTIVENESS
Two recent randomized works[56,57] stated that there is not
better results between vertebroplasty and a sham treatment that only inject local anesthetic in the fractured area.
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Figure 7 Sagittal T1 weighted image (A) showing vertebral compression fracture of L2 (arrow) and degenerative spondylolisthesis of L4 (arrowhead),
computed tomography guided transforaminal epidural injection (B), Sagittal computed tomography after vertebroplasty (arrow) and epidural injection (arrowhead) (C).

vertebroplasty and spinal injection in the same session,
mainly in older patients, relying on edema detected at
the facet joints or on degenerative vertebral endplates
changes, at the same or at a different level of the fractured vertebrae (Figure 7). This is supported by previous
studies that found overall facet joint signal-change scores
significantly higher at vertebral body levels affected by
an acute/subacute compression fracture than in control
levels with either normal bodies or chronic compression
fractures[62]. This practice does not add too much time to
vertebroplasty procedures, avoiding multiple scheduling
of patients.
It is highly recommended to perform a spine MRI
close before any of these percutaneous procedures[63].
The presence of a pattern of bone marrow edema is associated with a good clinical short term success relieving
pain[54]. Nevertheless, improvement has been also demonstrated in patients with vertebral fractures without bone
marrow edema[64].
Grades of recommendation of these techniques are
based on the clinical evidence of published papers as
follow[65]: Good evidence [level I studies with consistent
findings; e.g., high quality randomized controlled trials
(RCT)], Fair evidence (level Ⅱ or Ⅲ studies with consistent findings; e.g., low quality RCT, case/control and cohorts studies), Poor quality evidence (level Ⅳ or Ⅴ studies with consistent findings; e.g., case series and expert
opinions), or Insufficient evidence (inconsistent findings
or lack of investigation for or against recommending intervention).
Meta-Analysis of published papers show fair to good
evidence that in patients with osteoporotic VCF outcomes on physical disability, general health and pain relief
are better with VP and KP than with medical management within the first 3 to 6 mo after intervention. Nevertheless, there is fair evidence that by the first or second
year after intervention, VP provides a similar degree of
pain control and physical function as that attained with
optimal medical management. There is insufficient evidence whether KP results in greater pain relief one and 2
years after intervention[27].
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Although not assessed in comparative studies, the
reported degree of acute pain improvement in tumorassociated vertebral compression fractures is far better
than that typically reported with radiation and medical
management. Nevertheless, studies yield poor-quality evidence[27].

COMPLICATION OF TREATMENT OF
VERTEBRAL FRACTURES
The aggregate rates of complications of vertebroplasty
and kyphoplasty are small; ranging from 2%, when treating osteoporotic compression fractures, to 10% in cases
related to malignant tumors[46].
The main risk of these percutaneous procedures is
the extravasation of PMMA. Investigations on cement
leakage in vertebroplasty report a rate of 11%-76%. In
investigations on kyphoplasty, cement leakage data ranges
from 4.8% to 39%. Cement leakage is reported at a higher rate if CT scans are used[45]. There are many routes by
which cement may leak from a vertebra: paravertebral
leakage, venous leakage or leakage into the spinal canal
and intervertebral foramen (Figure 8). Injury of the surrounding soft tissues is mainly due to the high temperature of polymerization of PMMA. The most sensitive
structures are neural tissues, spinal cord and nerve roots.
Fortunately, most of the extravasations are to the disk
or paravertebral tissues, hence asymptomatic. Transient
radicular symptoms have been described in up to 3%-4%
of the patients[66] and only isolated cases of paraplegia
after these procedures have been reported, most of them
due to failure of technical issues[48].
The monomers that don’t contribute to the polymerization have systemic cardio-pulmonary effects. Pulmonary embolism can be due not only to the cement but
also to the fat from the bone marrow extruded into the
venous system by the high pressure injected cement or by
inflating the balloons[67].
The relationship between percutaneous vertebral augmentation and the development of new fractures it is not
well stated. Previous studies have found a greater rate of
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Figure 8 Axial computed tomography shows
extravasations to epidural space and paravertebral area (arrows) (A), leakage to the intervertebral disc (arrow) (B), venous leakage
(arrow) (C), tail of cement in the path of the
needle (arrow) (D).
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Figure 9 Sagittal STIR magnetic resonance image (A) shows fractures with edema of L1 to L3. Kyphoplasty was performed in these vertebrae (B), 3 wk later
back pain returned and magnetic resonance imaging showed development of new fractures in L4 and L5 (C), vertebroplasty was performed at these levels (D).

new fractures in these patients than in the osteoporotic
population, but the same as in those osteoporotic patients that have already developed a fracture[68]. Another
article found fewer incidences of new fractures in patients treated with kyphoplasty than in patients managed
with medical therapy. This was attributed to improvement
of mechanical conditions due to vertebral height restoration and kyphotic correction[36]. The higher incidence of
fractures in the early postoperative period could potentially be explained by increased patient activity and higher
stress secondary to a diminished level of pain (Figure 9).
The possibility of treating adjacent vertebrae to the
fractured vertebra is not supported by evidence studies[69],
but we think that it is highly recommended treating a
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non-fractured vertebra when both, the upper and lower
adjacent vertebrae, have been cemented.
Another complication is incomplete stabilization or
residual instability of treated vertebral bodies. Due to the
lack of data in spine literature regarding this issue as a
cause of procedural failure, there are no figures. Relapse
of vertebral instability may be due to mechanical failure
of the cement, mainly when biological substitutes are
used in fractures with loss of integrity of the posterior
vertebral wall[25]. Incomplete filling of vertebral fracture
lines may be followed by persistent instability with residual edema. When a vertebral cleft or cyst exists, kyphoplasty might be more prone to cause instability than vertebroplasty because the cement ball does not intermingle
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Figure 10 Sagittal computed tomography (A) a lateral radiography (B) showing fracture of L3 with intravertebral cyst (arrow), after Kyphoplasty (C) the ball
of cement is not incorporated to the instable vertebral fracture, sagittal STIR image showing multiple thoracolumbar fractures with edema (D), treated with
vertebroplasty, the cement do not stabilized the fracture of T10 and T12 (arrows) with persistent edema 6 mo after the procedure (E, F).

in osteoporotic patients[77-79]. Although a systematic review found greater quality of life and disability improvement in kyphoplasty over vertebroplasty, the need to define confounding variables was pointed out, because the
selection of patients may depend on different indications
for KP or VP in non-randomized studies, thus leading to
misleading conclusions[80]. An example could be a recent
prospective study, included in this systematic review, that
found better results in kyphoplasty patients but that was
clearly biased because two of the oldest patients were arbitrarily reallocated in the vertebroplasty group[81].
Based on these data, we recommend vertebroplasty
as the primary treatment for osteoporotic VCF that do
not respond to medical treatment. Kyphoplasty, which
is a much more costly procedure, should only be used as
an alternative approach in selected patients, such as those
with a recent fracture affecting one or two vertebrae.

with vertebral trabeculae (Figure 10).

WHAT TREATMENT DO I CHOOSE?
Percutaneous vertebral augmentation has been shown to
be more effective than prolonged non-operative medical
treatment in patients with painful VCFs when adequate
analgesia and improved functional status has not been
achieved by nonoperative therapy[70]. The choice of vertebroplasty or kyphoplasty and the selection of patients
for one or other procedure remain unresolved questions.
These issues are complicated by the considerable competition between the procedures and the conflicting claims
made for each[1]. Choice may well be influenced by degree
of pain relief, functional improvement and anatomic
and technical factors; including operator’s experience or
preference. Previous studies reported good outcomes
that remained stable during long follow-up periods for
both vertebroplasty[71,72] and kyphoplasty[73,74]. However,
comparative studies are scarce and acknowledge the need
of more high quality randomized controlled trials[75]. A
recent meta-analysis found significant differences regarding anatomical restoration by kyphoplasty versus vertebroplasty, such as a mean long term kyphotic correction
of 2.64º, mean anterior vertebral height recovery of 3.67
mm and lower risk of cement extravasation (risk ratio of
0.7)[76]. Nevertheless, these anatomic differences were not
clinically relevant because most of the studies comparing
both techniques found no differences in clinical outcome
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FUTURE DEVELOPMENTS
A variety of modifications of these techniques with variable success is being used. The commercial success of
Kyphoplasty led to the development of several similar
devices, but none have shown any benefit over vertebroplasty in an independent head-to-head trial[33].
Now that the Kyphon device is off patent, there are
legions of copycat devices available from most manufacturers. A modified procedure employs reusable hingedtip curet to manually create a cavity in fractured vertebral
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Figure 11 Sagittal T2 magnetic resonance weighted
image (A) and lateral X-ray film (B) showing a severe
collapse of L1, AP (C) and lateral (D) view after vesselplasty.
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Figure 12 Sagittal magnetic resonance imaging T1 weighted image of a patient with vertebral metastases (A), radiofrequency thermal ablation was performed before cementation (B, C), post procedure computed tomography (D).

sel increasing its stability[83]. We are now introducing this
technique in our hospital and we have found it very useful in cases of severe vertebral collapse, where the vessel
acts as a prosthetic material that minimally restores the
crushed vertebral body (Figure 11).
Another issue is the combination of percutaneous
cementoplasty using polymethyl methacrylate with other
techniques, such as radiofrequency thermal ablation
(RFTA). It is sometimes indicated to reinforce bone
structures and stabilize bones with high risk of pathologic fractures resulting from metastatic disease, and it is
especially indicated for weight bearing bones. The combined use of RF ablation and cementoplasty appears to
be useful in order to achieve tumor necrosis and stabilize
the fractured vertebrae. The coagulation necrosis produced by RFTA may promote the homogenous distribution of the bone cement within the ablated lesion. The

bodies under fluoroscopy guidance, allowing low resistance injection of more viscous cement[82]. We have often
used a similar curet to create space for the balloon when
the hardness of the vertebral body prevented the balloon
from creating a cavity of the appropriate size.
Vesselplasty has been introduced as a new alternative
to vertebroplasty and kyphoplasty. It has been devised
to obtain control of the volume of injected cement and
restoration of the vertebral body height. It was first
performed in 2004 by Darwono. Instead of using a balloon to create a cavity, vesselplasty uses a polyethylene
terephthalate balloon container (vessel) that serves as
both, a vertebral body expander and a bone cement container. Introduced into the collapsed vertebral body, it is
expanded by the injection of PMMA. Due to the porous
structure of the vessel, a small amount of bone cement
interdigitates with the trabecular bone around the ves-
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clinical use of this combined therapy has been reported
in several studies, but experience with this approach in
vertebral fractures is still limited. Bone cement heats up
to 80  ℃, which may help to strengthen the anticancer effects of RFTA[84] (Figure 12). Radiofrequency assistance
and heating the needle tip constantly can also be used to
increase cement viscosity, lowering the extravasation.

12
13

CONCLUSION

14

This extended review try to update the knowledge about
vertebral augmentation based in current literature and
our own experience. However, operator’s experience or
preference is also important clues in deciding appropriate
treatment of vertebral fracture. Nevertheless, we hope
this review will be helpful to clinician dealing with spinal
diseases.
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devices, changes in the volume of the field of view
(FOV), and changes in the relationships of size and
position between the FOV and the object evaluated.
A few methods of mathematical correction of the gray
scales in CBCT have been proposed; however, they do
not generate consistent values that are independent of
the devices and their configurations or of the scanned
objects. Thus, CBCT should not be considered the examination of choice for the determination of bone and
soft tissue mineral density at the current stage, particularly when values obtained are to be compared to
predetermined standard values. Comparisons between
symmetrically positioned structures inside the FOV and
in relation to the exomass of the object, as it occurs
with the right and left sides of the skull, seem to be
viable because the effects on the gray scale in the regions of interest are the same.

Abstract

© 2015 Baishideng Publishing Group Inc. All rights reserved.

Cone beam computed tomography (CBCT) has often
been used to determine the quality of craniofacial
bone structures through the determination of mineral
density, which is based on gray scales of the images
obtained. However, there is no consensus regarding
the accuracy of the determination of the gray scales
in these exams. This study aims to provide a literature
review concerning the reliability of CBCT to determine
bone mineral density. The gray values obtained with
CBCT show a linear relationship with the attenuation
coefficients of the materials, Hounsfield Units values
obtained with medical computed tomography, and
density values from dual energy X-ray absorciometry.
However, errors are expected when CBCT images are
used to define the quality of the scanned structures because these images show inconsistencies and arbitrariness in the gray values, particularly when related to
abrupt change in the density of the object, X-ray beam
hardening effect, scattered radiation, projection data
discontinuity-related effect, differences between CBCT

Key words: Tomography; Cone-Beam computed tomography; Bone mineral density; Reproducibility of
results

WCR|www.wjgnet.com

Core tip: The development of cone beam computed
tomography (CBCT) has allowed for more frequent use
of these images in dentistry for the evaluation of dentomaxillofacial structures. Yet, there is no consensus
regarding the accuracy of CBCT to determine mineral
density of craniofacial bone structures, although this
technique has been used for this purpose in several
types of analyses. According to the studies available
to date, it may be concluded that CBCT should not be
considered the examination of choice for the determination of mineral density of osseous and soft tissues,
especially when values obtained are compared with
predetermined standard values.
Original sources: Campos MJS, de Souza TS, Mota Júnior SL,
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but the density of all the tissues of the body. In these
examinations, density is described in hounsfield units
(HU) and represents the relative density of a body tissue
according to a calibrated gray-level scale based on HU values of the air (-1000 HU), water (0 HU) and dense bone
(+1000 HU)[25]. HU values are directly related to the mass
absorption coefficient of different tissues[26] and, despite
some variation[27], these values may be used for the determination of density of the tissues with a high degree of
accuracy[10] and sensitivity, detecting density differences of
1% or less[28]. However, the gray scale can vary between
different scanners and with different energies on the same
MSCT scanner[25]. The factor with the highest influence
on the determination of the gray scale is the energy of the
X-ray beam (kVp), which is directly related to the capacity of penetration of the primary beam. The bigger the
energy of the X-ray beam, the bigger and more uniform
its penetration will be, resulting in smaller variation of attenuation, smaller contrast of images, and smaller density
of the structures evaluated. The adequate setting of the
energy applied allows for the determination of a correct
density[29].

Fraga MR, Vitral RWF. Bone mineral density in cone beam computed tomography: Only a few shades of gray. World J Radiol
2014; 6(8): 607-612 Available from: URL: http://www.wjgnet.
com/1949-8470/full/v6/i8/607.htm DOI: http://dx.doi.org/10.4329/
wjr.v6.i8.607

INTRODUCTION
Bidimensional radiographic methods (periapical, occlusal, panoramic and cephalometric radiographs) are
widely used in dentistry; however, they do not provide
visualization of the regions of interest without the superimposition of structures and consequent camouflage
of anatomical details. The advent of images acquired
from computed tomography (CT) has made more precise
quantitative and qualitative evaluation of the adjacent
structures possible[1,2].
Although the use of CT is routine in medical practice,
this examination has not been extensively widespread in
dentistry, due to the presence of image artifacts, high cost,
complexity of the examination and high dose radiation[3].
The development of cone beam computed tomography (CBCT), used for the evaluation of dentomaxillofacial structures, has allowed for more frequent use
of these images in dentistry because it is a less complex
device that produces images with satisfactory resolution,
with little artifact incidence and lower dose of radiation[4].
Multislice and cone beam CT images are frequently
used to determine mineral density of craniofacial bone
structures[5-10]. Yet, there is no consensus regarding the
accuracy of CBCT for this type of analysis. While some
studies advocate its use[10-15], others advocate that CBCT
is not an adequate tool for this type of evaluation because the intensity values of CBCT are influenced by the
characteristics of the system[4,13,16] and by the scanned
object[16-18]. This study aims to provide a literature review
concerning the reliability of CBCT for the determination
of bone mineral density of craniofacial structures.

CONE BEAM CT
After the development of CBCT, a less complex device
with low operational cost and reduced radiation emission[30-32] used for the acquisition of tridimensional images of dentomaxillofacial structures by Mozzo et al[33],
the indication of medical CT for the evaluation of these
structures decreased considerably, especially due to the
higher radiation dose applied to the patient during image acquisition[10,32]. Thus, CBCT has been proposed
as a diagnostic method for the determination of bone
mineral density[10,11,18,34-36]. Gray values obtained with
CBCT are used in an analog way as the HU values for the
determination of mineral density[16] and show a linear relationship with the attenuation coefficients of the materials[13,15], HU values obtained with medical CT[11,12,37,38], and
density values from DEXA[14].
Despite the correlation between gray values obtained
with MSCT and CBCT, errors are expected when CBCT
images are used to define the density of scanned structures[39] because these images present with inconsistencies
and arbitrariness of gray values[16,40], especially when related
to abrupt changes of density in the object[41,42], X-ray beam
hardening effect[39,43], scattered radiation[43] and projection
data discontinuity-related effect[16], making the validity of
the measurements obtained questionable (Table 1).
In CBCT, the abrupt and discrepant variation of the
attenuation coefficient of the X-rays in the scanned structures, as occurs in the presence of metallic structures,
creates artifacts in the images, which are characterized by
dark and bright streaks in the vicinity of the metal object.
Once these artifacts exhibit a different color from that of
the structure to be analyzed, they are responsible for the
inconsistencies in the gray values in the areas where they
are present[15,41,42].
Another source of artifacts in CBCT images is the

BONE MINERAL DENSITY
Mineral density is determined by the amount of mineral mass contained in a certain volume of a structure,
described in units of mass per area (in bidimensional
images) or per volume (in tridimensional images), where
only mineral content is considered[19]. Several methods
may be used to determine bone mineral density, including
digital image analysis of microradiographs, single photon
absorciometry, dual photon absorciometry, dual energy
X-ray absorciometry (DEXA) and quantitative ultrasound[20-22]. However, these procedures present with limitations inherent to the techniques used because density is
determined through images of superimposed structures,
not producing tridimensional information[23,24].
Nowadays, multislice computed tomography (MSCT)
is one of the most useful medical imaging techniques for
the acquisition of data regarding not only bone density,
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which occurs when FOV is smaller than the scanned
object. First, during the system rotation for the image
acquisition, the X-ray beam strikes the parts of the object
located outside the FOV, creating peripheral bright-band
near the boundary of the FOV[16,39], this effect being directly related to the mass and spatial distribution of materials or tissues outside the FOV[17].
Besides the presence of artifacts and the inconsistency of the gray values attributed to the characteristics
of CBCT, variation in the devices[4,13,16], image-acquisition
settings [4,16], and the relationship between the object
evaluated and FOV[4,16-18] may also influence in the images
obtained because alterations of these variables are associated with low reproducibility of gray values. Due mainly
to the integration between some of these characteristics,
in most instances, variables are not adequately controlled
in the studies of reliability of values of density in CBCT.
At present, there are several models of CBCT devices in the market and significant fluctuations in gray
values were demonstrated when different equipment was
compared[4,13]. Each CBCT scanner has its own factors
of exposition and image reconstruction (FOV, kVp, mA,
voxel size, exposure time). Some are fixed, others are
variable[13,39], making it difficult or even impossible for
studies on determination of density in CBCT to draw
conclusions for all the systems used[39].
According to Pauwels et al[39], some CBCT devices
with specific protocols of exposition generate stable gray
values which may be related to HU and density. However,
as with medical CT, the determination of gray values is
specific to the scanner, depending on the calibration of
the devices.
The determination of the dimensions of the FOV
in CBCT is very variable due to its different applicability in dentistry. This adaptation of the size of the FOV
according to the demand of the examination is a great
advantage of the system because it exposes the patient
to a minimum amount of radiation in order to evaluate
the region of interest. However, it may have significant
implications in the gray values of the structures, with
small volume FOVs associated with reduced values of
density[18].
The decrease of gray values in the smallest FOV may
be explained by the reduction of the diameter of the X-ray
beam so as to irradiate only the region of interest[45-48].
This X-ray beam limitation may lead to the decrease of
the amount of low-energy photons and to the increase
in the capacity of penetration of X-rays[49], resulting in a
relative reduction of the value of attenuation of X-rays
and gray values[43].
The manipulation of the dimensions of the FOV
may also alter the amount of exomass, mass present
outside the FOV during image acquisition, which is associated with the variability of the gray values in CBCT
examinations[17,18]. Katsumata et al[18] reported a significant
variation of the gray values when objects of different
mass were evaluated with different FOV volumes, where
the greater volume FOV provided the elimination of the
exomass, resulting in less variability of the gray values.

Table 1 Factors that might lead to inconsistencies and
arbitrariness of grey values on cone beam computed tomography
images
Ref.

Factors

Nackaerts et al[4]

Mah et al[13]
Reeves et al[15]
Katsumata et al[16]

Bryant et al[17]

Katsumata et al[18]
Pauwels et al[39]

Schulze et al[41]

Pauwels et al[42]
Goodsitt et al[43]
Liu et al[50]

Variation in the devices
Image-acquisition settings
Relationship between the object evaluated and FOV
The position held by the region of interest
Variation in the devices
Abrupt changes of density in the object
Projection data discontinuity-related effect
Variation in the CBCT devices
Image-acquisition settings
Relationship between the object evaluated and FOV
Projection data discontinuity-related effect
Relationship between the object evaluated and FOV
The amount of exomass
The dimensions of the FOV
The amount of exomass
X-ray beam hardening effect
Projection data discontinuity-related effect
Variation in the devices
Abrupt changes of density in the object
X-ray beam hardening effect
Scattered radiation
Abrupt changes of density in the object
X-ray beam hardening effect
Scattered radiation
The position held by the region of interest

CBCT: Cone beam computed tomography; FOV: Field of view.

phenomenon of X-ray beam hardening. In CBCT, when
the beam of X-rays made up of broad spectrum photons reaches a certain material, the low energy photons
are easily absorbed, altering the spectrum of the beam.
Once the X-ray beam reaches a specific point or area of
the object by different angles, varied alterations in the intensity of its energy spectrum occur before it strikes the
detector, generating different readings of the attenuation
coefficient of this point, and may produce dark streaks
in the images obtained[41]. Besides causing artifacts in
the images, when the low energy photons are absorbed,
the X-ray beam gains energy, passing through the tissues
more easily, causing an underestimation of the attenuation coefficient and producing dark areas in the images[42].
An underestimation of the attenuation coefficient
due to the occurrence of darker gray values also occurs
as a consequence of scattered radiation. When the X-ray
beam interacts with the object being evaluated, some
photons are diffracted from their original position and
strike the detector in a random way. This scattered radiation is added to the primary radiation of the X-ray beam,
overestimating the intensity measured by the system
and underestimating the attenuation coefficient of the
object, affecting the obtained values of density[41]. CBCT
devices have bigger detectors than the MSCT because
the X-ray beam of the former is conical and of the latter
is in the shape of a fan, favoring the occurrence of scattered radiation[44].
Another type of artifact related to CBCT images is
known as projection data discontinuity-related artifact,
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The variability of the gray values associated with the exomass may be explained by the projection data discontinuity caused by the variation of the superimpositions of the
non-homogeneous and non-symmetrical tissues outside
the FOV along the rotation of the X-ray beam during
image acquisition[16,39].
Another factor that may be related to the variability
of the gray values in CBCT is the position held by the
region of interest (specific area of measurement of density) inside the FOV. This variability occurred when density was determined in various places of a homogeneous
structure[4,50] and with more intensity when the same object was scanned repeatedly in different positions inside
the FOV under the same exposure conditions[4].
Despite the many variables that may affect image
quality and the determination of gray values in CBCT examinations, great effort has been made in obtaining valid
gray values in these images. Studies have described methods for mathematical correction of gray levels in CBCT
examination using as reference X-ray attenuation coefficients of standardized materials[13,15], gray values obtained
in conventional CT examination[50,51], and even correction
algorithms during or after image acquisition[51,52]. Yet,
owing to different configurations of image acquisition,
which may be specific for each CBCT device or altered
for several applications of these examinations in dentistry, the correction methods of gray values obtained in
CBCT still do not generate consistent values which are
independent of the devices and their configurations or
of the scanned objects[15,50].
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CONCLUSION
According to the studies available to date, it may be
concluded that CBCT should not be considered the examination of choice for the determination of mineral
density of osseous and soft tissues, especially when values obtained are compared with predetermined standard
values. Comparisons between symmetrically positioned
structures inside the FOV and in relation to the exomass
of the object, as with the right and left sides of the skull,
seem to be viable because the effects on the gray values
in the regions of interest are the same.
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From histology to micro-CT: Measuring and modeling
resorption cavities and their relation to bone competence
Jef Vanderoost, G Harry van Lenthe
been limited to simplified shapes and averaged cavity
properties. Qualitatively, these models indicate that cavity size and location are important, and that the effect
of cavities is larger than can be expected from simple
bone loss. In summary, the dimensions of osteoclast
resorption cavities were until recently estimated from
2D measures; hence, a careful interpretation of resorption cavity dimensions is necessary. More effort needs
to go into correctly quantifying resorption cavities using
modern 3D imaging techniques like micro-computed
tomography (micro-CT) and synchrotron radiation CT.
Osteoclast resorption cavities affect bone competence.
The structure-function relationships have been analysed using computational models that, on one hand,
provide rather detailed information on trabecular bone
structure, but on the other incorporate rather crude
assumptions on cavity dimensions. The use of highresolution representations and parametric descriptions
could be potential routes to improve the quantitative
fidelity of these models.
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Abstract
The process of bone remodelling plays an essential role
in the emergence and maintenance of bone geometry
and its internal structure. Osteoclasts are one of the
three main bone cell types that play a crucial role in the
bone remodelling cycle. At the microstructural level,
osteoclasts create bone deficits by eroding resorption
cavities. Understanding how these cavities impair the
mechanical quality of the bone is not only relevant in
quantifying the impact of resorption cavities in healthy
bone and normal aging, but maybe even more so in
quantifying their role in metabolic bone diseases. Metabolic bone diseases and their treatment are both known
to affect the bone remodelling cycle; hence, the bone
mechanical competence can and will be affected. However, the current knowledge of the precise dimensions
of these cavities and their effect on bone competence
is rather limited. This is not surprising considering the
difficulties in deriving three-dimensional (3D) properties
from two-dimensional (2D) histological sections. The
measurement difficulties are reflected in the evaluation of how resorption cavities affect bone competence.
Although detailed 3D models are generally being used
to quantify the mechanical impact of the cavities, the
representation of the cavities themselves has basically
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Core tip: Osteoclasts create bone deficits by eroding
resorption cavities. Understanding how these cavities
impair the mechanical quality of the bone is relevant in
both in healthy bone and in metabolic bone diseases.
However, the current knowledge of their dimensions and
effect on bone competence remains limited. Until recently
cavity dimensions were estimated from two-dimensional
measures (histology), hence, careful interpretation was
necessary. With new imaging techniques quantifying resorption cavities in three-dimensional becomes feasible.
Computational models have shown that resorption cavities affect bone competence. The use of high-resolution
representations and parametric descriptions could improve the quantitative fidelity of these models.
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publications was included, given the vast amount of studies analysing transiliac bone biopsies.

Original sources: Vanderoost J, van Lenthe GH. From histology
to micro-CT: Measuring and modeling resorption cavities and their
relation to bone competence. World J Radiol 2014; 6(9): 643-656
Available from: URL: http://www.wjgnet.com/1949-8470/full/v6/
i9/643.htm DOI: http://dx.doi.org/10.4329/wjr.v6.i9.643

RESORPTION CAVITIES AND THE BONE
REMODELLING CYCLE
Frost first introduced the concept of the BMU[3]. These
units are a group of cells which, in a coordinated way,
control the bone remodelling process. A team of osteoclasts perform the bone resorption. These irregularly
shaped cells remove old bone and form the resorption
cavities or Howship’s lacunae, which are later refilled
by the osteoblasts. The osteoblasts perform the bone
formation by excreting the building blocks of the bone
matrix (unmineralised bone or osteoid) and have a role in
the mineralisation of this soft bone[4,5]. Some osteoblasts
get entombed in the bone matrix and differentiate to
osteocytes. The cytoplasmic processes of these osteocytes extend trough a network of canaliculi. It is assumed
that this network monitors the local strain environment
and thus has a role in the signalling process of bone
remodelling[2,5,6]. Other osteoblasts die or become bone
lining cells. These cells digest unmineralised osteoid and
might be involved in the localization and initiation of
remodelling[5]. The result of BMU action, the packet of
new bone, is called a bone structural unit (BSU)[7]. Bone
structural units are the Haversian systems or osteons
in cortical bone, and semi lunar structures separated by
cement lines in trabecular bone[8]. The BMU exists and
moves in three dimensions, excavating and refilling a tunnel through cortical bone or a trench across the surface
of cancellous bone[9].
After resorption, an intermediary phase, called “reversal phase” as introduced by Baron[10], exists in which
mononuclear cells occupy the lacunae and no resorption
takes place[11]. It is in this phase that the cement line is
formed.
Formation and resorption are coupled, both in space
and in time. It has been observed that osteoclasts occupy
the more superior parts of resorption lacunae, while
mononuclear cells and preosteoblast-like cells are situated in the deeper parts. This supports the hypothesis
that these cell types precede each other in the remodelling process[11]. It is likely that formation is preceded by
resorption and they may even occur simultaneously in
the same remodelling unit[4,6,12-15], yet interruptions in the
process, both in formation and resorption, have been
hypothesized[14]. It has been suggested that mononuclear
cells are also active in the resorption process, by digesting
the organic matrix constituents[11].

INTRODUCTION
The process of bone remodelling plays an essential role
in emergence and maintenance of bone geometry and
its internal structure. This system has been extensively
investigated from different angles, including its biology,
chemistry and (bio) mechanical consequences. From a
structural and mechanical point of view the most essential part of the process is the resorption and formation
of bone performed by the basic multicellular units (BMU).
This group of cells is responsible for bone loss and bone
gain and determines the mechanical properties of the
bone both in structure and material properties. In case
of metabolic bone diseases, the functioning of these cells
is altered. Structurally, and consequently mechanically,
resorption cavities formed during resorption, determine
the bone deficit. These cavities are an essential element
in modelling and predicting the effect of bone disease
and treatment. Despite this fact, the effort going into
specifically quantifying these cavities and their effect on
bone strength is relatively limited. Besides that, measuring
methods are numerous and their results require careful
interpretation when used for modelling purposes. This
review aims at bundling the knowledge on these cavities
and their biomechanical role. More specifically, its goal is:
(1) to provide an overview of methods that can quantify
the geometric properties of resorption; and (2) to apply this information to critically review biomechanical
models that incorporate these geometric properties. Our
premise is a mechanical point of view; hence, for the
purpose of this review we will focus on direct impact of
the presence of cavities on bone competence rather than
investigating the dynamic parameters of the remodelling
process. Our focus lies on bone remodelling in trabecular
bone. Since trabecular bone has a much higher specific
bone surface than cortical bone, it is more vulnerable to
these surface-based processes[1,2].

METHODOLOGY
PubMed was searched in the first half of 2012 to identify relevant literature. The search terms used were “resorption cavities”, “Howship’s lacunae”, “resorption”,
“erosion”, “remodelling” separately and in combination
with “bone”, “trabecular bone” or “cancellous bone”.
For the modelling section combinations with “remodelling”, “model” and “finite elements“ were also used.
Subsequently numerous cross-references were followed
through. This review does not claim to cover all publications related to the subject. Specifically in section 5
(Characteristics of resorption cavities) only a selection of
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QUANTIFICATION OF RESORPTION
CAVITIES
Almost all knowledge concerning resorption cavities is
derived from transilliac bone biopsies. The main focus
in this review is therefore on the measurement and in-
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terpretation of resorption cavity properties obtained
from biopsies following the nomenclature conventions
proposed by Parfitt et al[16]. Biomarker data is increasingly
used to analyse bone remodelling. However despite the
problems cited below, the transilliac bone biopsies remain
the golden standard for measuring bone turnover[17].

ing the distribution of cavities and the eroded surface at
a certain time point. It has to be realized that the deep
cavities that cause perforation cannot be identified or included in the measurements[13,18,23,27]. When investigating
treatment effects it is useful to label surfaces using calcein
in order to be sure that they were actively forming during
the period of treatment[28].
The administration of two time-spaced doses of
tetracycline prior to bone biopsy enables assessment of
dynamic indices of bone formation[18]. However, resorption can’t be assessed dynamically (with the exception
of biological markers), since removed bone is invisible;
hence only indirect measurements are available. As a consequence it is not possible to tell from these static measures how much resorption is actually going on[4,13].

Transillac bone biopsies
The three-dimensional (3D) characteristics of resorption
cavities are generally extrapolated from two-dimensional
(2D) features measured on histological sections using
stereological formulas. However this extrapolation is not
without flaws since it assumes unbiased and random sampling and isotropy, which are not fulfilled in bone[18]. 2D
widths are transformed to 3D thicknesses by using the
parallel plate model[19] and the distribution is corrected
for missing measurements[20]. There are also intraobserver, interobserver, intermethod and sample variations that
have to be taken into account[11,13,18,21].
During histomorphometric analysis different staining
methods can be used which highlight certain features.
Toluidine blue is used to identify cavities under polarized
light by looking at the presence of cut off collagen fibers
(disruption of the lamellar system) at the edge of the
cavity[13,18,22]. The polarized light allows visualisation of
the orientation of collagen lamellae along the mineralized
bone surface. The identification of scalloped surfaces
can however be subjective[23]. Tartrate-resistand acid phospahtase can be used to mark active osteoclasts and thus
“active” cavities[24]. Von Kossa/van Gieson staining allows to discriminate osteoid from mineralized bone[18].
Besides the general problems with histomorphometry, cavity related measurements are also influenced
by choosing which cavities to include. Measurement of
cavities always presents a snap shot, where not only active sites are visible but also aborted sites, where resorption “prematurely” stopped, interrupted sites, where
resorption is temporarily halted, and reversals sites[25].
Distinguishing between these sites is not straightforward
and assuming cavities are first completely eroded before
osteoblasts start refilling is also an oversimplification[25].
Some authors[11] perform the technically difficult task of
identifying specific cell types (osteoclasts, mononuclear
cells, pre-osteoblast-like cells) in the cavities to distinguish
between different stages in resorption and thus identify
“completed” cavities with the largest depth obtained in
the cycle[22,18]. But the presence of these cells might be
heterogeneous and might be dependent on the specific
histological section[13]. Therefore, most cavities might not
represent effective “active” resorption and cautious interpretation of resorption related parameters is necessary.
Moreover, small erosions may be difficult to distinguish
from minor surface irregularities and whether these erosions are seen depends on the magnification[25]. Specifically,
cavities with depth below 3 µm are often omitted[14,26].
When all cavities are included, the resulting average size
is smaller than the size of the completed ones, but including all cavities leads to valuable information concern-
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Quantification of erosion depth in transilliac bone
biopsies
The depth of a cavity is generally indicated by erosion
depth (E.De). Indirect measurements are more common,
in which the depth is calculated from other parameters
or assumed to be similar to formation parameters. Wall
thickness (W.Th) is the most widely used (Figure 1). It is
the distance between cement lines of “resting” cancellous
surfaces without osteoid or lacunae, reflecting the amount
of bone created during a remodelling event[4,5,11,13]. Eriksen[11] did not find a significant difference between the
distribution of completed wall thickness and pre-osteoblast-like cell, or deepest, resorption depths in healthy
subjects. Another measure is osteoid thickness[13]. A third
measure is mean interstitial bone thickness, calculated
from measurement of W.Th on both sides of a trabecula
and the mean trabecular plate thickness, but this is not as
reliable[13,29]. However, when the bone balance, calculated
as the difference between W.Th and E.De[8], is not zero,
these parameters do not correctly represent the resorption depth.
Two direct methods have been developed to quantify
the depth of a cavity (E.De) (Figure 1). Eriksen et al[11]
introduced the method of lamellar counting. The average
lamellar width is measured and the number of lamellae
cut at the cavity edges is counted (Figure 1). The method
relies heavily on accurate identification of cells to classify cavities: when this identification is not possible,
cavities are excluded (about 24%)[13]. A disadvantage of
this method is that it is impossible to count the lamellae
correctly when different BSU with different orientations
overlap. Besides that, the lamellar thickness inside an osteon can vary and not all lamellae are parallel to the surface which is an assumption in this method[30].
In the other direct method, the pre-resorption surface is reconstructed and used to measure cavity dimensions[31]. This method is generally computerized and
applies an interactive curve fitting method to the cavity
edge. All identifiable cavities are included regardless of
their stage of completion[27]. Large differences between
the results of both methods have been observed[13,32].
They are partly explained by the number of cavities in-
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Figure 1 Schematic representation of different resorption cavity related measurements on 2D histological
sections: Eroded area, erosion perimeter, wall thickness
and lamellar thickness. E.Ar: Eroded area; E.Pm: Erosion
perimeter; W.Th: Wall thickness; L.Th: Lamellar thickness.

E.Ar

E.Pm
W.Th

E.De

L.Th

cluded and the choice of maximum or mean depth: Eriksen method measures are systematically larger because
the cavities are “completed” (with pre-osteoblast like
cells), unidentified cavities were omitted and a constant
lamellar width is assumed[27,32]. Cohen-Solal et al[32] used
the Garrahan method on completed cavities only (covered
with osteoid), but still found values significantly lower
than Eriksen. Roux et al[30] developed a method similar to
Garrahan’s, and performed a direct comparison with the
lamellar counting method. A rather high correlation was
found (R² = 0.76, P = 0.0001) but with significantly lower
values for the computerized method. Due to line reconstruction problems, cavities at the end of a trabecula
could not be measured, while a higher number of lacunae were omitted during lamellar counting due to poor
visibility of eroded lamellae. Again, the lacunae included
seemed to determine the E.De outcome.
The measurement difficulties including the large
variability and lack of consensus on the measurement
technique have led to the publication of a recommendation not to directly evaluate resorption cavity depth in
transiliac biopsies[33]. However, E.De has a large mechanical impact (see below) and thus remains an important
parameter in the assessment of the impact of resorption
cavities on bone competence.

pending on the cells and activity present in the lacunae.
Osteoclast surface, Oc.S/BS, is often interpreted as “active” erosion surface in contrast to reversal surface. The
relative amount of both types is case-dependent and
interpretation of ES/BS can therefore be misleading,
i.e., an increased ES/BS can be caused by an increased
reversal phase and not necessarily by increased osteoclast
activity[33]. Other formation parameters like osteoid surface (OS/BS) and osteoblast surface (Ob.S/BS) might
be good indicators for related resorption parameters in
healthy subjects with a stable bone balance. In general
OS/BS seems to be larger than ES/BS. Several possible
explanations exist: formation is slower, formation is initiated before the completion of resorption and/or the
presence of arrested resorption cavities[34].
The erosion volume or remodelling space, calculated
from eroded area (Figure 1), is rarely determined on biopsies although it is highly correlated to bone resorption
rate as indicated by urinary excretion of total deoxypyridioline[30]. Some authors measure the E.Pm for each
individual cavity (cavity length or eroded length) as an
indication for shape changes of individual cavities[31,35].
Quantification of number of cavities in transilliac bone
biopsies
The number of cavities per bone surface (Nc/BS) is rarely measured, although it is a simple measure. Activation
frequency (Ac.f) is more widely used. In theory, Ac.f is
the number of new remodelling units activated anywhere
on the surface in a given time and thus a good measure
for the number of cavities present at a certain time. In
practice the Ac.f is calculated as the inverse of the total
period (remodelling period + quiescent period). This
doesn’t correspond exactly with the conceptual definition[13] and doesn’t take into account the 3D organisation
of a BMU and the distance it travels[9]. Being a highly
derived variable the issues in calculation, assumptions and
interpretation are numerous[33] and interpretation is often
complicated. Ac.f is thus especially interesting in a qualitative sense as to compare whether, in a certain situation,
new cavities are introduced. Since cavities exist in different stages of resorption and cavities with interrupted
resorption exist, the quantitative values cannot be readily
used to assess the total numbers of cavities present at a
certain time point.

Quantification of erosion surface and volume in
transilliac bone biopsies
The shape of a cavity can very; hence cavity width and
area can differ even for constant E.De[28]. Consequently,
taking parameters into account that go beyond erosion
depth can be important when investigating the effect of
disease and treatment on bone resorption. On histological sections, the total eroded perimeter (E.Pm) is the
basic measure for the extend of cavities (Figure 1). The
widely used erosion surface/bone surface (ES/BS) is
calculated using this E.Pm. Just like all cavity measurement on biopsies, ES/BS is a snapshot of resorption
and not a dynamic parameter[33]. ES/BS is also a relative
measure: adding a resorption cavity to the surface not
only increases the eroded surface (ES) but also increases
the total bone surface (BS) in the histological section,
since the crenate surface of a cavity is larger than undamaged surface before resorption (Figure 1). Similar
to E.De, some authors[11] further specify this surface de-
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Figure 2 Three-dimensional visualizations of resorption cavities. Using scanning electron microscope (A, B) reprinted from[37] and serial milling (C: Three-dimensional reconstruction; D: Corresponding cross section image) reprinted from[38].

New imaging techniques
The use of 2D histomorphometry has limitations. Neither can it discriminate an increase in the number of
remodelling events from an increase in the size of each
individual event[9] nor can the full volumetric extend of
a cavity be measured[36]. The development of 3D methods to asses BMU’s are essential to advance our ability
to study how alterations in its morphology occur with
disease and treatment[28]. Scanning Electron Microscope
(SEM) images give a good indication of the 3D nature of
resorption cavities as can be seen in Figure 2A and B[37].
But currently, no clinical imaging devices are able to detect resorption cavities because of their small size compared to image resolution. It has been shown that highresolution images (at least 1.4 µm or better) are required
to consistently identify and measure individual resorption
cavities[38].
Recent developments in imaging techniques show
great potential to quantify cavities in 3D and detect them
automatically. Specifically, individual resorption cavities
were measured in 3D on animal vertebrae using serial
milling[38] (Figure 2C and D). This technique was able to
reveal that cavity size and location are related to the local trabecular microarchitecture. Goff et al[39] found that,
on the human vertebral trabecular bone samples they
investigated, half of the cavities were located on the intersections of trabeculae and most others were on plate
like-trabeculae oriented in the main loading direction
(cranial-caudal). Next to that confocal laser microscopy
and vertical scanning profilometry have recently been
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used to measure bone resorbing activity, extending in vitro
measurements from ES/BS under microscope to full 3D
measurements of volume and depth[40,41].
Synchrotron-radiation based computer tomography
(SR-CT) and high-resolution micro computer tomography (µCT) are technically able to obtain the necessary detail, but might not be able to capture enough cavities per
specimen to characterize a population. The most promising development probably lies in high-resolution in-vivo
µCT. Schulte et al[42] recently presented a new time-lapsed
imaging method which allows quantification of dynamic
resorption parameters at a resolution of 10.5 µm. They
were able to effectively measure 3D ES and BS by comparing subsequent 3D reconstructions of the same bone
separated by 4 wk. The non-invasive nature of this technology allows longer periods of investigation and might
enable researchers to reveal time-dependent evolutions
in resorption; yet improvements in image resolution are
needed to be able to dynamically track individual resorption cavities.

CHARACTERISTICS OF RESORPTION
CAVITIES
The following section will provide a limited overview of
measured cavity properties in health and specific disease.
It does not cover the full range of studies analysing transiliac bone biopsies, but aims at providing a general indication of resorption cavity properties found in literature and
showing the wide range of values that have been reported.
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This is relevant in relation to biomechanical modelling
since, as discussed in section 6, several biomechanical
models neither incorporate the most relevant nor most
accurate properties. Based on measurement issues described before, we will focus on E.De and W.Th as measures for cavity depth. For the extend of cavities we will
provide data on ES.BS and when available on EV/BV. All
reported data in this section are related to transiliac bone
biopsies, except when indicated differently.

small decrease in (average) E.De would be a logical consequence of reduced W.Th because more shallow cavities, which were incompletely refilled, remain on the bone
surface. But it also possible that resorption has increased
and has caused deep perforation cavities, which are not
measured: their absence in the cavity depth distribution
would also shift the average depth to lower values.
Neither sex nor ethnic differences seem to exist when
it comes to resorption parameters like E.De, W.Th and
ES/BS, at least before menopause[14,24,27,43,48,50,51]. But with
menopause, there are significant differences between
the sexes. In menopause, the age-related reduction in
W.Th is accelerated and more BMU’s are born (increased
Ac.f), while resorption itself is hardly affected. As a consequence bone turnover is accelerated and females are
subjected to an accelerated trabecular bone loss[5,6,15,51-53].
Three to five years after menopause, the W.Th seems to
recover to the premenopausal values and a more or less
steady state emerges, in which the remodelling rate is still
higher than premenopausal due to a higher Ac.f, but lower than during menopause[6,53]. In men, this “temporarily”
acceleration does not happen and the “normal” decrease
in W.Th with age accompanied by with unchanged resorption, continues[51,54,55].

Healthy bone
Cavities are often elongated, have varying depths and
can lie close together. Sizes varied from 50 µm × 20 µm
to 1000 µm × 1000 µm, most were 200 µm × 500 µm in
size[37]. In a single cavity about 0.05 mm³ of bone tissue is
removed[5]. The frequency distribution of cavity sizes in a
trabecular bone sample is skewed: there are few very deep
cavities and a large amount of shallow ones[13]. This is the
case for all measurement methods, although, as explained
above, the method and choice of included cavities does
make a difference[8,11,14,43].
It seems reasonable to accept that there is no difference in the biology of the bone remodelling process at
different skeletal sites. Hence, if there would be a link
between microdamage and resorption activity, this would
impact local erosion measurements, since some bones
are more heavily and frequently strained leading to more
microdamage[2]. Since the local loading environment is
site-dependent and leading to differences in local trabecular microstructure, it is expected that different erosion patterns occur as well. Indeed, bone structure and
turnover appeared different between the distal radius and
the iliac crest. Specifically, W.Th, ES/BS and Ac.f were
significantly lower in the distal radius[44]. Given the fact
that most cavity-related studies are based on bone biopsies from the iliac crest, these results should be critically
reviewed before extrapolating the results to other skeletal
sites.
There is little information regarding the location of
the cavities on the trabecular surface itself. Analysis of
trabecular thinning and connectedness of trabecular bone
revealed that the site of activation of new BMU’s may be
preferentially located were trabeculae are either thinner or
thicker, such as trabecular intersections[27,45,46]. This would
be consistent with the microdamage-theory since these
locations are highly strained. Most remodelling is likely
targeted at replacing fatigue-microdamaged bone or at
removing hyper mineralized bone[9].
Age-related changes in resorption cavity properties
have been observed (Table 1). For children, growth to
peak bone mass is realised by high formation, with Ac.f
and W.Th decreasing with age, while bone resorption
parameters (ES/BS) don’t vary significantly[23]. In adults,
there is continued reduction in bone formation taking place with age as shown by a reduced W.Th[8,29,47,48],
while resorption continues with an unchanged or even
increased amount of resorbed surface[24,27,43,49]. No or
only a small decrease in E.De has been reported[22,24,27]. A
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Effect of osteoporosis
Metabolic bone diseases alter the bone remodelling cycle
and can thus change the resorption cavity properties
(Table 2). As we demonstrate below for osteoporosis, the
limitations of the measurement methods hinder clear interpretation of the results.
As indicated earlier, the menopause causes, even
in normal subjects, an increase in Ac.f and a negative
bone balance. In post-menopausal osteoporosis (PmOP)
these effects on Ac.f and W.Th are even stronger, with
extreme loss in bone mass as a consequence[17,32,56,57].
Again, given the likely increased presence of underfilled
cavities associated with a reduced W.Th, one would expect a reduced average E.De, but an increased ES/BS.
In contrast to normal post-menopausal women, a small
but not significant increase in resorption depth has been
observed[15,17,32,56,57]. Furthermore, ES/BS is reduced or
unchanged[56,57]. Given this difference from normal agerelated changes, we hypothesize that individual cavity
depth might actually have increased in PmOP, but that
this increase is not detected with the averaged values for
E.De reported in literature. The presence of underfilled
cavities and absence of perforating cavities in the measurement, shift this average to lower values, masking the
real increase. The increased cavity depth might cause
more perforations on already thinner trabeculae and,
again, because these perforating cavities are not included
in the ES/BS measurement, the real ES is underestimated. Idiopathic (primary) male osteoporosis leads to
similar effects but while some studies find similar results
as for PmOP[54,58], others found unchanged W.Th and increased resorption parameters (ES/BS)[47].
Prolonged corticoid treatment leads to secondary OP.
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Table 1 Normal values for specific eroded surface, erosion depthand wall thickness as reported in literature for healthy patients
Sex

Parameter Change with age Mean age

F

ES/BS (%) ↓2↑

E.De (µm)

2

↓

W.Th (µm) ↓

M and F

ES/BS(%) ↓2

E.De (µm)

2

↓

W.Th (µm) ↓

M

ES/BS(%) ↓2↑

E.De (µm)

2

↓

W.Th (µm) ↓

10-30
30-60
60-90 (post-meno)
All ages
10-30
30-60
60-90 (post-meno)
10-30
30-60
60-90 (post-meno)
All ages
10-30
30-60
All ages
30-60
All ages
10-30
30-60
60-90
All ages
10-30
30-60
60-90
10-30
30-60
60-90
10-30
30-60
60-90
All ages

Values
2.15 (0.36)[43] 3.23 (2.6-4.02)[22]
3.43 (2.68-4.4)[22] 1.85 (0.82-4.21)[27] 1.78“[43]
4.59 (3.72-5.66)[22] 4.2 (1.7)[24] 7.11 (2.9-16.9)[56] 4.0 (2.0)[57] 1.66 (0.66)[43]
6.2 (2.9)[21]
56.8 (50.2-63.4)[22]
63.4 (57.5-69.3)[22] 33.7 (24.4-46.6)[27]
50.8 (46.9-54.7)[22] 27.21 (2.27)[24] 49.11 (38.3-61.7)[56] 49.4 (12.1)[32]
62.0 (8)[29]
49.0 (9.1)[48] 37.2 (3.8)[51] 38.1 (28.6-68.8)[53] 56.2 (7.1)[50] 50.4 (7.4)[29]
48.81 [37.8-62.2][56] 33.9 (4.7)[51] 32.2 (23.2-39.3)[53] 39.5 (2.0)[32] 32.1 (4.13)[57] 44.3 (4.9)[50] 40.2 (4.6)[29]
31-43.9[13] 49.0 (2.5)[21]
16.3 (11.6-18.1)[102] 16.6 (5.6)[23]
4.03 (1.42)[11]
1.35 (0.39)[31] 1.94 (0.76-4.93)[103]
62.6[11]
28.9 (23.4-39.3)[31] 34.2 (22.8-51.3)[103]
44.2 (5.7)[102] 41.4 (5.7)[23]
61.9 (6.8)[11]
59.4[13]
51.6 (35.8-74.4)[103]
3.32 (2.34-4.7)[22] 6.3 (0.6)[49] 2.84 (1.27)[43]
3.55 (2.55-4.95)[22] 3.7 (0.9)[24] 1.81 (0.72-4.56)[27] 6.62[51] 1.722[43]
3.99 (3.11-5.13)[22] 3.7 (0.6)[24] 6.4+[49] 1.91 (0.42)[43]
66.1 (57.1-75.1)[22]
64.1 (48.0-60.2)[22] 33.0 (3.16)[24] 35.6 (23.2-54.7)[27]
46.3 (44.3-48.3)[22] 28.94 (1.78)[24]
62.0 (8.1)[29] 32.8 (2.6)[49]
50.2 (8.7)[48] 53 (8.6)[50] 49.2 (4.6)[29] 35.02[49]
48.5 (8.6)[50] 43.8 (2.8)[29] 32.82[49]
40.6[13]

1

Median; 2Indicates recalculation to age groups. Data ordered by sex [Female (F), Female and male (FM), Male (M)] and age groups (10-30 year, 30-60 year,
60-90 year or all ages mixed). Values presented as mean ± SD, mean [95% confidence interval (CI)], mean [10th-90th percentile], mean [Q 1st -3rd quartile], Also
indicated is whether the parameters increase (↑), decrease (↓) with age or stay constant (b). ES/BS: Erosion surface/bone surface; E.De: Erosion depth; W.Th:
Wall thickness.

ties might be reduced[28,68,69]. The impact on resorption
cavity properties would be similar: either only underfilled
and thus shallow cavities remain or only new shallow cavities are resorbed. Indeed, superficial cavities have been
observed next to giant hypernucleated osteoclasts[70]. BPs
thus prevent a significant increase in erosion depth and
prevent further progression of the resorption pits[67].
The trends observed for resorption parameters in other
treatments are less clear and few studies found conflicting
results. In contrast to BPs, both parathyroid hormone (PTH
1-84) and the cyclic hPTH(1-34) (Teriparatide), caused an
increase in ES/BS, next to an increased Ac.f and W.Th,
although it was not always significant[71-73]. A larger surface
is thus occupied by cavities, but the increased W.Th may
keep them superficial. For patients treated with strontium
Ranelate, a dual action bone agent, some studies found no
significant differences in Ac.f or ES/BS while others found
a significantly reduced ES/BS[52,74].
In a recent three-dimensional dynamic bone histomorphometric study, Matheny et al[75] showed reductions
in resorption cavity size (depth, width and volume) with
antiresorptive agents (Raloxifene and Risondrenate) while
the ES/BS was unchanged.

The main effect is osteoblastic dysfunction, with significantly reduced W.Th as a consequence. Next to that, the
lifespan of osteoclasts seems to be increased and changes
in cavity surface shape have been observed[59]. The change
in cavity surface shape might have a different mechanical
impact, especially in combination with an increased E.De
and ES/BS, as indicated in most studies[5,60-63].
Effect of anti-osteoporotic medication
Treatment for OP interferes with the bone remodelling
cycle, hence, may affect osteoclast resorption cavities.
This section presents an overview of the effect of some
of the major anti-osteoporotic medication for which resorption cavity properties were reported and compared
to untreated PmOP patients (Table 3).
Bisphosphonates (BP) reduce bone resorption by
reducing the Ac.f: the number of new BMU’s that initiate and thus the remodelling space decreases[28,52,60,64-66].
The W.Th is reduced as well but no evidence of changes
in ES/BS was found[52,60,64,66,67]. It is debated whether osteoclasts are only prevented from starting new BMU’s or
that the amount of bone resorbed by a BMU is reduced
as well; also the number and size of the resorption cavi-
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Table 2 Change of eroded surface, erosion depth and wall thickness in common bone diseases (postmenopausal osteoporosis, male
idiopathic osteoporosis, glucocorticoid induced osteoporosis) as reported in literature
Disease Parameter
PmOP

Change

W.Th (µm)

↓

ES/BS (%)

b

E.De (µm)
EV/BV (%)
MIOP ES/BS (%)
E.De (µm)
W.Th (µm)
GC
EV/BV (%)
induced ES/BS (%)
E.De (µm)
OP
W.Th (µm)

↓

b

↑
b

b

b

↓

↑
↑
↓

Values

1 1

2

Significantly lower than control Significantly higher than control

40.74a (31.6-54.3)1[56] 36.2 (6.4)1[21] 28.3 (20.1-34.8)1[53] 35.3 (2.0)1[32] 28.0 (4.44)1[57] 29.3 (1.4)[73] 31.2 (0.4)-32.1 (0.5)[64] 41.8
(4.25)-49.0 (8.93)[67]
5.3a (1.7-18.1)[56] 6.0 (3.0)[21] 4.8 (2.7)[57] 1.67 (0.48)[73] 4.9 (2.9)[71] 1.89 (0.12)-3.41 (0.5)[64] 4.49 (1.6) - 6.55 (1.62)[65] 2.18 (1.24)[61]
2.42 (Q 1.31-2.93)[72] 4.7 (Q 3.3-5.7)-5.2 (Q 3.2-6.9)[67]
55a (37.3-82)[56] 48.5 (43.8-53.2)[8] 50.0 (13.4)[32] 22 (5)[71] 13.5 (0.43)-15.8 (0.91)[64]
0.46 (0.04)-1.21 (0.29)[64]
9.7 (1.7)[55] 7.5 (1.3-17.7)[58]
44.7 (9.3)[58]
35.3 (7.5)1[58]
0.44 (0.1)[60]
2.3 (0.4)[60] 4.06 (2.45)[61]
15.0 (1.3)[60]
30.6 (0.8)[60]

Significant difference vs control indicated (1Significantly lower than control; 2Significantly higher than control); aMedian; Values presented as mean ± SD,
mean (95%CI), mean [10th-90th percentile], mean [Q 1st-3rd quartile]; bAlso indicated in table is whether the parameters increase (↑), decrease (↓) due to the
disease or stay constant. When more then one value is reported for the same reference, it concerns measurements at different time points. ES/BS: Erosion
surface/bone surface; E.De: Erosion depth; W.Th: Wall thickness; PmOP: Postmenopausal osteoporosis.

Table 3 Change of eroded surface, erosion depth and wall thickness with treatment for postmenopausal osteoporosis as reported in
literature
Treatment for PmOP

Parameter

Bisphosphonates (oral/IV ibandronate, alendronate,
risendronate)

Strontium ranelate
Strontium ranelate 6 m
hPTH (1-34)
(teriparatide)

Values
Significantly lower then no treatment
2
Significantly higher then no treatment

EV/BV (%)
ES/BS (%)

b

E.De (µm)

b

W.Th (µm)

b

0.40 (0.1)-0.50 (0.1)[60]
2.2 (0.4)-2.6 (0.5)[60]
5.3 (2.75)[67]
1.29 (90%CI: 1.04-1.95)-1.62 (90%CI: 1.32-1.88)[66]
13.4 (1.0)-16.2 (1.0)[60]
45.6 (9.45)[67]
30.0 (1.0)-31.4 (1.0)[60]
41.6 (4.86)[67]
2.92 (1.48-3.89)[52]
1.21 (0.21)1[74]
0.78 (0.11)[74]
10.1 (4.9)2-11.8 (7.1)2[71]
3.51 (Q 2.67-5.64)-4.0 (Q 2.8-6.0)[72]
22 (5)-28 (7)[71]
1.75 (0.35)[73]
33.1 (1.4)[73]

b

b

ES/BS (%)
ES/BS (%)
ES/BS (%)

↓
↑

W.Th (µm)
ES/BS (%)
W.Th (µm)

PTH (1-84)

1

Change

b

↑b
b

1

Significant difference vs control (no treatment) indicated (1Significantly lower than control; 2Significantly higher than control). Values as mean ± SD, mean
(95%CI), mean [10th-90th percentile], mean[Q 1st-3rd quartile]; bAlso indicated in table is whether the parameters increase (↑), decrease (↓) due to the treatment
or stay constant. When more than one value is reported for the same reference, it concerns measurements at different time points or different doses. ES/BS:
Erosion surface/bone surface; E.De: Erosion depth; W.Th: Wall thickness; PmOP: Postmenopausal osteoporosis.

Three main possible mechanisms have been identified
by which bone turnover in general can influence bone
biomechanics[36]. These mechanisms are related to bone
mass, yet they have effects that go beyond their direct impact on the bone volume and thus go beyond “standard”
density-strength power relationships[76,77]. First, there is
the effect of modifications in tissue degree of mineralisation, which is not directly related to resorption. Second,
the fenestration or disconnection of individual trabeculae
that modify the trabecular architecture is a direct result of
resorption[76,78-80]. And third, the resorption cavities also
act as stress risers. Experimental evaluation of these effects is difficult, forcing researchers to rely on modelling.

BIOMECHANICAL CONSEQUENCES OF
RESORPTION CAVITIES
Resorption by osteoclasts, as part of the bone remodelling cycle, causes cavities on the bone surface, since the
cells reach their location through the bone marrow. During resorption and the following reversal phase, these
cavities form structural defects, that weaken the bone[6].
With a normal bone balance, this mechanical effect is
quasi-constant, since an equal amount of cavities is refilled simultaneously. If this balance is disrupted, the
changes cause a structural and thus mechanical effect[4,12].
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In the next paragraph we focus on different modelling
approaches and their findings.

as well, and FE analyses were performed to investigate
the mechanical impact[88-93]. These algorithms have been
applied iteratively to simulate the effect of a sequence
of remodelling cycles, with both formation and resorption, sometimes spanning several decades in the virtual
life of the sample. The algorithms used had different
grounds. One approach was to remove voxels on the entire bone surface based on a gaussian filter constrained to
a certain cavity volume[90,94], which not necessarily erodes
individual cavities. Using this method they showed that a
negative bone balance and increased activation frequency
can cause extreme bone loss[90]. Others considered the local mechanical environment of voxels and removed them
based on the nonuniformity of local stress on the surface
or a strain signal[91,93]. Both models caused an evolution
towards a typical anisotropic bone structure after several
cycles, with a higher stiffness in the loading direction.
The approach of Van der Linden et al[92] was the first
to specifically take the cavity shape into account. They
developed a computer simulation of bone remodelling
on a 3D-µCT-based structure where voxels of bone matrix were removed as hemispherical cavities located at
random locations on the bone surface. In a sequence of
bone remodelling cycles, a formation deficit was modelled hence the cavities were not refilled completely. The
model was used to simulate several bone loss scenarios[95]
as well as the effect of treatment with anti-resorptive
agents by gradually changing cavity properties[96]. They
clearly showed the complex relationship between bone
loss and stiffness loss and that bone loss alone cannot
explain the mechanical changes. While Van der Linden
et al based their amount of remodelling on the remodelling volume, Liu et al[89] added hemispherical cavities at
random locations according to the activation frequency.
They observed a shift to less plate-like trabeculae and
more, but thinner, rod-like trabeculae after the simulated
menopause.
Hernandez et al[88] used a similar 3D model to test
the effect of resorption cavities on the trabecular bone
strength. They digitally added cavities at regions of high
strain or at random locations. For the first time, the cavities were modelled with an ellipsoidal shape. Adding
resorption cavities caused a significant reduction in stiffness and yield strength, with even higher reduction for
cavities at regions of high strain. The total removed bone
volume was however the same, showing that cavities may
influence bone mechanics independent of their effect
on bone volume. The same research group continued to
model the biomechanical effect of (uniform size) resorption cavities on voxel-based models and have shown a
larger impact of cavities located in highly strained areas
on the trabecular bone structure[97].
Using a new approach that overcomes some of the
modelling limitations described above and below, we recently simulated the effect of resorption cavities on the
stiffness of a wide variety of trabecular bone structures
using a parametric beam-shell finite element model[98].
The reduction in bone stiffness due to cavities was signif-

Modelling resorption cavities in finite element analyses
Numerous authors have tried to model the bone remodelling sequence, but few have directly incorporated the 3D
microstructural properties of resorption. There have mainly
been attempts using analytical models to predict local
changes of bone properties like the bone density, based on
BMU properties like birth-rate, formation, resorption and
mineralisation rates[81,82]. These models don’t incorporate
the real resorption cavity properties and are thus not further described in this review.
Simplified structural models can give insight in some
of the basic mechanism of the effect of cavities on bone
mechanical properties. Mechanical analyses of the effect
of a cavity on a straight beam shows that the number and
size of remodelling cavities may influence the mechanical
behaviour of a trabecula independent of bone volume or
total amount of bone turnover[36].
Using a mechano-regulation algorithm to model and
refill cavities of different depths on a 2D and 3D simplified finite element model of a bone trabeculum, it was
shown that beyond a certain cavity depth the remodelling was not able to refill the cavity and a notching effect
caused perforation[83,84].
An extension of simple beam models is 2D and 3D
lattice structures. Langton proposed a 2D stochastical
model of resorption on a lattice structure where resorption was guided by a probability that a surface pixel is
activated and a probability for the duration of resorption[85]. Small bone volume losses caused high stiffness
losses which are related to 2D nature of that model. Lattice 3D models are more robust, A model presented by
Tayyar et al[86] used planar structural units to test the effect
of increased activation frequency during menopause on
bone volume. He used rectangular shaped cavities with a
maximum depth of 50 µm and 2% of the cavity volume
was not refilled during formation[86]. The volume loss
was larger in case of menopause, with almost 40% of the
bone loss caused by perforation (disconnection from the
network).
Lattice models are unable to capture the complex and
heterogeneous nature of trabecular bone. In a trabecular
network, the mechanical effect of perforations or ruptures depends on the cavity location and specific trabecular properties. µCT-scans have enabled researchers to
take the intricate trabecular structure into account when
modelling resorption effects.
The stress-concentrating effect of resorption cavities on real isolated trabeculae was first investigated by
McNamara et al[87]. Cavities were identified on µCT-scans
and the authors found from finite element analysis that
micro-damage was inevitable around these lacunae, which
might lead to more resorption than ‘initially’ intended to
restore damaged bone[87].
Different cavity-based erosion and formation algorithms have been applied to complete trabecular samples
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icantly larger than for homogeneous erosion of the same
bone volume and depended on the nature of the bone
structure (rod-like vs plate-like trabeculae). A more specific study using the same modelling technique showed
that glucocorticoid changes in the geometry of osteoclast
resorption cavities affect trabecular bone stiffness[99].
Slyfield et al[100] were recently able to take the ultimate step in the 3D analysis of the mechanical effect of
resorption cavities. They were able to demonstrate the
role of resorption cavity size and location on mechanical
failure (damage) of bone using 3D imaging of the failure
process.

perforation. It is thus advisable to use a realistic spread
of resorption cavity properties when modelling their mechanical impact.
Fifth, the choice of modelling parameters remains
problematic. As we explained above, different measuring methods exist and all have specific disadvantages,
requiring careful interpretation of the values before
using them as a model basis. Resorption cavity depths
used in simulation studies seem to be large compared
to literature values, again due to the voxel-based nature
of the models. Using dynamic parameters like the total
remodelling space or Ac.f as a basis for a static study,
might lead to an overestimation of the impact of resorption cavities[88,89]. There is no single timepoint where the
entire remodelling space has been removed by osteoclasts. Given the fact that ES/BS is commonly measured
and there is less discussion concerning the measurement
technique, it is likely the best parameter to quantify the
extend of erosion.

Modelling limitations
As described above, the different modelling approaches
have revealed interesting effects of resorption on bone
mechanical properties. There are however several disadvantages in the methods and potential flaws in the presented studies.
First, simplified (lattice) models are unable to capture
the complex and heterogeneous nature of trabecular
bone and are therefore less suited to model the combined mechanical effect of all the interacting structural
properties.
Second, detailed µCT-based models of trabecular
bone have been used, but so far applied only to a limited
number of trabecular bone samples. Given the enormous
heterogeneity of trabecular bone structures, related to
the anatomical site, the influence of the initial structure
should be taken into account. It is as yet unclear whether
resorption cavities have a similar impact on plate-like
samples then on rod-like bone samples.
Third, state-of-the-art µCT-based models add en remove bone by adding or removing voxels. Cavity shapes
and sizes are thus limited to the voxel resolution. As our
review of resorption cavity properties shows, a large
variation in sizes exists and changes often occur on a subvoxel-resolution level. High resolution imaginghas shown
that resorption cavities have very irregular shapes of
which the mechanical impact can possibly not be modelled correctly on a voxel-basis[37]. Potential solutions to
this problem lie in the use of tetrahedral-based FE models, where surface nodes can be moved inwards to model
cavities or by using parameter-based models of trabecular
bone, like beam-shell finite element models[101].
Fourth, state-of-the-art µCT-based models assume,
partly due to their voxel-based nature, cavities of a fixed
size. However, cavity shapes and sizes are far from constant. In vivo, they exist in a skewed distribution of surface
area and cavity depth. Moreover, at a certain snapshot in
time, not all cavities are in the same remodelling stage:
some may have just started while others are already being
refilled. Furthermore all simulation studies have shown
that the highest mechanical impact occurs when trabeculae are perforated or ruptures, especially when occurring
in highly strained locations. The presence of just a few
deep perforating cavities can thus change the mechanics
decisively, while an averaged cavity depth might not cause
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CONCLUSION
Osteocyte resorption cavities affect bone competence.
Hence, a proper quantification of the cavity dimensions
will be beneficial in estimating the effect of metabolic
bone diseases on bone mechanical quality. Until recently,
the dimensions of osteoclast resorption cavities have
been estimated from 2D measures. Their role in affecting bone quality has been analyzed using computational
models that, on one hand, provide rather detailed information on trabecular bone structure, but on the other incorporate rather crude assumptions on cavity dimensions.
Considering the 3D nature of the cavities this approach
has clear limitations, requiring a careful interpretation.
The introduction of 3D imaging techniques like µCT and
SR-CT has opened the door to quantifying these dimensions in an unbiased manner in 3D space. These data can
be included in high-resolution computational models and
in parametric descriptions of bone, thereby improving
our understanding of their effect on bone competence.
Further exploration of this area of research will disclose
relevant information on the mechanical consequences of
metabolic bone diseases and can aide in the development
of (bio)mechanically relevant pharmacological and physical treatments.
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Core tip: This article describes the radiographic approach to skeletal dysplasias, reviews the essential
radiographic features of various non-lethal epiphyseal,
metaphyseal, diaphyseal, osteopenic and sclerosing
dysplasias and also describes features to differentiate
these entities from other similar dysplasias. In summary, working algorithms for diagnosis of common skeletal
dysplasias have also been provided.
Original sources: Panda A, Gamanagatti S, Jana M, Gupta AK.
Skeletal dysplasias: A radiographic approach and review of common non-lethal skeletal dysplasias. World J Radiol 2014; 6(10):
808-825 Available from: URL: http://www.wjgnet.com/1949-8470/
full/v6/i10/808.htm DOI: http://dx.doi.org/10.4329/wjr.v6.i10.808

Abstract
Skeletal dysplasias are not uncommon entities and a
radiologist is likely to encounter a suspected case of
dysplasia in his practice. The correct and early diagnosis of dysplasia is important for management of complications and for future genetic counselling. While there
is an exhaustive classification system on dysplasias, it is
important to be familiar with the radiological features of
common dysplasias. In this article, we enumerate a radiographic approach to skeletal dysplasias, describe the
essential as well as differentiating features of common
non-lethal skeletal dysplasias and conclude by presenting working algorithms to either definitively diagnose a
particular dysplasia or suggest the most likely differential diagnoses to the referring clinician and thus direct
further workup of the patient.

INTRODUCTION
Skeletal dysplasias also termed as osteochondrodysplasias are
a large heterogeneous group of disorders comprising
of abnormalities of bone or cartilage growth or texture.
They occur due to genetic mutations and their phenotype
continues to evolve throughout life. Skeletal dysplasias
thus differ from dysostoses which are malformations of
single or multiple bones in combination, are due to abnormal blastogenesis in-utero and phenotypically remain
static throughout life[1]. Currently more than 450 different
entities have been described based on radiologic, molecular and biochemical criteria[2]. While certain dysplasias
individually are quite rare, their overall prevalence as a
group has been reported to be 2.3-7.6 per 10000 births
in various epidemiologic studies[3-6]. However the actual
prevalence may even be higher as concluded by these
studies.
Some dysplasias are lethal in perinatal period and are
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Table 1 Set of radiographs obtained in a skeletal survey

[1]

Table 2 Dysplasias with involvement of axial skeleton

Skull (AP and lateral)
Thoracolumbar spine (AP and lateral)
Chest (AP)
Pelvis (AP)
One upper limb (AP)
One lower limb (AP)
Left hand (AP) ( for bone age)

Location
Skull
Mandible
Clavicle
Ribs
Spine
Pelvis

AP: Anteroposterior.

detected on antenatal ultrasound scans while the nonlethal dysplasia present early in infancy or childhood with
disproportionate short stature, failure of linear growth or
with other physical deformities.
The appropriate diagnosis of a dysplasia is dependent
upon the integration of clinical and family history, physical examination, radiologic examination and molecular
and biochemical tests. Among these, a radiologic evaluation is an integral part of the diagnostic workup of a
dysplasia. A general radiologist will often encounter a
set of radiographs of a patient with a suspected skeletal
dysplasia. While some dysplasias can be easy to diagnose
based on certain characteristic or so-called “text-book”
findings, it is also important to have an appropriate approach to diagnosis. Thus in this article, we review the
radiologic approach to the diagnosis of a non-lethal dysplasia and thereafter describe the radiologic features of a
few important and more common non-lethal dysplasias.

plates. There may also be abnormal vertebral hooking
or beaking which are characteristic for certain dysplasias
(central beaking in Morquio’s syndrome, posterior humpshaped vertebrae in spondyloepiphyseal dysplasia tarda).
The appendicular skeleton has to be assessed for (1)
type of bone shortening and (2) location of abnormality,
i.e., epiphyseal, metaphyseal or diaphyseal. Shortening of
the limbs can be (1) rhizomelic (involving proximal parts
of limb, i.e., humerus and femur); (2) mesomelic (involving
middle parts of limb, i.e., radius/ulna; tibia/fibula); (3)
acromelic (involving hands and feet); or (4) micromelic (generalised shortening of entire limb).
Location of abnormality can be purely epiphyseal
involving only the epiphyses, metaphyseal involving the
metaphyses or diaphyseal involving only the diaphyses or
there can be concomitant involvement of more than one
location in appendicular skeleton. The involvement of
appendicular skeleton has been summarised in Table 3.
In addition, look at the bone density (decreased in osteopenic and increased in sclerosing dysplasias respectively) and for an abnormal shape of bone (e.g., champagne
glass pelvis in achondroplasia).
Thirdly, complications are invariable sequelae of
dysplasias because of altered bone shapes. An analysis
of complications can also give a clue to the underlying
diagnosis. Epiphyseal dysplasias lead to premature osteoarthritis and deformities like coxa vara and genu valga.
Spondylo-dysplasias lead to early kyphoscoliosis while
fractures are typically noted in dysplasias with altered
bone density like osteogenesis imperfecta and osteopetrosis.

RADIOLOGIC EVALAUTION
The radiologic evaluation begins with a complete skeletal
survey ideally comprising of a set of radiographs outlined in Table 1.
In cases with epiphyseal irregularity or stippling, it is
recommended to obtain radiographs of both sides upper and lower limbs. Also, because dysplasias continue to
phenotypically evolve throughout life, serial radiographs
are recommended and comparison should always be
made with previous radiographs to assess evolution of
disease and complications[1]. It is also recommended to
obtain radiographs early in childhood since the optimal
age for recognition of most dysplasias is before the obliteration of growth cartilage. Later when there is epiphyseal fusion and growth ceases, the recognition of many
dysplasias becomes difficult and even impossible[7].
Offiah and Hall[1], in their excellent article have enumerated the ABCs of evaluation, comprising of anatomical
localisation, analysis of bones and assessment of complications. Anatomically, the abnormalities can be located in the
axial skeleton (Table 2) or in the appendicular skeleton.
In axial skeleton skull and spine are most commonly
involved. The skull can either be large (achondroplasia) or can have multiple wormian bones (cleidocranial
dysplasia). Involvement of spine is commonly in the
form of flattening and decreased vertebral body height
termed as platyspondyly or there can be irregularity of end-
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Examples
Achondroplasia, Cleidocranial dysplasia
Pyknodysostosis
Cleidocranial dysplasia
Asphyxiating thoracic dysplasia, Thanatophoric dysplasia
Spondyloepiphyseal dysplasia congenita,
Mucopolysaccharidoses
Achondroplasia

COMMON RADIOLOGICAL GROUPINGS
After analysis of the skeletal survey, the radiologic findings can be further grouped into common radiographic
groups. These radiographic groups have been created
based on common X-ray findings. Within these radiological groups are dysplasias groups conforming to that X-ray
appearance and within the dysplasia groups we have
enumerated a few common entities. We have basically derived and modified these groups from the 2010 revision
of the Nosology and Classiﬁcation of Genetic Skeletal
Disorders framed by the International Skeletal Dysplasia
Society[2,8] and from atlases of bone dysplasias[9,10]. By
using these groups, we generate radiological differential
diagnoses when encountering a common constellation of
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Table 3 Dysplasias with involvement of appendicular skeleton
Type of shortening
Rhizomelic

Examples

Location of abnormality
Epiphyseal

Mesomelic

Achondroplasia
Spondyloepiphyseal dysplasia congenita
Mesomelic dysplasia

Acromelic
Micromelic

Acrodysostosis
Achondrogenesis

Diaphyseal
Combination

Metaphyseal

findings on skeletal surveys.
The groups include: (1) GROUP Ⅰ: Epiphyseal dysplasias with/without spine involvement (Platyspondyly
+/-); (2) GROUP Ⅱ: Metaphyseal dysplasias with limb
shortening/abnormal limb length; (3) GROUP Ⅲ: Dysplasias with altered bone density; and (4) and GROUP Ⅳ:
Miscellaneous dysplasias, i.e., those which do not typically
have limb shortening or be clearly bracketed anatomically
into sponylo-epi/metaphyseal dysplasias.

type 2; and (3) concomitant metaphyseal involvement as seen
in spondyl(epi)metaphyseal dysplasias, multiple epiphyseal
dysplasia, pseudoachondroplasia, mucopolysaccharidoses,
diastrophic dysplasia and achondrogenesis type 1.
Spondyloepiphyseal dysplasia congenita[9,12-14]: OMIM:
183900[15]. The mode of inheritance is autosomal dominant
and is due to a mutation in COL2A1 gene on chromosome
locus 12q13.1 affecting Type Ⅱ collagen protein.
Age of manifestation: At birth with delayed ossification of epiphyses as its hallmark. Essential radiographic
features: (1) Bulbous and pear-shaped vertebrae at birth
which later flatten leading to severe platyspondyly with
thin intervertebral disc spaces (Figure 1A, B). The ensuing complications include kyphoscoliosis, lumbar lordosis
and atlanto-axial instability. Atlanto-axial instability is
secondary to odontoid hypoplasia and it subsequently
endows a greatly increased risk of cervical myelopathy[16,17]; (2) Absent pubic bones at birth with horizontal
roofs of acetabula and short and broad iliac wings; (3)
Absent epiphyses of calcaneum and knee at birth. Later,
there’s delay in the ossification of the heads of femur
(Figure 1C). While delayed ossification of carpals and
tarsal bones are noted, the hands and feet are typically
not involved; and (4) Other features include large and
dolicocephalic skull (Figure 1D) and rhizomelic shortening of extremities, more in lower than upper limbs and
metaphyseal widening secondary to abnormal epiphyses
(Figure 1E and F).
Differential diagnoses of SEDC include (1) Spondyloepiphyseal dysplasia tarda, (2) Morquio’s syndrome, (3)
Kniest dysplasia and (4) Metatropic dysplasia. The features favouring Morquio’s syndrome include keratosulfaturia clinically and central beaking of spine with increased
or maintained intervertebral disc spaces on radiographs.
Also hands and feet are always abnormal in Morquio’s
syndrome unlike SEDC.
Kniest dysplasia, (OMIM 156550)[18] is also an autosomal dominantly inherited Type Ⅱ collagenopathy like
SEDC and affects the same gene locus. Similar to SEDC,
it presents as a short trunk-short limb dwarfism with delayed ossification at birth and in infancy. But in addition
to these features, dumbbell shaped femurs and coronal
clefting of spine are also noted at birth. Later on, the
epiphyses become enlarged giving rise to megaepiphyses with cloud-like calcifications at the growth plate. In

RADIOGRAPHIC FEATURES OF COMMON
DYSPLASIAS
After the radiological grouping of dysplasias, both essential diagnostic and differentiating radiographic features
of various common non-lethal skeletal dysplasias in each
group have been enumerated below. While we chiefly
describe the radiographic appearances of dysplasias, we
have also provided the Online Mendelian Inheritance in
Man (OMIM) numbers for these dysplasias for reference.
OMIM is a comprehensive compilation of all human
genes and genetic phenotypes and OMIM numbers are
assigned to genetic phenotypes. This is a free resource
available on http://www.ncbi.nlm.nih.gov/omim[11]. The
OMIM numbers of dysplasias enumerated in this review
have been provided for further information about clinical, genetic and phenotypic features of skeletal dysplasias.
Since varying underlying genetic mutations can produce a
common phenotype, i.e., a common radiographic appearance, more than one OMIM number may also be found
within a single dysplasia entity.
Group I-epiphyseal dysplasias
All dysplasias in this group have common radiological
findings of abnormal epiphyses and epiphyseal irregularity leading to early osteoarthritis and deformities like
coxa vara and genu valga. In addition, there is secondary
metaphyseal flaring and irregularity due to epiphyseal abnormality.
Within this broad group, there can be (1) isolated
epiphyseal abnormality without platyspondyly as seen
in chondrodysplasia punctata group; (2) concomitant
involvement of spine (platyspondyly) as seen in Type Ⅱ
collagenopathies such as spondyloepiphyseal dysplasia
congenita and tarda, Kniest dysplasia and achondrogenesis
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Examples
Chondrodysplasia punctata
Spondyloepiphyseal dysplasia
Achondroplasia
Chondroectodermal dysplasia
Progressive diaphyseal dysplasia
Spondylo-epimetaphyseal dysplasia
Metatropic dysplasia
Mucopolysaccharidoses
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A

B

C
a

D

A

E

F

enlarged and the coccyx is long and resembles a tail. Thus
metatropic dysplasia is a differential diagnosis for both
achondroplasia because of metaphyseal and rhizomelic
involvement and SEDC because of severe platyspondyly[22].

B

Spondyloepiphyseal dysplasia tarda[9,12-14,23]: OMIM:
313400[24]. The classical spondyloepiphyseal dysplasia
tarda (SEDT) has a X-linked recessive inheritance and is
noted only in males[25]. This is caused due to a mutation of
gene locus X.p22.2 affecting TRAPPC2 gene[24]. However,
more recently at least four types of SEDT with autosomal recessive inheritance (OMIM: 271600[26], 271620[27],
609223[28], 600093[29]) and autosomal dominant inheritance
(OMIM: 184100)[30] have also been described.
Age of manifestation: The classic age of presentation
is between 5-10 years of age, though it can variable, even
first manifesting in the second decade of life. However,
unlike SEDC, the appearance at birth is normal. Essential radiographic features: (1) Platyspondyly with heaping
up and hyperostosis on the posterior two-thirds of endplates giving rise to a heaped-up or hump-shaped appearance (Figure 2A); (2) Small pelvis with mild-to-moderate
epiphyseal irregularity leading to early osteoarthritis at
hips (Figure 2B), knees and ankles. However hands, feet
and skull are typically not involved; and (3) Other features: In addition to these findings, progressive narrowing
of interpedicular distance in lumbar spine have also been
described, similar to achondroplasia, in the autosomal recessive forms of SEDT[31,32].
Differential diagnoses of SEDT include (1) SEDC
and (2) Multiple epiphyseal dysplasia/Pseudochondroplasia. In SEDT, the disorder manifests predominantly

Figure 2 Spondyloepiphyseal dysplasia tarda. Lateral radiograph of lumbar
spine (A) shows characteristic posterior hump (arrow). Radiograph of pelvis (B)
shows bilateral flattened femoral heads, short necks and premature degenerative changes (arrow).

hands, there’s characteristic flattening of epiphyses of
metacarpals and enlargement at ends of metacarpals and
proximal phalanges giving rise to bulbous metacarpophalangeal and proximal interphalalangeal joints[19,20].
Metatropic dysplasia (OMIM: 156530)[21] is also an autosomal dominantly inherited dysplasia due to mutation
on gene locus 12q24.1 affecting TRPV4 protein (transient
receptor protein channel cation, subfamily V, member 4).
It also manifests at birth with severe short limb rhizomelic dysplasia similar to achondroplasia and later evolves
into a short trunk dysplasia similar to SEDC. Since
metatropic dysplasia also presents with severe platyspondyly and progressive kyphoscoliosis in childhood, it can
be mistaken for SEDC radiologically. However unlike
SEDC, in metatropic dysplasia the metaphyses are also
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Figure 1 Spondyloepiphyseal dysplasia congenita.
Lateral radiographs of dorsolumbar spine show platyspondyly (arrow, A) with severely reduced intervertebral disc
spaces (arrow, B). Radiograph of pelvis (C) shows small
femoral epiphyses (white arrow), horizontal acetabuli
(black arrow) and short iliac wings (a). Radiograph of
skull (D) shows relatively enlarged calvarium (arrow).
Radiographs of lower limbs (E, F) show relatively short
femurs and small epiphyses with secondary metaphyseal
irregularity (arrow, F).

300

March 28, 2015|First Edition|

Panda A et al . Radiographic approach to common skeletal dysplasias

A

B

C

D

F

E

G

H

Figure 3 Multiple epiphyseal dysplasia. Radiographs of pelvis, knee and elbow (A-E) show epiphyseal irregularity in proximal femurs (arrow, A), around knee joints
(arrow, B), elbow (arrow, C) with involvement of epiphyses of hands and feet (arrows in D, E) suggestive of multiple epiphyseal dysplasia. Radiograph of ankle (F)
shows lateral tibio-talar slant. Radiograph of bilateral knees skyline view (G) and lateral view of left knee (H) show double-layered patellae (arrows).

in young boys and the spine, hips and joint changes are
less severe whereas in SEDC, the short-trunk-short-limb
dwarfism is apparent at birth itself with more severe and
progressive deformities.
In multiple epiphyseal dysplasia/pseudoachondroplasia group, epiphyses of hands and feet are also involved
and platyspondyly is typically absent EDM or moderate
(pseudochondroplasia).

cases of EDM are inherited in autosomal dominant manner while EDM4 has autosomal recessive inheritance.
Age of manifestation: Despite the genetic heterogeneity,
MED usually presents after the age of 2-4 years when the
child begins to walk. Essential radiographic features: (1)
Bilateral and symmetric involvement of epiphyses of hips,
knees, ankles, shoulders, elbows, wrists and hands and feet
(Figure 3A-E); (2) Lateral tibio-talar slant wherein the lateral
part of distal tibial epiphyses is thinner than the medial and
the trochlea of the talus is shaped to conform to the abnormal ankle joint mortice (Figure 3F); (3) Double-layered patella as seen on a lateral X-ray of knee is considered highly
pathognomic of EDM(Figure 3G, H). Double-layered
patella is an important diagnostic clue for EDM[36,37]. Initially considered diagnostic only for recessive EDM4, it has
now also been found in other dominant forms of EDM[38].
However, more recently, the uncommon occurrence of a
double-layered patella in a patient with pseudoachondropla-

Multiple epiphyseal dysplasia[9,12,13] [No single OMIM
number]: Multiple epiphyseal dysplasia (EDM) is a genetically heterogeneous entity caused by mutations in multiple
genes[33,34]. First described in EDM type 1 due to a mutation
in cartilage oligomeric matrix protein (COMP) on gene
locus 19p13 [OMIM: 132400], currently at least 6 types of
MED are described termed as EDM2 [OMIM: 600204],
EDM3 [OMIM: 600969], EDM4 [OMIM: 226900], EDM5
[OMIM: 607078] and EDM6[OMIM: 614135][35]. Most
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Table 4 Differences between pseudoachondroplasia and achondroplasia
Pseudoachondroplasia

Achondroplasia

Skull: Normal: “Achondroplasia with normal face”
Spine: Platyspondyly +
Interpedicular distance normal
Epiphyses and metaphyses abnormal
Trident hand and champagne-glass pelvis absent

Skull : Abnormal
Spine: Platyspondyly –
Interpedicular distance decreased in lumbar spine
Only metaphyses abnormal
Trident hand and champagne-glass pelvis present

A

chondroplasia may be differentiated on basis of presence
of central anterior tongue and platyspondyly in former
and double layered patella in EDM. Clinically too, in
pseudochondroplasia, there is joint and ligamentous
laxity while in EDM, joints show restricted and painful
movements[9]. Secondly, in pseudoachondroplasia, the
dwarfism and shortening of the extremities is quite dramatic as compared to EDM as pseudoachondroplasia is
considered a more severe manifestation of mutation on
same gene.
The radiographic differences between pseudoachondroplasia and achondroplasia[13] have been enumerated in
Table 4.

B

Figure 4 Pseudochondroplasia. Lateral radiograph of spine shows typical
central anterior tongue (arrow, A) in lumbar vertebrae. Radiograph of both
hands (B) also show multiple abnormalities of epiphyses of metacarpals and
phalanges with secondary metaphyseal widening (arrow).

Chondrodysplasia punctata[9,12,13]: Chondrodysplasia
punctata (CDP) is another genetically heterogeneous
dysplasia. The most common type is the X-linked
dominant type also termed as Conradi-Hunermann type
[OMIM: 302960] due to mutation on Xp11[42]. Another
type is the rhizomelic type chondrodysplasia punctata
(RCDP) associated with peroxisomal enzyme disorder and
has an autosomal recessive inheritance. RCDP is further
divided into 3 sub-types, namely RCDP1 [OMIM: 215100],
RCDP2 [OMIM: 222765]and RCDP3 [OMIM:600121]
caused mutations affecting various genes encoding for
peroxisomal enzymes[43-45]. A third very uncommon type
of CDP is the brachytelephalangic type which has X-linked
recessive inheritance [OMIM:302950][46]. In addition to
genetically inherited forms of CDP, CDP can also be
seen in warfarin embryotoxicity with features similar to
Conaradi-Hunnermann type of CDP and in babies born
to mothers with auto-immune diseases like systemic lupus
erythrematosus[47] who present with features similar to
RCDP. Unlike the genetically inherited rhizomelic type
which is usually lethal in the first year of life, babies born
to mothers with auto-immune disorders survive longer
and do not have any underlying peroxisomal disorder.
Stippling can also be seen in Zellweger’s syndrome which
is a separate peroxisomal enzyme biogenesis disorder[43].
Essentially, the hallmark of CDP is stippling of
epiphyses at birth. Later on, the stippling disappears and
epiphyses become irregular with limb asymmetry (Figure
5 A-F). It is important to identify the radiologic type of
chondrodysplasia punctata, namely rhizomelic/lethal or
X-linked dominant type to prognosticate the patient. The
differences between these two types have been summarised in Table 5.

sia was also described[39]. This was attributed to the overlap
between both EDM and milder forms of pseudoachondroplasia as both EMD1 and pseudoachondroplasia are caused
due to mutations affecting the same COMP gene; and (4)
Mild involvement of spine with anterior wedging, mild end
plate irregularity and multiple Schmorl’s nodes mimicking
Scheuermann’s disease and typical absence of platyspondyly.
Pseudoachondroplasia[9,11,40]: OMIM: 177170[41]. Pseudoachondroplasia is an autosomal dominantly inherited
dysplasia caused due to mutation affecting the COMP
gene similar to EDM on gene locus 19p13.11. Since both
pseudoachondroplasia and EDM are genotypic alleles,
there is considerable overlap in age of presentation and
radiographic appearance in both entities. However, pseudoachondroplasia overall has more severe clinical and
radiographic involvement as compared to EDM[36].
Essential radiographic features: Vertebrae have a persistent oval shape in childhood with a tongue-like protusion from the anterior aspect of vertebral bodies giving
rise to central anterior tongue appearance (Figure 4). The
central anterior tongue appearance is pathognomic of
this entity. However, this disappears at older age and is
replaced by platyspondyly giving rise to the short limbshort trunk dwarfism. Hence it is important to obtain
early radiographs of spine to substantiate the diagnosis
of pseudochondroplasia.
Differential diagnoses of pseudoachondroplasia include
(1) EDM and (2) achondroplasia. EDM and pseudoa-
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Table 5 Differences between Rhizomelic and Conradi-Hunermann type Chondrodysplasia punctata
Rhizomelic/lethal type

Conradi-Hunermann type

Inheritance: Autosomal recessive
Symmetric rhizomelic limb shortening
Stippling in spine absent/coronal clefts present

Inheritance: X-linked dominant
Asymmetric and occasional limb shortening
Spine: stippling present at endplates and bodies, later leads to kyphoscoliosis

Stippling noted in large joints, sparing hands and feet
Laryngeal and tracheal cartilage stippling also present
Mental retardation present and death in infancy

Hands and feet also involved in addition to large joints. No extracartilaginous stippling

A

B

Compatible with normal intelligence and normal life span

C

D

E

F

Figure 5 Chondrodysplasia punctata. Oblique view radiograph of dorsal spine (A) shows coronal clefting (arrow). Radiographs of another patient with chondrodysplasia punctata show stippling of vertebral bodies (arrows B, C), in toes (D), tarsal bones (E) and in carpals (F).

Mucopolysaccharidoses (Lysosomal disorders with
skeletal involvement): Mucopolysaccharidoses (MPS)
or lysosomal storage disorders are associated with absence of lysososomal enzymes required for degradation
of glycosaminoglycans (GAGs) or mucopolysaccharides.
There is secondary deposition of GAGs in various tissues causing coarse facies, mental retardation and hepatosplenomegaly. These disorders are also called dysostoses
multiplex as they have multiple common skeletal abnormalities. The common skeletal features in this group
include epiphyseal abnormalities, proximal pointed metacarpals and beaking in spine. The skeletal features of the
two representative entities in this group namely Hurler’s
and Morquio’s syndrome are enumerated as follows.

manifesting over first two years of life. Specific non-skeletal features of MPS 1 include corneal clouding, coronary
artery narrowing, endocardial fibroelastosis and cardiac
valvular disease[49,50].
Essential radiographic features: (1) Macrocephalic
skull with frontal bossing and J-shaped sella (Figure
6A). The sinuses and facial bones are small and angle of
mandible is increased. The J-shaped sella is secondary to
pituitary gland enlargement due to deposition of GAGs
in the gland; (2) Paddle or oar-shaped ribs in which the
ribs are thin posteriorly and broad anteriorly (Figure 6B);
(3) The lateral ends of clavicles are hypoplastic with small
scapulae are small and there’s associated cardiomegaly
(Figure 6B and E); (4) While overall length of limbs is
maintained, there is diaphyseal widening, more in upper than lower limbs. In older children distal radius and
ulna may slope towards each other (Figure 6C). In hands,
the tubular bones are typically short and wide and metacarpals appear broad distally and tapered proximally. In
addition, osteoporosis and flexion deformities are noted
(Figure 6D); (5) In spine, typically, the L2 or L1 vertebra

Hurler’s syndrome (MPS I)[9,12,13]: OMIM: 607014.
Hurler’s syndrome is an autosomal recessive disorder due
to mutation on 4p16.3 causing deficiency of alpha--Liduronidase enzyme[48].
Age of manifestation: Babies with MPS 1 appear normal t birth with both clinical and radiographic features
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Figure 6 Hurler’s syndrome. Radiographs of patient with Hurler’s syndrome show macrocephaly with enlarged J-shaped sella (arrow, A), cardiomegaly (arrow, B)
and paddle-shaped ribs (arrow, E). Also note relative diaphyseal widening in humerus (upper arrow, C) and sloping lower ends or radius and ulna (lower arrow, C).
Radiograph of hands (D) shows proximal pointing (arrow), osteopenia and flexion deformities in distal interphalangeal joints, Radiograph of spine (F) shows hypoplastic L1 and antero-inferior beaking (arrows).

is hypoplastic and set slightly posteriorly giving rise to
dorsolumbar kyphosis at that level with antero-inferior
beaking of vertebrae (Figure 6E). Atlanto-axial instability is present while platyspondyly is absent; and (6) Other
features include flared out iliac wings with sloping, shallow acetabular roofs and delayed ossification of femoral
heads.

Recently, attenuated or non-classical skeletal phenotypes of MPS IV and VI have been described and contrasted with the classical phenotype mentioned[53,54]. In
attenuated form, involvement is usually limited to femoral epiphyses without the complete spectrum of skeletal
involvement.
Initial diagnosis of MPS is made by qualitiative and
quantitative urine analysis for elevated GAGs and confirmed by decreased enzyme activity in leucocytes or cultured skin fibroblasts. Definitive diagnosis can be made
by identifying the underlying genetic mutation[55].

Morquio’s syndrome (MPS IV)[9,13]: Morquio’s syndrome of MPS IV is caused by mutations in two genes,
Type IVA [OMIM: 253000]; mutation on 16q24.3; enzyme galactosamine-6-sulfate sulfatase[51] and type IVB
[OMIM: 253010]; mutation on 3p21.33; enzyme betagalactosidase[52].
MPS IV shows similarities to MPS Ⅰ such as enlarged
skull, dorsolumbar kyphosis in spine and atlanto-axial instability, Features specific to MPS Ⅳ include normal sized
sella (unlike MPS 1) and platyspondyly with maintained/
increased intervertebral disc spaces with central beaking
(Figure 7A, B).
The hands typically show pointing of the base of
second to fifth metacarpals and distal ends of phalanges.
There is additional delayed and irregular ossification of
carpals and tarsals (Figure 7C).
In limbs, along with epiphyseal irregularity, metaphyses are widened to accommodate the enlarged epiphyses.
There is also delayed ossification of femoral heads with
poorly developed acetabula leading to premature arthropathy mimicking SEDC (Figure 7D).
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Group II-metaphyseal dysplasias
In this group, there is (1) predominant metaphyseal
irregularity/widening and (2) abnormal limb length. Thus
limb shortening can either be (1) rhizomelic as seen in
achondroplasia group comprising of achondroplasia,
hypochondroplasia and thanatophoric dysplasia (lethal)
and metaphyseal chondrodysplasias or (2) mesomelic or
acromelic as seen in chondroectodermal dysplasia (EllisVan-Creveld syndrome), Jeune’s/Asphyxiating Thoracic
Dysplasia (ATD) (lethal) and short rib polydactyly
dysplasias.
Achondroplasia[9,12,13,56]: OMIM: 100800; achondroplasia is the most common non-lethal dysplasia and is the
prototype of rhizomelic dwarfism. It is inherited in an
autosomal dominant fashion, with 80% occurring sporadically, attributable to spontaneous mutation on locus
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Figure 7 Morquio’s syndrome. Radiographs of spine (A, B)
show platyspondyly with maintained intervertebral disc height
(arrow, A) and central beaking (arrow, B). Radiograph of hand (C)
shows proximal pointing of metacarpals. Radiograph of pelvis and
lower limbs (D) show delayed ossification of femoral heads, irregular epiphyses and secondary metaphyseal widening in proximal
femur and around knee joint (arrows).

D

D

E

F

*
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Figure 8 Achondroplasia. Radiograph of lower limbs (A, B) shows bilateral rhizomelic shortening with metaphyseal flaring (arrow, A) and chevron deformity in femur
(arrow, B). Note trident hand appearance in (C). Radiograph of pelvis (D) shows short and broad pelvis (*), horizontal acetabuli (arrow) and round iliac wings. Radiographs of spine (E, F) show narrow interpedicular distance in lumbar spine (arrow, E) and posterior scalloping and thick, short pedicles (arrow, F). Radiograph of skull (G)
shows enlarged cranial vault with narrowed foramen magnum (arrow).

4p16.3 affecting Fibroblast Growth Factor Receptor 3
(FGFR3) gene[57]. Increased incidence of sporadic mutations have also been associated with increasing paternal
age[58].
Age of manifestation: The typical features of achondroplasia are obvious at birth. The most characteristic
changes are found in the spine, especially in the lumbar
region, pelvis, limbs and skull.
Essential radiological features: (1) Symmetric shortening of all long bones, with proximal portions being more
affected and lower limb involvement being more than the
upper limb (rhizomelia). There’s relative flaring and splaying of metaphyses with normal epiphyses (Figure 8A); (2)
In children, the epiphysis is located closer to metaphyses
leading to an apparent increase in the depth of the articular cartilage space. The two limbs of the V of metaphysis
appear to embrace the epiphysis giving rise to a ball and
socket relationship/chevron deformity (Figure 8B). This
appearance is more common at lower end of femur and
tends to normalise with increasing age; (3) The hand
bones appear thick and tubular with widely separated 2nd
and 3rd digits of the hands and inability to approximate
them in extension, leading to appearance of trident hand
(Figure 8C); (4) The pelvic cavity is short and broad, also
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called as champagne-glass appearance. There’s squaring
of iliac wings with some roundening of corners on a
frontal projection (elephant ear shaped iliac wings). The
inferior margins of iliac wings and the roofs of acetabulum are flat and horizontal (Figure 8D). The sacrosciatic
notches are small with an exaggerated sacral tilt and large,
anteriorly protruding sacral promontory; (5) In spine,
there is progressive decrease in the interpedicular distance cranio-caudally in the lumbar spine, the decrease in
distance becoming more conspicuous with age (Figure
8E and F). Posterior scalloping of vertebral bodies is also
common while anteriorly they may appear rounded giving rise to a bullet-shaped configuration. But the overall
length of vertebral column and the vertebral heights are
normal. There’s associated dorso-lumbar kyphoscoliosis
in sitting position with exaggerated lumbar lordosis on
standing up. Achondroplasts are prone for premature and
severe spinal canal stenosis; and (6) The skull shows narrowed skull base with narrowing of foramen magnum.
There is compensatory over-expansion of the skull vault
and frontal regions to accommodate the expanding brain
(Figure 8G). There’s relative mid-face hypoplasia and depressed nasal bones.
In general there’s little difficulty in diagnosing achon-
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Figure 9 Chondroectodermal Dysplasia (Ellis Van-Creveld Syndrome). Multiple radiographs of patient with chondroectodermal dysplasia show mesomelia (arrow,
A), polydactyly on ulnar aspect with fused metacarpals (arrow, B), cardiomegaly with right side enlargement due to atrial septal defect (arrow, C) and acetabular hook
(arrow, D). Also note flared iliac wings in pelvis.

droplasia. At birth, it must be distinguished from thanatophoric dysplasia and in adulthood from hypochondroplasia.

distal shortening of limbs leading to mesomelia and acromelia (Figure 9A) with postaxial hexadactyly in hands and
feet, carpal fusion (syncarpalism) involving capitate and
hamate (Figure 9B), premature ossification of femoral
heads and narrow thorax with short ribs (Figure 9C). The
pelvis is short with flared iliac wings, narrow base and
hook like projection from acetabulum forming trident
acetabula (Figure 9D). The pelvic changes normalise later
while spine remains normal throughout.
Other features described recently in two patients with
chondroectodermal dysplasia (CED) include genu valgum deformity, acroosteolysis (resorption of tips of phalanges), synmetacarpalism and synphalangism presenting
at later age due to progressive skeletal involvement[65].
Differential diagnoses: Other dysplasias with similar
radiological features include Jeune’s dysplasia and short
rib dysplasia with/without polydactyly. But the combination of non-skeletal involvement of hair, nail, teeth and
cardiac abnormalities with these radiologic findings are
diagnostic of CED[66].

Hypochondroplasia[9,12]: OMIM: 146000; Hypochondroplasia, a milder form of achondroplasia, is caused due
to a mutation of the same FGF receptor gene on locus
on 4p16.3[59]. Recently, non-FGFR3 mutations such as
those affecting short stature homeobox gene (SHOX),
also located on chromosome 4 have been identified and
the molecular criteria for diagnosis of hypochondroplasia
have been expanded[60].
Age of presentation: It usually manifests after 2-4
years of age as short stature and limb shortening. Hence
the clinician should be wary of diagnosing this condition
in newborns.
Radiographic features: Spine and limb changes are
similar to achondroplasia with decreased interpedicular
distance in lumbar spine. But other vertebral changes are
mild and spinal stenosis is less common. Limbs also show
shortening but in addition to rhizomelia, mesomelia can
also be seen[61].
In contrast to achondroplasia, the skull, pelvis and
hands are essentially normal. There may be slight enlargement of skull in frontal region (macrocephaly). There’s
mild symmetric brachydactyly involving all metacarpals
and phalanges whereas in achondroplasia, the 2nd to 5th
metacarpals and proximal phalanges are more affected.
Thus the trident hand of achondroplasia is not seen in
hypochondroplasia[62].

Group III-dysplasias with altered bone density: osteopenic or osteosclerotic: Osteopenic dysplasias are
dysplasias with decreased bone density; of which osteogenesis imperfecta is the prototype. Likewise sclerosing
or osteosclerotic dysplasias are dysplasias with increased
bone density; of which osteopetrosis is the prototype.
Both OI and osteopetrosis are genetically heterogeneous
diseases, caused by multiple genetic mutations that phenotypically have a common appearance of decreased or
increased bone density respectively. Simultaneously both
these entities are also phenotypic alleles, namely single genetic mutation causes variable phenotypic manifestations.
Due to the underlying genetic complexity for both these
conditions, the clinical classification system is more commonly used to describe and prognosticate these patients.
Therefore, all the OMIM numbers for these entities have
been not been enumerated and we have mentioned only
the OMIM number of common subtypes.

Chondroectodermal dysplasia[9,12]: OMIM: 225500,
Chondrodysplasia punctata or Ellis-Van Creveld syndrome (EVC) is an autosomal recessively inherited dysplasia caused due to mutation affecting EVC gene on
locus 4p16[63].
Age of presentation: The condition can be noted at
birth with dysplastic nails, teeth, polydactyly and congenital cardiac defects, most common being common atrium
and atrioventricular cushion defects[64].
Essential radiographic features: There is progressive
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Figure 10 Osteogenesis Imperfecta. Infantogram of 1-mo baby
shows diffuse osteopenia with multiple fractures in extremities (arrow).
Radiograph of another patient shows fractures in bilateral femurs with
callus formation (arrow). Radiograph of spine (C) shows osteopenia
with codfish vertebrae.

C

plasias of intramembranous bone formation: progressive
diaphyseal dysplasia; and (3) mixed sclerosing dysplasias:
melorheostosis and overlap syndromes[72,73].

is an autosomal dominantly or recessively inherited genetic disorder due to mutations in type 1 procollagen genes,
characterised by decreased bone mass and increased bone
fragility. Severity varies widely from perinatal lethality
(type Ⅱ) to milder forms with minimal fractures. Extraskeletal manifestations like blue sclerae, dentinogenesis
imperfecta and deafness are also seen. Initially, Sillence
et al[67] divided OI into four subtypes based on clinical
features and disease severity: OI type Ⅰ, with blue sclerae
(OMIM: 166200); OI type Ⅱ, perinatal lethal or congenital type (OMIM: 166210); OI type Ⅲ, a progressively deforming form with normal sclerae (OMIM: 259420); and
OI type Ⅳ, with normal sclerae (OMIM: 166220) which
has been further expanded to eight types(46-48)[68-70]. The
bone fragility increases in severity from type Ⅰ < type Ⅳ
< Ⅴ < Ⅵ < Ⅶ < Type Ⅲ < Type Ⅷ < Type Ⅱ[68].
Essential radiological features: (1) Radiologically, OI is
characterised by a triad of diffuse osteopenia, pencil-thin
cortices, and multiple bony fractures. The fractures are
usually multiple and heal with exuberant callus formation
giving rise to “pseudotumour” formation. Associated
findings include deformities and pseudoarthrosis; (2) The
vertebrae are also osteopenic, have a biconcave “codfish vertebrae” appearance with areas of collapse (Figure
10 A-C); (3) The skull shows multiple wormian bones,
lucent calvarium, enlarged sinuses and platybasia; and (4)
The pelvis is also abnormal in shape with deformities like
protusio acetabuli and “shepherd crook” femurs.
Differential diagnoses include battered baby syndrome, hypophosphatasia, juvenile idiopathic osteoporosis, all of which can be excluded by careful analysis of
X-rays, clinical and biochemical evaluation[68]. In addition,
multiple new syndromes with congenital brittle bones
have been elucidated which are similar to OI but have
additional clinical features and are due to mutations in
other than type 1 procollagen genes. These are referred
to Syndromes Resembling Osteogenesis Imperfecta and
should not be mistakenly labelled as OI without a complete evaluation[71].

Osteopetrosis[9,13]: Considered to be the prototype of
sclerosing dysplasia, it is characterised by wide clinical
and genetic heterogeneity with a common end-pathway
of failure of normal osteoclastic resorption of bone and
increased density in medullary portions of bones with
sparing of cortices[74]. The most severe form, termed as
autosomal recessive type [OMIM:259700] is characterised by early onset of symptoms, obliteration of medullary canals with bone marrow failure leading to anemia,
thrombocytopenia, hepatosplenomegaly and early death.
On other hand, in dominant form, the onset occurs in
adulthood with variable penetrance. These patients have
mild anemia and present more with fractures and deformities [OMIM: 607364][2,75].
Essential radiological features: (1) There is diffuse
sclerosis involving both the skull vault and base (Figure
11A) with progressive narrowing of foramina causing
cranial nerve impingement, more so in the recessive type.
In addition, there is prognathism with predisposition to
mandibular osteomyelitis; (2) In limbs, despite increased
density, there are multiple fractures. Fracture healing rate
is normal but callus formation is defective comprising
of osteoporotic bone. In addition, there is metaphyseal
flaring leading to Erlenmeyer flask deformity[76] (Figure
11B); (3) “Bone-within-bone” appearance typically noted
in spine, pelvis and short tubular bones. In spine, this is
termed as a sandwich vertebrae appearance due to endplate sclerosis and relative lucency of centre of body. In
pelvis, they appear as multiple dense white lines parallel
to the iliac crest (Figure 11C-E).
Differential diagnoses include pycnodysostosis and
craniotubular dysplasias. Craniotubular dysplasias comprising of disorders with concomitant involvement of
long bones and skull further comprise of craniodiaphyseal dysplasias, craniometaphyseal dysplasias and craniometadiaphyseal dysplasias. These can mimic osteoporosis
radiologically with sclerosis of skull, foraminal narrowing, cranial nerve impingement and tubulation defects in
long bones leading to Erlenmeyer flask appearance[76,77].
However in craniotubular dysplasia, there is an apparent
increase in bone density that normalizes later, the verte-

Osteosclerotic or sclerosing dysplasias: Based on a
target site approach, these anomalies are classified into
three groups, namely (1) dysplasias of endochondral
bone formation: osteopetrosis, pyknodysostosis, bone
islands, osteopoikilosis and osteopathia striata; (2) dys-
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Figure 11 Osteopetrosis. Radiograph of skull shows diffusely increased density (A). Radiograph of bilateral femurs show obliteration of medullary cavity and Erlenmeyer flask deformity (arrow, B). Also note sandwich vertebrae (arrow, C) bone-within-bone appearance in pelvis (arrow, D) and increased density in hand bones (E).

brae are normal, hematopoeisis is maintained and pattern
of tubular bone sclerosis and long bone involvement is
different[13].

condition with autosomal dominant inheritance, more
common in males characterised by multiple small (1-10
mm), symmetric, uniform radiopaque densities located at
ends of long bones, carpals, tarsals and periacetabular and
subglenoid areas[72,74] (Figure 13A, B). An important differential can be osteoblastic metastases which can be differentiated by the variable size of lesions and by radionuclide
scintigraphy[82].

Pkynodysostosis[9,13]: OMIM: 265800. First described
in 1965 by Maroteaux and Lamy[36], Pycnodysostosis
(PKND) is an autosomal recessive disorder due to mutation involving cathepsin K gene on locus 1q21[78].
Age of presentation: They present early in childhood
with a triad of increased bone density, short limb dwarfism
and increased propensity for fractures.
Essential radiological features: (1) Skull shows widely
open sutures and fontanelles with multiple wormian bones,
mandibular hypoplasia with obtuse angle and increased
sclerosis of vault, base and orbital rims (Figure 12A, C); (2)
There is increased bone density involving both limb bones
and pelvis (Figure 12B). The limb length is decreased and
pelvis is also small with shallow acetabulae (Figure 12B); (3)
In hands, there is typically acro-osteolysis, i.e., resorption
and tufting of terminal phalanges[79] (Figure 12D); and (4)
In limbs, medullary cavity is maintained while bowing of
radius and Madelung’s deformity can be occasionally seen.
Other radiological features include hypoplasia of
lateral ends of clavicles similar to cleidocranial dysplasia,
and occasional spool-shaped vertebrae[13] (Figure 12A-D).
Pyknodyostosis can be differentiated from osteopetrosis by its typical appearance of skull, mandible and
hands[72,80].

Osteopathia striata [OMIM: 300373] [83]: Another
benign condition with a X-linked dominant inheritance,
it is more commonly seen in females and is characterised
by bilateral symmetric involvement of long bones, pelvis
and scapulae in the form of multiple vertical radio opaque
lines in the metaphysis extending into the diaphysis[72]. In
the pelvis, this gives a sunburst effect[13]. Other findings
include osteosclerosis of long bones and skull leading to
foraminal narrowing and cranial nerve compression[83].
Melorheostosis: Melorheostosis can be both a sporadic,
non-inherited disorder or an inherited disorder presenting
with melorheostosis and osteopoikilosis and assigned an
OMIM: 155950[84]. Melorheostosis is a benign condition
characterised clinically by pain and soft-tissue contractures.
The distribution is asymmetric, can be monostotic
(involving single bone) or polyostotic (involving multiple
bones) or monomelic (involving one limb), most typically
the lower limb. Other bones like skull,ribs, spine and short
tubular bones can be affected at times. There is typically
cortical thickening in a streaky or wavy pattern extending

Osteopoikilosis [OMIM: 166700] [81]: It is a benign
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Figure 12 Pyknodysostosis. Radiographs of skull (A, C) show
hypoplastic mandible, open sutures and increased bone density
(arrows, A). Increased bone desnity also noted in pelvis (B) and
hands (D). Also note acroosteolysis (arrow, D).

B

D

A

B

C

Figure 13 Osteopoikilosis (A,B) and
Melorheostosis (C). Radiographs of pelvis
(A) and hand (B) of a patient with osteopoikilosis show multiple bilateral symmetrical
sclerotic lesions in periarticular location (arrows, A and B). Similar changes were also
noted in knees, elbows and vertebral bodies
(not shown). Radiograph of lower limb (C) of
a young patient with melorheostosis shows
“flowing wax appearance“ (arrow, C).

in children is usually endosteal (which can mimic bone
islands and osteopoikilosis) but this evolves to a periosteal
pattern in adults[13,72,74].
Other osteosclerotic conditions include progressive
diaphyseal dysplasia (Camurati-Engelmann’s disease) and
infantile cortical hyperostosis (Caffey’s disease).
Progressive diaphyseal dysplasia: Progressive diaphyseal dysplasia, also called Camurati-Engelmann’s disease
[OMIM: 131300] is an autosomal dominant disorder
(locus 19q13). There is bilateral symmetric, fusiform
enlargement with increased density of diaphysis of long
bones beginning mid-shaft and progressing towards both
ends[85]. In severe cases metaphyses may also be involved
but typically, epiphyses are spared[74] (Figure 14).

Figure 14 Progressive diaphyseal dysplasia. Radiograph of patient with
progressive diaphyseal dysplasia shows symmetrical thickening along bilateral
femoral diaphysis (arrows) with sparing of epi- and metaphyses. The pelvis also
shows increased bone density.

Caffey’s disease: Caffey’s disease [OMIM: 114000] is
an inherited disorder with both autosomal dominant and
recessive inheritance characterized by a clinical triad of
(1) narrow age group of presentation (before 5th month

from the proximal to distal part of bone giving a “flowing wax candle appearance”(Figure 13C). The distribution
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Figure 15 Cleidocranial dysplasia. Radiographs of skull (A, B) show open fontanelles and wormian bones (arrows, A) and hot cross bone appearance (arrow, B).
Radiograph of chest(C) shows hypoplastic right clavicle (arrow). Radiograph of hand (D) shows elongated second digit with an accessory epiphyseal centre (arrow)
Radiograph of pelvis (E) shows “chef-hat” shaped femoral heads (arrow) and widened pubis symphysis.
SKELETAL SURVEY

Skull (Figure 17)

Spine
Platyspondyly -

Platyspondyly +

Extremities

Extremities

Epiphyses
Abnormal

Epi +
Metaphyses
abnormal

Epiphyses
Abnormal

SEDC
SEDT
PSACH.
Kniest dysplasia

S(E)MD
Morquio’s syndrome
Metatropic dysplasia

CDP
EDM

Metaphyses
Abnormal
Achondroplasia
Hypochondroplasia
Short rib polydactyly dysplasias (includes CED)
Metaphyseal dysplasias

Figure 16 An algorithmic approach to skeletal dysplasias with spine and limb involvement. SEDT: Spondyloepiphyseal dysplasia tarda; CDP: Chondrodysplasia punctata; PSACH: Pseudoachondroplasia; EDM: Multiple epiphyseal dysplasia; CED: Chondroectodermal dysplasia.

bone involvement[87]. Due to its dominant mode of inheritance it can be seen in multiple members of the same
family and can present in childhood to as late as 30 years
of life[87].
Essential radiological features: (1) The skull shows delayed ossification of calvarium, multiple wormian bones,
persistently open sutures and fontanelles giving a hot cross
bun appearance. However the mandible is normal with
maintained angle (Figure 15A, B); (2) The clavicles are
either absent (10%) or hypoplastic (90%), hypoplasia affecting the lateral ends more than middle or medial ends (Figure

of age); (2) hyperirritability, soft tissue swelling, bone lesions; and (3) mandible involvement[86]. There is diffuse
cortical thickening of mandible due to subperiosteal new
bone formation. Other bones such as ulna, tibia, clavicle,
scapulae and ribs can also be involved and radiographs
show periosteal new bone formation in diaphysis sparing
epiphyses and metaphyses[13].
Group IV-miscellaneous entities
Cleidocranial dysplasia: OMIM:119600 is an autosomal dominant dysplasia with predominant membranous
WCR|www.wjgnet.com
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SKELETAL SURVEY
Skull

Wormian bones present

Cleidocranial dysplasia
Bone density normal

Pyknodysostosis
Bone density
increased
Hypoplastic
mandible

Thick skull

Osteopetrosis
Diffusely dense
Limbs:
Medullary cavity
obliterated

Craniotubular Dysplasias
Density maintained
Limbs: Defects in tubulation
Medullary cavity +

Figure 17 An algorithmic approach to skeletal dysplasias with skull involvement.

needs teamwork between paediatrician, geneticist, radiologist and orthopaedist. But at the same time, a complete
skeletal survey is an essential component of workup and
hence it is important for radiologists to carefully analyse
the bones, appearance and distribution of abnormalities
on the survey and be familiar with the descriptions of
common skeletal dysplasias.

15C). Also the scapulae may be small and thoracic cage
cone-shaped; (3) In hands and feet, the 2nd digit is elongated
due to presence of accessory epiphyses for the second
metacarpal while the distal phalanges are small and pointed
(Figure 15D); and (4) The pelvis is small with widened symphysis pubis and abnormal shape of femoral heads called
“chef-hat” appearance (Figure 15E).
Differential diagnosis: The appearance of skull and
hypoplasia of clavicle may be confused with pyknodysostosis; however the bone density and mandibular angle is
maintained in cleidocranial dysplasia and short stature is
absent. Another differential diagnosis can be manibuloacral dysplasia[88].
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diagnosed disabling condition of the upper extremities.
It is the most commonly known and prevalent type of
peripheral entrapment neuropathy that accounts for
about 90% of all entrapment neuropathies. This review
aims to provide an outline of CTS by considering anatomy, pathophysiology, clinical manifestation, diagnostic
modalities and management of this common condition,
with an emphasis on the diagnostic imaging evaluation.
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Core tip: A review of the carpal tunnel syndrome (CTS)
highlighting anatomy, diagnosis and eventual treatment. This paper synthesizes all the aspects necessary
to properly and successfully treat CTS, unlike past reviews which have focused on simply just one or a few
factors. This review contains all the necessary material
to fully understand CTS.
Original sources: Ghasemi-rad M, Nosair E, Vegh A, Mohammadi A, Akkad A, Lesha E, Mohammadi MH, Sayed D, Davarian
A, Maleki-Miyandoab T, Hasan A. A handy review of carpal tunnel syndrome: From anatomy to diagnosis and treatment. World
J Radiol 2014; 6(6): 284-300 Available from: URL: http://www.
wjgnet.com/1949-8470/full/v6/i6/284.htm DOI: http://dx.doi.
org/10.4329/wjr.v6.i6.284

INTRODUCTION
In the United States, about 2.7 million doctors’ office visits/year are related to patients complaining about finger,
hand or wrist symptoms[1]. The diagnosis of these symp-
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Carpal tunnel syndrome (CTS) is the most commonly
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toms can include various types of nerve entrapments,
tendon disorders, overuse of muscles or nonspecific pain
syndromes[1]. The most common type among them is
carpal tunnel syndrome (CTS), which accounts for 90%
of all entrapment neuropathies[2,3] and is one of the most
commonly diagnosed disorders of the upper extremities[3,4]. It is expected that 1 in 5 patients who complain
of symptoms of pain, numbness and a tingling sensation
in the hands will be diagnosed with CTS based on clinical examination and electrophysiological testing[3]. CTS is
estimated to occur in 3.8% of the general population[3,5],
with an incidence rate of 276:100000 per year[6], and
happens more frequently in women than in men, with a
prevalence rate of 9.2% in women and 6% in men[3,7]. It
is most often seen bilaterally at a peak age range of 40
to 60 years old; however, it has been seen in patients as
young as twenty and as old as eighty-seven years old[3,8].
The carpal tunnel (CT) is found at the base of the
palm. It is bounded partly by the eight carpal bones and
partly by a tough fibrous roof called the transverse carpal
ligament (TCL). The tunnel gives passage to: (1) eight
digital flexor tendons (two for each of the medial four
fingers); (2) flexor pollicis longus (FPL) tendon for the
thumb; (3) their flexor synovial sheaths; and (4) the median nerve (MN)[1]. CT is therefore quite tightly packed
and any condition that might increase the volume of the
structures inside it can cause compression of the MN.
This in turn might lead to ischemia of the nerve which
presents as pain and paresthesia[1,8].
The American Academy of Orthopedic Surgeons
(AAOS) defines CTS as “a symptomatic compression neuropathy of the median nerve at the level of the wrist”[3,9].
MN gives sensory branches to the lateral three fingers
and the lateral half of the ring finger so that when it is
compressed, symptoms of CTS are manifested in those
fingers[3]. The palm of the hand, however, remains unaffected by CTS as it is supplied by the sensory cutaneous
branch of median nerve (PCBMN). This branch arises
about 6 cm proximally to the TCL, then passes superficially to the ligament so it is not affected by the pressure
changes within the CT[3].
Furthermore, the most common diagnosis in patients
with symptoms of pain and numbness is idiopathic CTS
with a tingling sensation along the MN distribution in the
hands[10]. Although this syndrome is widely recognized,
its etiology remains largely unclear. Recent biomechanical, MRI and histological studies have strongly suggested
the close relationship of the dysfunction of neuronal
vasculature, synovial tissue and flexor tendons within the
CT and the development of idiopathic CTS[11,12].
CT is the fibro-osseous pathway on the palmar aspect
of the wrist which connects the anterior compartment
of the distal forearm with the mid-palmar space of the
hand. On its bottom, the CT is made up of the carpal
bones articulating together to form a backward convex
bony arch, resulting in formation on the dorsal side and
concave on the palmar side, forming a tunnel-like groove
called the sulcus carpi. This osseous groove is topped volar
by the tough flexor retinaculum (FR), which arches over
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the carpus, thus converting the sulcus carpi into the CT.
FR can be differentiated into three continuous segments: (1) a proximal thin segment called the volar carpal
ligament. It is the thickened deep antebrachial fascia of
the forearm; (2) the middle tough segment is the TCL;
and (3) the distal segment is formed from an aponeurosis
which extends distally between the thenar and hypothenar muscles. Therefore, it is recommended to have a
more extensive surgical release instead of only resection
of the middle segment of the FR[13].
The width of the CT is about 20 mm at the level of
the hook of hamate, which is narrower compared to its
proximal (24 mm) or distal (25 mm) end[13,14] counterparts. Moreover, the narrowest sectional area of the tunnel is located 1 cm beyond the midline of the distal row
of the carpal bones where its sectional area is about 1.6
cm2[15].
In healthy individuals, the intra-CT pressure is about
3-5 mmHg when the wrist is in a neutral position[16,17].
MN blood flow was found to be impaired when the CT
pressure approached or exceeded 20-30 mmHg. Common functional positions of the wrist, e.g., flexion, extension or even using a computer mouse, might result in an
increase of tunnel compression pressures to levels high
enough to impair MN blood flow[18]. For example, placing the hand on a computer mouse increase the CT pressure to 16-21 mmHg, while using the mouse to point and
click increased the CT pressure up to 28 to 33 mmHg[19].
Interestingly, CT pressure was shown to increase to 63
mmHg with 40 degrees of wrist extension and 0 degrees
of metacarpophalangeal flexion[20].
The position of adjacent muscular structures is
thought to play a significant role in these positional increases in CT pressure[20]. In a study of the MN in fresh
human cadavers, a significant distal bulk of the flexor
digitorum superficialis (FDS) muscle was found to enter
the proximal aspect of the tunnel during wrist extension[21]. Similarly, the lumbrical muscles were shown to
enter the distal aspect of the tunnel during metacarpophalangeal flexion. Computer modeling suggests that
when the metacarpophalangeal joints are flexed to 90
degrees, the lumbrical muscles remain in the CT, even if
the wrist is kept extended[22].
A thorough knowledge of the complex anatomy of
the CT and its surrounding structures in addition to an
emphasis on its clinical applications is essential for a better understanding of the pathophysiology of CTS, along
with its symptoms and signs. Such knowledge will enable
surgeons to take the most appropriate and safest approach during open or endoscopic carpal tunnel release
(ECTR) surgeries by accurately identifying structures at
or near the CT in order to avoid or reduce its surgical
complications and ensure optimal patient outcome. It is
also important to be aware of the likely possible anatomical variations that might be the cause of MN compression or may be anticipated and more readily recognized
by hand surgeons. This review aims to provide an overview of CTS by considering anatomy, pathophysiology,
clinical manifestation, diagnostic modalities and manage-
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ment of this common condition, with an emphasis on
its diagnostic imaging evaluation.

to the tubercle of the scaphoid and trapezium and the
deep lamina is attached to the medial lip of the groove
on the trapezium. Together with this groove, the two
laminae form a tunnel, lined by a synovial sheath containing the tendon of flexor carpi radialis (FCR)[24].

CLINICAL AND SURGICAL ANATOMY OF
CT

Proximal border of the TCL
Proximally, the TCL is attached to the volar carpal ligament which extends from the radius to the ulna over
the flexor tendons as they enter the wrist[24]. This border
corresponds to the distal flexion wrist crease, which
also crosses the proximal end of scaphoid and pisiform
bones.

Movements of the wrist joint have an effect on the shape
and width of the CT. The width of the tunnel decreases
considerably during the normal range of wrist motion
and since the bony walls of the tunnel are not rigid, the
carpal bones move relative to each other with every wrist
movement. Both flexion and extension increase the CT
pressure. The cross section of the proximal opening of
the CT was found to be significantly decreased with a
flexing wrist joint. This is likely due to the radial shifting
of the TCL and the movement of the distal end of the
capitates bone. In extreme extension, the lunate bone
compresses the passage as it is pushed towards the interior of the tunnel[15].
TCL is the thick (2-4 mm) central segment of the
FR. It is a strong fibrous band formed from interwoven
bundles of fibrous connective tissues[13] and is short and
broad (average width is 25 mm and length is 31 mm)[23,24].
It extends from the distal part of the radius to the distal
segment of the base of the third metacarpal. The mean
proximal limit of its central portion is 11 mm distal to
the capitate-lunate joint and the mean distal limit of its
distal portion is 10 mm distal to the carpometacarpal
joint of the third metacarpal[13].
Regarding laminar configuration of the TCL, four
basic laminae were identified: (1) strong distal transverse;
(2) proximal transverse; (3) ulnar oblique; and (4) radial
oblique. The most common pattern showed predominance of the distal transverse and the ulnar oblique laminae in every layer of the FCL. In half of the dissected
hand samples, the distal transverse and ulnar oblique laminae dominated in the superficial layer, while the proximal
transverse and the radial oblique laminae dominated in
the deep layer. So, the strong distal transverse lamina
is likely to be excised during the final step of ECTR
because of its superficial localization. This could be a
major cause for the frequent occurrence of incomplete
release. Moreover, the almost universal superficial ulnar
oblique lamina predisposes to scarring, which may cause
radial shifting of the ulnar neurovascular bundle and
may affect the PCBMN. It is concluded that the minor
complications of ECTR depend partly on the variations
in the laminar arrangement of the TCL[25]. In another
study performed on eight dissected TCLs, the transverse
fibers were the most prominent (> 60%), followed by the
oblique fibers in the pisiform-trapezium direction (18%),
the oblique fibers in the scaphoid-hamate direction (13%)
and finally the longitudinal fibers (8%)[26].

Distal border of the TCL
This border is attached to the central portion of the palmar aponeurosis (PA). As measured along the axis of the
radial border of the ring finger, the average distance between this border and the superficial palmar arch ranges
from 5.5-19 mm[27-31]. The mean distance from this distal
border to the nearest aspect of the motor branch of MN
is about 2.7-6.5 mm[23,32].
Immediately proximal to the distal end of the TCL
and in line with the axis of ring finger, a palmar fat pad
(fat drop sign) is visualized overlapping this border. It is a
reliable anatomic landmark during CT release which must
be retracted in order to visualize the distal end of the
TCL[14]. Its proximal aspect lies at about 2 mm proximally
to the distal edge of the TCL. The distance between the
distal end of the TCL and the palmar fat pad decreases
by flexing the fingers, but the distance between the TCL
and the palmar arch or the PCBMN is not markedly affected. When dividing the TCL from proximal to distal,
visualization of the proximal part of the fat pad is a useful indication that the distal edge of the TCL is within
approximately 2 mm and indicates that distal dissection
beyond this level is unnecessary in order to avoid injury
of the superficial palmar arch or the PCBMN[32].
Surfaces of the TCL
Palmar (volar) surface: This surface gives partial origin
to all the thenar and hypothenar muscles except the abductor digiti minimi muscle and it also receives partial insertion from the flexor carpi ulnaris (FCU) and palmaris
longus (PL).
This surface is entirely hidden by the muscular attachments, which makes it appear much deeper than surgeons
think. This might urge surgeons to make a longer incision
for good exposure of the TCL and to complete its division[33]. The middle part of this surface is crossed by the
PL tendon (if present), with a nerve on each of its sides;
palmar cutaneous branch of ulnar nerve (medially) and
PCBMN (laterally). The ulnar nerve and vessels cross the
medial part of this surface through a special fascial tunnel called the Guyon tunnel[33].
The superficial branch of the radial artery arises from
the radial artery just before the latter curves round the
carpus. It passes through and occasionally over the the-

Borders of the TCL
The TCL is attached medially to the pisiform bone and
hook of the hamate, while laterally it splits into superficial and deep laminae. The superficial lamina is attached
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nar muscles, which it supplies. It sometimes anastomoses
with the end of ulnar artery to complete the superficial
palmar arch[24].
When present, it is a slender and flattened tendon,
which passes superficially to the TCL and lies medially
to the tendon of FCR. It is partially inserted into its central part of the TCL and extends distally to attach to the
proximal part of PA. Frequently, it sends a tendinous slip
to the thenar muscles. The MN lies deep to this tendon
but when absent, the nerve becomes separated from the
skin only by a thin subcutaneous fat and deep fascia[24].
PCBMN arises from the MN proximal to the TCL. It
pierces the deep fascia and runs superficially to the TCL,
just laterally to the PL tendon. It then divides into lateral branches supplying the thenar skin, communicating
with the lateral cutaneous nerve of forearm. The medial
branches supply the central palmar skin and communicate with the palmar cutaneous branch of ulnar nerve[24].
Injury to the PCBMN is the most common complication of CT surgery[34] and it has been suggested that the
mini incision done between the superficial palmar arch
and the most distal part of the PCBMN in the palmar
region is the safe zone for CT surgery[34]. Decreased levels of discomfort in patients undergoing endoscopic and
subcutaneous types of CT release may be in part due to
the preservation of the crossing cutaneous nerves during
these procedures[35].
Communicating sensory branches may be multiple
and often arise in the proximal forearm and sometimes
from the anterior interosseous branch. They pass medially between FDS and FDP and behind the ulnar artery
to join the ulnar nerve. This communication is a factor
in explaining anomalous muscular innervations in the
hand[24]. In relation to an incision for CT release, PCBMB
was found to cross the incision only in one specimen
(of 25 fresh frozen cadaveric hands), while its terminal
branches were identified at the margin of the incision in
another two specimens[35].
It arises from the ulnar nerve near the middle of
the forearm at about 4.9 cm proximally to the pisiform
bone. It then runs distally just medially and parallel to
the PL tendon. It enters the palm of hand superficially
to the TCL. In 24 specimens, at least one, usually multiple, transverse palmar cutaneous branch was identified
originating at about 3 mm distally to the pisiform within
Guyon’s canal. In another 10 specimens (of 25 hands), a
nerve of Henle arose at about 14.0 cm proximally to the
pisiform, travelling with the ulnar neurovascular bundle
to the wrist flexion crease[35].
They pass superficially to the FR and enter the hand
by passing through a groove between the pisiform
(medially) and the hook of hamate (laterally and more
distally). The ulnar artery is radial to the nerve and can
be easily felt on the ulnar side of the front of the wrist.
They usually pass just over the ulnar to the superior portion of the hook of the hamate. Over the FR, they are
kept in place by a fascial extension from the volar carpal
ligament, forming the ulnar canal (Guyon’s canal). This
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extension is attached medially to the pisiform bone and
blends laterally with the TCL[33]. They lie in the shelter
of the lateral edge of the tendon of FCU[24]. Pisiform
bone is palpated at the base of the hypothenar eminence
and serves to mark the entry on its lateral side of the
ulnar nerve and artery into the hand. The mean distance
from the radial aspect of the pisiform to the radial border of Guyon’s canal and the ulnar edge of the PL tendon is about 10.3 mm and 16.1 mm respectively[23]. As
the ulnar nerve passes between the pisiform and hook
of hamate, it terminates by dividing into superficial and
deep branches.
With the wrist in neutral position, a looped ulnar
artery runs from 2-7 mm medially[27] to 1-4 mm laterally
to the hook of the hamate[36]. It then continues to form
the superficial palmar arch. With the wrist in radial deviation, the looped ulnar artery migrates to the ulnar side
of Guyon’s canal (-2-2 mm radially to the hook of the
hamate). During ulnar deviation of the wrist, the ulnar
artery shifts more laterally beyond the hook of the hamate (2-7 mm). So, in order to minimize postoperative
bleeding and avoid iatrogenic ulnar vascular and neural
injury, it is recommended to: (1) transect the TCL over
4-5 mm apart from the lateral margin of the hook of the
hamate without placing the edge of the scalpel toward
the ulnar side; (2) not to transect the TCL in the ulnar deviation wrist position[27]; and (3) make the proximal portal
just medial to the PL tendon in order to spare the ulnar
neurovascular structures[36]. However, injury to the ulnar
artery within Guyon’s canal has not been a problem during ECTR surgery[14].
Variations: (1) An anomaly of the ulnar nerve with
an aberrant branch was observed to cross the CT incision[37]; and (2) A small arterial branch (average diameter,
0.7 mm) arising from the ulnar artery ran transversely just
over the TCL in 6 (of the 24 specimens). This branch
was consistently located within 15 mm proximally to the
TCL distal margin[27].
The deep surface of the TCL: With the carpal bones,
this surface forms the CT which is traversed by nine flexor tendons of the fingers, their flexor synovial sheathes
and the median nerve.
The median nerve is the softest and most volar structure in the CT. Its average cross-sectional area is 6.19
mm[38]. It lies directly beneath the TCL and is superficial
to the nine digital flexor tendons (Figure 1). Proximally
to the TCL, the MN lies just laterally to the tendons of
FDS and between the tendons of FCR and PL (Figure
2). Its location extends an average of 11 mm radially to
the hook of hamate[27]. Distally to the TCL, it enlarges
and flattens and usually divides into five or six branches:
(1) the recurrent motor branch; (2) three proper digital
nerves (two to the thumb and one to the radial side of
index finger); and (3) two common digital nerves (one to
index/ middle and one to middle/ ring)[24]. Trapped or
pinched nerves have a useful electrical property for the
diagnosis in that the speed of its conduction slows at the
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Figure 1 Sketch of the palm, showing specific details of the inner structures of the carpal tunnel (inside the wrist). The median nerve and its
branches after the wrist are marked in yellow.

Figure 2 Sketch of the cross-section of the carpal tunnel on a hand. Median nerve is shown in yellow and the nine flexor tendons are marked in blue.

TCL was found in 3% of hands (of 110 in operations)[39].
Martin-Gruber anastomosis is a motor communicating nerve, which may cross over from the median to
ulnar nerve in the forearm (motor not sensory connections). It occurs in two patterns: either from the MN in
the proximal forearm to the ulnar nerve in the middle to
distal third of the forearm; or from the anterior interosseous nerve to the ulnar nerve[47].
Other motor anastomoses between the MN and ulnar
nerve include: (1) motor branch of the MN to superficial head of flexor pollicis brevis (FPB) and ulnar nerve
to the deep head of the FPB; (2) anastomosis, of the
MN and ulnar motor branches through first lumbrical
or through innervation of the adductor pollicis muscle;
(3) branch of the MN to third lumbrical joining neural
branch to this muscle from deep branch of ulnar nerve;
(4) the MN may also form anastomoses with branch of
radial nerve close to abductor pollicis brevis which has
the radial nerve innervating this muscle; and (5) first dorsal interosseous, adductor pollicis or even abductor digiti
minimi may be innervated by the MN[47].

site of trouble due to demyelination.
Anomalies of the median nerve: Variations of the MN
at the wrist were reported in about 11% of the examined
specimens. Neural variations arising from the medial aspect of the MN were common and could be a cause of
iatrogenic injury during endoscopic or open release[39].
In a study performed on 246 carpal tunnels at operation, four groups of variations were described: (1)
variations in the course of MN were found in 12%; (2)
accessory branches at the distal portion of the CT in 7%;
(3) high divisions of the MN in 3%; and (4) accessory
branches proximal to the carpal canal in 1.5%. These
findings emphasize the importance of approaching the
MN from the ulnar side when opening the CT[40].
High bifurcation of the MN
Persistent median artery: the median artery is a transitory vessel that represents the embryological axial artery
of the forearm. It normally regresses in the second fetal
month[41,42]. Its persistence in the human adult has been
documented as two different types: as a large, long vessel
which reaches the hand (palmar type); or as a small and
short vessel which ends before reaching the wrist joint
(antebrachial type)[43,44]. It occurred in about 3.4%-20%
of a 646 population sample of hands[37,45]. It is more
frequent in females than in males, occurring unilaterally
more often than bilaterally and slightly more frequently
on the right than on the left. Most frequently, it arises
from the caudal angle between the ulnar artery and its
common interosseous trunk (59%). Other origins may be
from the ulnar artery or from the common interosseous
trunk. It ends as the 1st, 2nd or 1st and 2nd common digital
arteries (65%) or joins the superficial palmar arch (35%).
It pierces the MN in the upper third of the forearm in
41% of cases with the palmar type[45]. The median artery
in its palmar type passes under the FR, running in the CT
together with the MN and flexor tendons. This relationship has been considered an etiological factor in CTS[46].
An aberrant sensory branch arising from the ulnar
side of the MN and piercing the ulnar margin of the
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Motor branch (recurrent or thenar branch)
It is a short and thick branch commonly arising from the
radial side of the MN. It may however, arise from the volar or the ulnar side of the MN[14]. It may be the first palmar branch or a terminal branch which arises level with
the digital branches of MN. It runs laterally, just distal to
the TCL, with a slight recurrent curve beneath the part
of the PA covering the thenar muscles. It runs around
the distal border of the TCL to lie superficially to the
FPB, which it usually supplies, and continues either superficially to the muscle or through it. It gives a branch to
the abductor pollicis brevis, which enters the medial edge
of the muscle and then passes deep to it to supply the
opponens pollicis, piercing its medial edge. Its terminal
part occasionally gives a branch to the 1st dorsal interosseous, which may be its sole or partial innervation. It may
arise in the CT and pierces the TCL, a point of surgical
importance[24]. The position of the motor branch (in 30
hands) was extraligamentous in 46%-60%, subligamentous in 31%-34% and transligamentous in 6%-23% of
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116 fresh frozen cadaveric hands[34,40]. So, the most common pattern of the motor branch is extraligamentous
and recurrent. The mean distance between the distal edge
of the TCL and this branch is about 2.7-6.5 mm[23,32].

ed, a decrease in SSCT motion (due to fibrosis) relative to
the tendon would increase the shear strain on the SSCT
with tendon motion. Thus, this result suggests that the
SSCT may be predisposed to maximum shear injury from
activity done in 60 degrees of wrist flexion more than
the motion in all other wrist positions[62]. During hand
and finger motions, friction between the FDS tendon
and the MN is thought to play a role in the development
of cumulative trauma disorders[62]. Also, the ratio of MN
excursion to tendon excursion was much lower in fingeronly motions compared to wrist motions with or without
finger motion[63]. High velocity tendon motion was reported to predispose to SSCT shear injury[64].
A step forward damage in the SSCT in the CT was
observed to follow repeated stretch tests within the
physiological range of tendon excursion[12,62]. Similarly, repetitive hand activities caused thickening of the synovial
lining of the tendons that share the CT with the MN[20,65].
Furthermore, shear tension and injury of the SSCT
in CTS patients is significantly higher than that in normal
subjects[66] and the excursion of the MN is markedly reduced[50,51]. This finding may be consistent with the fact
that fibrosis of the synovial tissue within the CT is often
observed in CTS patients.

The flexor tendons
The flexor tendons are the four tendons of the FDS, four
tendons of the FDP and the tendon of the FPL. The superficialis tendons are all separate and the tendons for the
middle and ring fingers lie superficially to those for the
index and little fingers. The MN lies superficially to the
tendons of FDS. The profundus tendons are still deeper
to the FDS tendons. Only the slip to the index finger is
separate; the other three are still fused and lie medially to
the index slip[33]. The FPL tendon passes radially through
a special canal between the two laminae of the TCL and
the groove of trapezium. It is surrounded by a separate
synovial sheath called the “radial bursa” which extends
along the thumb as far as the insertion of the tendon at
the base of the distal phalanx. Proximally, the radial bursa
extends to a point 2.5 cm above the wrist joint/TC. It is
sometimes connected to the base of the second metacarpal or may be absent[24].

MECHANICS OF FLEXOR TENDONS
AND THE MN WITH FINGER AND WRIST
MOVEMENTS

PALMAR APPONEUROSIS (STRUCTURE
AND FUNCTION)
The deep fascia of the palm of hand (palmar fascia) is
thin over the thenar and hypothenar eminences, but its
central portion, the PA, is triangular in shape. It has great
strength and thickness. Its apex is continuous proximally
with the distal border of TCL and receives the expanded
tendon of the PL. Its base divides below into four slips,
one for each finger[33].
The PA covers the central compartment of the hand
which contains the long flexor tendons and their synovial sheaths, the lumbricals, the superficial palmar arch
and branches of the median and ulnar nerves with their
digital nerves and vessels. Between the flexor tendons
and the fascia covering the deep palmar muscles lies the
medial central palmar (mid-palmar) space which is continuous with the space of at distal forearm in front of
pronator quadratus (Space of Parona) via the CT[24].
The deeper part of each slip subdivides into two
processes, which are inserted into the fibrous sheaths
of the flexor tendons. At the points of division into the
slips, numerous strong transverse fascicular fibers of the
PA are positioned at the proximal margin of the flexor
tendon sheath. They bind the separate processes together
and are attached by vertical septa to the underlying transverse metacarpal ligament, thus forming a tunnel around
the flexor tendon and a PA pulley for the flexor tendons
in conjunction with the first and second annular pulleys
of the digital flexor mechanism[67,68].
The PA pulley might be considered as important as
the annular and cruciate flexor tendon pulleys. The PA
decreases the tendency to bowstring around the metacar-

Along their course, the long flexor tendons pass through
a flexor pulley system which includes the TCL, PA and
the digital pulleys, where the lubricant effect of synovial
fluid maintains low friction between these tendon and the
pulleys. In vivo and during active flexion and extension of
the wrist and fingers, measurements revealed that longitudinal tendon excursion is about 24-50 mm[48,49], while MN
excursion was found to range from 11-28 mm during
wrist and elbow movement[50,51].
It is highly suggested that non-inflammatory fibrosis
and thickening of the synovium is a leading cause for
MN compression[52]. These synovial changes also alter the
gliding characteristic of the subsynovial connective tissue (SSCT), where it moves en bloc with the tendons and
MN, which may play a role in the etiology of CTS[53,54].
About 90% of the synovial specimens resected from patients with idiopathic CTS did not exhibit inflammatory
changes, but mostly edema or fibrosis[55,56]. Other findings
of chronic synovial degeneration were reported as indicated by the increase in fibroblast density, collagen fiber
size and vascular proliferation[57].
Additionally, the flexor tendons move upwards (volar
displacement) from the floor of the CT during active
finger movement[58-60]. This movement causes a force
of compression/ reaction between the tendons and the
TCL. Almost the same amount of force of the flexor
tendon could be applied to the TCL during finger movement[61].
Because the SSCT and tendon are physically connect-
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pophalangeal joint with a combination of proximal annular pulleys[69].
The PA forms a fibrotendinous complex that functions as the tendinous extension of the PL when present and as a strong stabilizing structure for the palmar
skin of the hand. It has a deeper transverse portion that
crosses the palm at the proximal end of the metacarpal
bones.
Aponeurosis provides firm attachment to overlying
skin, helps to form the ridges in the palm, which in turn
help to increase friction so that we can grasp objects
firmly, protects underlying structures and provides attachment to muscles. The transverse fascicular fibers of the
PA at the proximal margin of the flexor tendon sheath
appear to function as a pulley[67].

median nerve. If bony abnormalities like the boutonniere
deformity, the swan neck deformity or the ulnar deviation of the wrist are found, it could be concluded that
the patient suffers from rheumatoid arthritis. If bossing
on the carpal or distal phalanx is observed, osteoarthritis
may be the cause. Other neuropathy syndromes or carpometacarpal arthritis may be suspected if thenar atrophy
is seen as this condition usually happens only with severe
and chronic CTS, which is not as common[71].
Since patient history and physical examination have
only limited diagnostic value and do not reveal the specific areas of symptom occurrence, patients can additionally
be asked to fill out a self-diagnosis questionnaire known
as the Katz Hand Diagram. A Katz Hand Diagram allows the patient to specify where they are experiencing
symptoms and to classify the symptoms as numbness,
pain, tingling or hypoesthesia. The completed symptom
diagram can then be classified into one of three patterns
of CTS.
Classical pattern: symptoms experienced by at least
two of either the first, second or third fingers. Symptoms
may also involve the fourth and fifth fingers, as well as
wrist pain and radiation of pain proximally to the wrist
however should not involve the palm or dorsum of the
hand is not allowed. Probable/possible pattern: includes
the same symptoms as in the classical pattern, however
the palmar symptoms should only be limited to the median side. Possible pattern: symptoms involving only one
of the first, second or third finger. Unlikely pattern: no
symptoms are present at all in the first, second or third
finger[70].
A classical or probable diagram indicates the presence of CTS (sensitivity = 64%; specificity = 73%)[70-73].
An additional subjective test is referred to as the flick
sign (sensitivity = 93%; specificity = 96%)[71,73] where the
patient is simply asked whether or not they relieve the
symptoms which awaken them at night with flicking or
shaking of their hands. If the patient reports that this
does happen to them, this may be indicative of CTS[74].
Additionally, traditional tests known as provocative
tests can be easily conducted by the physician on the patient to determine the possibility of CTS. One such test
is a wrist flexion test known as Phalen’s test (sensitivity =
57%-91%; specificity = 33%-86%)[71,73,74] that involves the
patient placing their elbows on a flat surface, maintaining
their forearms vertically and allowing their wrists to fall
into flexion for up to one minute.
The “reverse Phalen’s test” (sensitivity = 57%; specificity = 78%)[74], also known as the wrist extension test
or “Wormser’s test”[75], is also possible and involves the
patient actively extending their fingers and wrist for two
minutes. Another well known test is Tinel’s sign (sensitivity = 23%-60%; specificity = 64%-87%)[71,73,74], where the
physician taps along the patient’s median nerve near the
carpal tunnel. Durkan’s test (sensitivity = 64%; specificity = 83%)[74], or carpal compression, is a test where the
physician presses on the proximal edge of the carpal ligament with their thumb, compressing the median nerve.

CLINICAL DIAGNOSIS OF CTS
The stages of CTS symptoms and signs can be categorized into three stages. In the first stage, the patient will
awaken from sleep with a feeling of a numb or swollen
hand, with no actual swelling visible. They may feel severe
pain coming from their wrist emanating to their shoulder,
with a tingling in their hand and fingers known as brachialgia paresthetica nocturna. Patients will note that shaking
or flicking of their hand will stop the pain and that their
hand may feel stiff in the morning. The second stage
involves the symptoms being felt during the day. These
may be felt especially when the patient performs repeated
hand or wrist movements or if they remain in the same
position for a long time. Patients may also notice clumsiness when using their hands to grip objects, resulting in
the objects falling. The third and final stage occurs when
there is hypotrophy or atrophy of the thenar eminence.
When this stage is reached, sensory symptoms may no
longer be felt at all[70].
When diagnosing a patient with CTS, it is important
to create a case history relevant to the characteristic
signs of CTS. The patient must be questioned about
whether their symptoms occur mainly at night or during
the day, whether certain positions or repeated movements provoke their symptoms, if they use any vibratory
instruments for work, whether their symptoms are felt
in the hand, wrist or shoulder (and where in the areas
symptoms are felt), what patients may do to alleviate
symptoms (shaking, flicking, etc.), or if the patient may
have a predisposing factor[70]. Many factors may in fact be
connected to CTS. They can include inflammatory arthritis, diabetes mellitus, pregnancy, hypothyroidism, Colles’
fracture, acromegaly, amyloidosis, adiposity, myxedema,
chronic polyarthritis or the use of corticosteroids and estrogens[1,70].
A proper physical examination of the patient’s hand
and wrist is an important first step towards the diagnosis of CTS as certain physical findings may suggest the
presence of other conditions. Abrasions or ecchymosis
on the wrist and hands may indicate that there has been
injury to the tissue, which could also include injury to the
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The hand elevation test (sensitivity = 75.5%; specificity
= 98.5%)[76] is done by asking the patient to raise both
of their arms, along with their elbows and shoulders,
and holding the position for up to two minutes. The
tourniquet test (sensitivity = 21%-59%; specificity =
36%-87%)[73,74], or Gillet test, is performed by having
the physician raise a blood pressure cuff placed on the
patient’s arm to the level of their systolic blood pressure.
For all of the above noted tests, if paresthesia develops
or increases in the median nerve distribution within one
minute or less, then the test is deemed to have a positive
result and CTS in the patient may be suspected[1,74].
It is important to note that, although provocative
tests and physical examination are simple and low cost
methods to test for reproduction of the patient’s symptoms and to determine if CTS should be suspected,
provocative tests have scarce or no diagnostic value[1,70,71]
and physical examination has inadequate predictive value
if the likelihood of CTS is low[77]. There have been no
trends identified between testing positive for various provocative tests and the severity of CTS[78] and therefore
proper diagnostic conclusions based on these tests cannot be made.

Diagnostic criteria for CTS in nerve conduction studies include the median nerve showing extended amounts
of sensory and motor latencies as well as delayed or
diminished sensory and motor conduction velocities[3].
Nerve conduction studies focus on defining whether
there has been damage to the median nerve inside the
carpal tunnel to quantify the severity of this nerve damage using a scale and to define the physiology of this
injury as a conduction block, demyelination or axonal
degeneration[3,9,70]. The electrophysiological classification
of the severity of CTS has been defined by the American
Association of Electrodiagnostic Medicine (AAEM) and
is as follows: (1) Negative CTS: normal findings on all
tests (including comparative and segmental studies); (2)
Minimal CTS: abnormal findings only on comparative
or segmental tests; (3) Mild CTS: SCV is slowed in the
finger-wrist tract with normal DML; (4) Moderate CTS:
SCV is slowed in the finger-wrist tract with increased
DML; (5) Severe CTS: absence of sensory response is
seen in the finger-wrist tract with increased DML; and
(6) Extreme CTS: complete absence of a thenar motor
response[3,70,82].
Nerve conduction studies can be paired with electromyography in order to tell the difference between muscle
weakness that has been created by neurological disorders
and primary muscle conditions[71]. Adjunctive tests are,
however, best used for patients who present with untypical symptoms and examination or if they possess an
intermediate probability of having CTS. Although nerve
conduction studies are a more accurate way of diagnosing CTS, they cannot be used for every patient showing
symptoms of CTS as this would be expensive and inefficient[3,72]. Although nerve conduction studies are the
most sensitive and accurate way to diagnose CTS, false
positives and false negatives are still possible and account
for 16%-34% of “clinically defined CTS” going undiagnosed[3,83].
When diagnosing CTS, it is important to remember
that many other conditions can produce similar symptoms to CTS[71]. A thorough physical examination along
with an accurate patient history is an important first step
for a correct diagnosis and the following list include
some of the conditions that CTS must be differentiated
from, along with the physical findings they are associated
with: Wrist arthritis: seen in patients experiencing limited
motion at the wrist or if there are radiological findings of
arthritis; Carpometacarpal arthritis of thumb: characterized by joint line pain, pain experienced during motion or
arthritis in radiological findings; Cervical radiculopathy
(C6-C7): symptoms can include neck pain and numbness
in the thumb and index finger only; Flexor carpi radialis
tenosynovitis: can be suspected if there is tenderness near
the base of the thumb; Ulnar or cubital tunnel syndrome:
signs can include first dorsal interosseous weakness or
tingling in the fourth and fifth digit; Median nerve compression at elbow: if there is tenderness at the proximal
forearm; Raynaud’s phenomenon: if the patient has a
history of symptoms related to cold exposure; Vibration

Nerve conduction studies
Due to this lack of diagnostic value in the mentioned
tests, if CTS is suspected in a patient, adjunctive electrodiagnostic tests can be performed for a better diagnosis
as they quantify and stratify the severity of CTS[71]. These
tests include nerve conduction studies and electromyography which may help with the future decision of treatment options and they have a sensitivity of 56% to 85%
and a specificity of at least 94%[71]. Because of their high
specificity and sensitivity percentages, nerve conduction
studies are considered to be the gold standard for CTS
diagnosis[3,72]. Nerve conduction studies provide insight
on the median nerve’s true physiological health on a
quantitative basis by comparing the latency and the amplitude of the nerve across the carpal tunnel to another
nerve segment not passing through the carpal tunnel (e.g.,
the radial or ulnar nerve)[3]. This is done by transcutaneously stimulating the nerve to create an action potential
through an electrical pulse and having the depolarization
wave detected by a recording electrode, that has been
placed proximally or distally, and defining the response
time of the median nerve as the “sensory conduction velocity” (SCV)[3,70,79].
It is necessary to compare the response of the median
nerve to another nerve not within the carpal tunnel due
to the fact that there are different factors like gender, age,
obesity, temperature, finger diameter or concurrent systemic disease that can influence the latency or amplitude
of the median nerve[3,80,81]. Using these controls increases
the accuracy and sensitivity of diagnosis, with a sensitivity of 80%-92% and a specificity of 80%-99%[3,79]. Additional data may also be obtained by studying the distal
motor latency (DML) in the median and ulnar nerves in
the same hand[3].
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white finger: seen in patients who use vibrating hand
tools at work; Volar radial ganglion: if a mass near the
base of thumb is found above the wrist flexion crease;
Brachial plexopathy (in particular of the upper trunk);
Thoracic outlet syndrome and CNS disorders (multiple
sclerosis, small cerebral infarction)[3,70,71].
Electrodiagnostic testing can be helpful with a differential diagnosis by being able to identify other hand
dysesthesia conditions like cervical radiculopathy, polyneuropathy or median nerve entrapment syndromes[73,84].
Additionally, needle electromyography specifically may
be helpful with disorders that are proximal to the median
nerve as well as to rule out a radiculopathy[70].
Quantitative sensory testing is also used for sensory
or motor tests to give quantitative results when diagnosing CTS. These tests include testing for touch threshold
using Semmes-Weinstein Monofilaments (SWMF) (sensitivity = 59%-72%; specificity = 59%-62%)[73,74], also
referred to as Weinstein Enhances Sensory Test (WEST),
where a five piece SWMF/WEST set is used and the filaments are applied onto digit pulps. Positive results of this
test are deemed as a threshold greater than 2.83 in digits
D1-D3 (an abnormal result); usually D2 or D3 are also
assessed and comparison with D5 can improve the specificity as it eliminates thresholds that are larger than 2.83
due to aged or calloused skin. Another quantitative test is
the two-point discrimination test (sensitivity = 6%-32%;
specificity = 64%-99%)[73,74] where the patient is asked to
differentiate between the touch of prongs as they are applied until the skin blanches. Positive results (an abnormal
finding) of this test are > 5 mm on pulps. Testing for the
vibration threshold, measuring with either a tuning fork
(sensitivity = 55%; specificity = 81%)[74] or vibrometer
(sensitivity = 50%; specificity = 73%)[74], is also possible.
These tests include applying a tuning fork (at 256 cps)
tangentially to the fingertip pulp D1-D3 after hitting it
to the affected side and comparative site or by applying
a vibration stimulus to the digital pulp with a vibrometer
and observing if the patient’s feeling is different compared with the normal site (D5) or alternate site or, in the
case of the vibrometer, if the thresholds are greater than
norms for positive results. Current perception threshold
(sensitivity = 80%; specificity = 61%)[74] is tested for by
delivering different frequencies of current and touching
the patient with the equipment delivering this current.
This stimulates the sensory nerves and positive results
can be identified by comparing the patient’s thresholds
and frequency ratios with established norms in a computer software analysis. Thenar weakness or thenar atrophy
(sensitivity = 4%-28%; specificity = 82%-99%)[71,73] can
also be tested for by visually inspecting the abductor pollicis brevis to look for loss of muscle bulk (positive result
for thenar atrophy) or to use Oxford grading for the
abductor pollicis brevis and observing a grade less than 5
(for thenar weakness). Thenar muscles are innervated by
the median nerve, so the impairment of these muscles is
indicative of the compromise of the motor fibers[74].
All in all, debate and disagreement still exist on the
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Figure 3 Axial computed tomography scan shows bony part of carpal
tunnel at the level of outlet. Bony structures from left to right are HAMATE,
CAPITATE, TRAPEZOID, TRAPEZIUM. FR (arrow) b and flexor tendons can be
detected by computed tomography scan.

proper and accurate diagnosis of CTS. However, most
experts can agree that the combination of nerve conduction studies (currently deemed the gold standard for
diagnosis) and subjective symptoms allow for the most
accurate way of diagnosing CTS[78].
Computed tomography and conventional X-ray
Plain radiography has a limited role in diagnosing primary
CTS as it cannot reveal the soft tissue part of the carpal
tunnel. However, it might be useful in cases associated
with bony stenosis, fracture and soft tissue calcification[85].
Therefore, it should not be indicated unless there is a
history of trauma to the hand or limitation in the range
of wrist movement. CT scanning might provide a better
alternative than plain radiography to clearly visualize the
bony part of the carpal tunnel (Figure 3).
It can easily reveal the unusual bony structures and
the structure occupying the space within the carpal tunnel
that are not discovered by external examination[86]. However, compression of the nerve cannot be clearly visualized unless it is due to the bony condition. In addition,
several other reports have demonstrated the minor contribution of this approach in cases of primary CTS[87,88].
In summary, plain radiograph and CT scan play minor
roles in CTS diagnosis and they are difficult to standardize due to their inherent limitations in evaluating soft
tissue changes[85]. Therefore, CT scans and plain radiography should not be used as routine CTS diagnostic tools
unless hard tissue related changes such as bone fracture,
osseous carpal stenosis and calcifying of soft tissue are
suspected[85].
Ultrasonography
Due to recent advances at increasing resolution of sonographic pictures, it is possible to acquire a high quality image of peripheral nerves and fascia. Ultrasonography (US)
is also able to identify changes in the flexor retinaculum,
perineural and intraneural vascularization of the median
nerve in idiopathic carpal tunnel syndrome (Figures 4-7).
It can also identify the causes for secondary CTS. A study
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Figure 4 Axial ultrasound image shows flexor retinaculum bowing as an
echogenic line (arrow) in carpal tunnel and cross sectional area of median
nerve (stellate) in a patient with carpal tunnel syndrome.

Figure 6 Spectral Doppler waveform of the median nerve shows low
resistance hypervascularity of affected median nerve in a 40-year-old
woman with severe carpal tunnel syndrome.

Figure 5 Longitudinal color Doppler sonogram in a 40-year-old woman
with severe carpal tunnel syndrome shows intraneural hypervascularity in
the median nerve.

Figure 7 Axial ultrasound image shows hypoechoic cable like neural fascicle (arrows) separated by substratum hyperechoic fat in a patient with
secondary carpal tunnel syndrome due to lipofibromatous hamartoma of
the median nerve.

by Nakamichi and Tachibana included 414 symptomatic
wrists and 408 control wrists[89]. Both sonography and
nerve conduction studies were performed and the results
were compared. The cross-sectional area of the median
nerve was measured at the distal edge of the flexor retinaculum, the hook of hamate and the pisiform. Clear differences between the symptomatic patients and control
patients were observed at all three levels. Nakamichi and
Tachibana proposed cut off values of the CSA for each
level ranging from an average of 12 mm2 to 13, 11 and 14
mm2 at all three levels. Specificity was found to be greater
than 95% with sensitivity ranging from 43%-57%[89].
Along the same lines, in a study carried out by El
Miedany et al[90], sensitivity and specificity were determined by measuring the CSA at the carpal tunnel inlet.
Sensitivity and specificity measurements were found to
be much higher than those presented by Nakamichi and
Tachibana[89]. The study included 96 symptomatic wrists
and 156 control wrists, all of which were analyzed using
both ultrasound and nerve conduction studies. Cut off
for mild disease was 10 mm2, moderate at 13 mm2 and
severe at 15 mm2. Sensitivities and specifics for mild,
moderate and severe disease were measured to be 98%
and 100%, 98% and 97%, and 97% and 99%.
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Theoretically, nerve enlargement results from a series of factors including inflammation, fibrosis, new
axonal growth, endoneurial edema, demyelination, remyelination, etc. These indicators of increased CSA are
all visible on US. Recent studies have shown that US is
effective in confirming the diagnosis of CTS. One advantage that US has over NCS is that other lesions which
display symptoms similar to CTS can be excluded from
examination; these include tenosynovitis, mass lesions
and anatomic defects. Moreover, US is low cost, readily
available, noninvasive and total examination time is short.
It can be recommended to use US as a replacement for
clinical findings and first-line therapy in the diagnosis of
CTS. However, in more complicated cases where diagnosis of CTS may require some confirmation, US would be
a great tool as it is more sensitive and less invasive than
nerve conduction studies.
It remains the case that there is not yet a reliable diagnostic standard for CTS. However, many of the studies
in this review were able to rule out CTS if the CSA of
the median nerve in the carpal tunnel inlet was below
10 mm2. Flexor retinaculum bowing, flattening of the
median nerve and decreased longitudinal excursion on
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The degree to which these findings are evident depends
on the stage of the disease as enlargement of the CSA
and increased signal intensity become more pronounced
as the disease progresses. On T2-weighted MRI scans,
high-signal intensity over the median nerve can indicate
any of the following: accumulation of the axonal transportation, myelin sheath degeneration or edema[94]. Enlargement of the structures within the carpal tunnel may
be indicated by palmar bowing of the TCL. The severity
of nerve compression can be determined accurately by
sagittal images[95]. It must be noted that no parameter
has been developed that is able to be used to define CTS
clearly. However, MRI provides the greatest diagnostic
sensitivity for idiopathic CTS[96]. MRI can be used to
predict surgical outcomes in patients with CTS irrespective of NCSs. Moreover, patients prefer MRI to NCSs[96].
MRI studies have indicated that increased T2-signal
intensity in the median nerve and bowing of the flexor
retinaculum seem to be the most sensitive MR signs of
CTS. Increases in CSA area, flattening of the MN and
peritendon pathology are other potential indicators of
CTS on MRI[97].
Previous reviews on MRI have pointed to the complications also encountered in this review. Original studies
provide unsatisfactory descriptions of the reference diagnosis and only recruit asymptomatic referents[93]. Consensus criteria of CTS include symptoms, clinical findings
and electrophysiological criteria[16,98]. The lack of consistency in diagnostic criteria provides for variations in patient spectra which takes a toll on the test accuracy[99]. A
possible remedy for this in the future would be to include
more detailed descriptions of the symptoms of the referents before the original studies.
Bak et al[100] studied twenty patients with CTS to determine if various MRI parameters correlated with nerve
conduction test results. Results of the nerve conduction
tests did not affect inclusion in the study. While no correlation was found, it should be noted that the patients
did not show enlargement of the cross sectional area of
the MN. The nerves seemed round rather than flat. Such
a finding begs the question of diverse pathophysiological
mechanisms behind CTS and how the diverse stages of
chronicity of the disease affect the imaging outcome.
Unsatisfactory documentation of clinical characteristics has been shown to lead to overestimation of test
accuracy. On the other hand, unsatisfactory documentation of reference diagnosis leads to underestimating test
accuracy[99]. Additionally, insufficient blinding and a poor
description of results may also lend to the overestimation
of test accuracy.
Two studies that used referents with contralateral sym
ptom-free hands did not find the cross sectional area of
the median nerve to be enlarged[100,101], which is an observation made in other studies in which healthy volunteers
were the referents. This finding can be attributed to other
factors besides CTS. So long as there is a gold standard for
the diagnosis of CTS, any other disease that causes similar
symptoms may prove to hinder future studies.

*
*

*
*

Figure 8 Axial T1W image of carpal tunnel at the level of tunnel outlet
shows bony part of carpal tunnel as intermediate signal intensity composed from left to right hamate, capitates, trapezoid, trapezium. White
arrow shows hook of hamate, yellow arrow shows median nerve, green arrow
shows flexor retinaculum. Asterisks indicate carpal bones.

dynamic assessment are other measurements offered in
addition to the CSA of the median nerve in the US assessment of CTS but are not as reliable. Limitations of
US include axial and lateral resolution of the transducer
that restrict the sonographic measurements as well as the
challenge in differentiating the MN from the surrounding
structures, especially in the distal CT. Ultrasonography
can be implemented universally when a standardized protocol is used because the measurements are found to be
reproducible.
Magnetic resonance imaging
Magnetic resonance (MR) imaging allows for good imaging of soft tissue. This makes MR imaging the optimal
choice when studying CT in detail (Figure 8).
The drawbacks to MR imaging are that it is very
costly, time consuming and not readily available. For
these reasons, it is not advisable for MR imaging to be
used in the diagnosis of CTS. The use of MR imaging is
advisable in cases where the patient is resistant to therapy
and/or for research. MR imaging does not add enough
information of value to justify its use in the routine diagnosis of CTS in place of clinical and electrophysiological
evaluation. Use of MR imaging can be justified in various
circumstances, such as acute severe CTS following blunt
trauma, arthritis, lack of evidence of nerve compression,
surgical failure, long lasting CTS, detection of fibrous
tissue and scars surrounding the MN and other anomalies of CT[91]. MRI can be used to determine the exact
point of nerve entrapment, for diagnosis in the case of
ambiguous symptoms and to identify space-occupying lesions[92].
MR imaging is useful for revealing the cause of nerve
compression or elongation. Studies of MRI on CTS
have shed tremendous light on the pathophysiology of
idiopathic CTS. Typical indicators of idiopathic CTS are
proximal enlargement of the cross-sectional area (CSA)
of the median nerve of the carpal tunnel, greater signal
intensity over the MN and palmar bowing of the TCL[93].
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ment[110,117,118]. Local anesthetic injections such as procaine
hydrochloride have been shown to be effective additions
to steroid injections; however, studies have shown that
procaine hydrochloride injections are as effective as steroid injections in short term treatment of CTS[119,120].
A different approach to steroidal treatments is oral
steroids such as prednisolone, proven effective for shortterm treatment[121]. Studies involving several types of
nonsteroidal anti-inflammatory drugs have concluded
that NSAIDs have no effect in pain relief and treatment of CTS and their effect has been compared to that
of a placebo[71,122]. However, other studies have shown
effectiveness of NSAIDs drugs such as Naproxen in
short term pain relief for CTS[123]. Several studies have
concluded that pyridoxine and diuretics, such as trichlormethiazide, have no more effect than a placebo in the
treatment of CTS[71,122]. Ergonomic positioning has been
tested for possible effects on CTS and, despite the presence of pain relief after a period of 12 wk under treatment, the evidence was not enough to prove the effect
of ergonomic positioning on CTS[124]. Heated lidocaine
patches have also been identified as possible alternative
short-term treatments for CTS, showing significant pain
reduction following a two week study[105]. Acupuncture is
another treatment approach for CTS. Studies have shown
significant pain reduction in patients with CTS using
proximal and distal acupoints, as well as improvement of
overall subjective symptoms using sham acupoints[125,126].
Acupuncture has been shown to be as effective as night
splints in the treatment of CTS[105]. Ultrasound therapy is
another alternative conservative treatment that has been
shown to have positive effects in short term treatments
of CTS in patients showing mild to moderate symptoms[127,128]. Manual therapy intervention studies have
concluded improved signs and symptoms for CTS[104].
It is important to note the role of sonography in assessing the possible effects on different types of treatments
for CTS, including corticosteroid injection and splinting
treatments[106].

TREATMENT OF CARPAL TUNNEL
SYNDROME
Treatment of CTS can be classified as surgical and nonsurgical. Surgical treatments include standard open carpal
tunnel release, endoscopic carpal tunnel release, open
carpal tunnel release combined with procedures and open
carpal tunnel release using various incision techniques[102].
Non-surgical treatments, also referred to as conservative treatments, include a wider range of options such as
splinting, cortical steroid injections, non-steroidal antiinflammatory drugs, B6 vitamin, diuretics, ultrasound
therapy, ergonomic positioning, manual therapy intervention, lidocaine patches and acupuncture[103-105]. Treatment
decisions on carpal tunnel syndrome are based on the
severity of the symptoms. Non-surgical treatments are
recommended for patients with mild symptoms of CTS.
Patients with moderate to severe symptoms are recommended for surgical evaluation.
Non-surgical treatment
Non-surgical treatment of CTS is recommended for
patients that show mild to moderate symptoms of CTS.
There is a variety of treatments that do not involve surgical procedures; however, splinting and steroids are most
commonly used and supported by evidence[102]. The most
common splinting method is the neutral splint, which
involves the immobilization of the wrist in a neutral position. This neutralizes flexion and extension of the wrist,
thus increasing carpal tunnel pressure[106](Gerritsen, 2001
#73). Neutral splinting is generally recommended for use
for a period of 6 wk during night time, however studies
have shown better improvement in the full time use of
the splints[107]. Long term studies have shown considerable results of treatment success of night wrist splints at
3 mo of treatment[108] and after 12 mo of additional treatment after 6 wk treatment with night splints[109]. Other
splinting methods include soft hand splints[106,110], volar
wrist cock-up and modified ulnar gutter splints[111]. Soft
hand splinting and neutral wrist splinting have been seen
to show no significant differences within 3 mo of treatment[112]; however, soft hand splinting can be considered
an alternative to neutral wrist splinting[113]. Treatment using steroids is done by local injection of corticosteroids
directly into the patient’s carpal tunnel. There is a risk associated with the injections and the possible decompression of the median nerve[114], thus different approaches
have been used regarding the injection site of the steroid.
Injection through the wrist crease has been done using a
distal or proximal approach to the wrist crease, with the
distal approach resulting in a more comfortable and alternative approach[115]. Other methods include intercarpal
injections of steroids, shown to be a safe approach. Several studies have been conducted using an ulnar approach
to the palmaris longus tendon[114,116] and have shown the
treatment to be effective and risk free. Overall, treatments involving local steroid injections are effective in
relieving symptoms associated with CTS for a short time,
thus they are considered an effective short-term treat-
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Surgical treatment
Surgical treatment of CTS consists of the division of the
transverse carpal ligament which reduces the pressure on
the median nerve by increasing the space in the carpal
tunnel[2]. Surgery is recommended for most patients with
moderate to severe CTS. There are two different categories of methods used for surgical treatment of CTS:
open release and endoscopic release. Open carpal tunnel
release consists of the standard method of open release,
as well as several modified methods. Modifications to the
standard open carpal tunnel release (OCTR) include new
incision techniques, such as the mini-open release, and
addition of other procedures such as epineurotomy[102,129].
The standard open carpal tunnel release consists of a
longitudinal incision at the base of the hand and in line
with this incision, the incision of the subcutaneous tissue, the superficial palmar fascia and the muscle of the
palmaris brevis[129]. The mini-open carpal tunnel release is
a relatively new technique that consists of a longitudinal
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incision that varies from 1.5-3.0 cm, placed in line with
the radial border of the ring finger[129]. Different tools
have been used for the mini-open carpal tunnel release,
such as the Indiana Tome, the Knifelight, the Safeguard
System and PSU retractor[129]. Epineurotomy has been
used as an additional procedure to the OCTR, with the
prospective of minimizing median nerve compression
occurring after standard OCTR[72]. Endoscopic carpal
tunnel release (ECTR) is another new technique that
was developed by Okutsu and colleagues since 1986[131].
The two most commonly used methods of endoscopic
carpal tunnel release are the single-portal and dual-portal
technique; techniques that differ based on the number
of ports used to access the carpal tunnel[130]. The single
portal technique consists of the release of the transverse
carpal ligament by using a single incision at the wrist. The
double-portal technique consists of two incisions, one at
the wrist and one at the palm of the hand. Several studies have tried to compare the efficiency and outcomes
of the techniques involving carpal tunnel release procedures. Open carpal tunnel release and endoscopic carpal
tunnel release have been shown to have no significant
differences in outcomes within 12 wk of surgery[132] and
within 1 and up to 5 years of surgery[129]. Mini-open carpal tunnel release and standard open carpal tunnel release
have shown no significant differences within 4 mo of
surgery[133] and within 6 mo of surgery[134]; however, miniopen carpal tunnel release has been shown to have better
outcomes in earlier stages after surgery[134]. ECTR release
is sometimes favored over OCTR as dividing the skin
from below preserves the muscle and overlying skin, thus
facilitating return to work; however, it has an increased
risk of nerve or artery injury because of limitations in visualization[129]. ECTR has been shown to have better outcomes in muscle strength within 12 wk of surgery[132] and
better outcomes compared to both standard open and
mini-open release within 4 wk of surgery[133]. Additional
epineurotomy procedures have been shown to have no
significant difference in electrophysiological effects or
nerve volume compared to the standard OCTR within
180 d after surgery[135].
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CONCLUSION
This review has explored and emphasized one of the
most common entrapment neuropathies. There are several imaging modalities for assessing this condition but
after analyzing the various options, it seems as if ultrasound examination with high-frequency probes and improved power Doppler technology should be used as the
primary imaging investigation in the initial evaluation of
CTS as it is the most beneficial and accurate. ECTR has
been shown to have better outcomes than both standard
open and mini-open release.
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creased. Hence, the purpose of the current review article is two-fold. The first is to review and evaluate the
progress that has been made towards the utilization of
CDSS based on data from advanced MRI techniques.
The second is to analyze and propose the future work
that has to be done, based on the existing problems
and challenges, especially taking into account the new
imaging techniques and parameters that can be introduced into intelligent systems to significantly improve
their diagnostic specificity and clinical application.
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Core tip: The quantification of the imaging profile of
brain neoplasms by combining conventional magnetic
resonance imaging and advanced imaging techniques
introduces critical underlying pathophysiological information which seems to be the key to success. Thus,
it is evident that the pursuit of this goal should be
oriented towards the development of decision support
software that will utilize large amounts of clinical data
with extremely significant diagnostic value which often
remain unexploited, hence resulting in a more valid and
precise method of differential diagnosis and the selection of the most successful treatment scheme.

Abstract
In recent years, advanced magnetic resonance imaging
(MRI) techniques, such as magnetic resonance spectroscopy, diffusion weighted imaging, diffusion tensor
imaging and perfusion weighted imaging have been
used in order to resolve demanding diagnostic problems such as brain tumor characterization and grading,
as these techniques offer a more detailed and noninvasive evaluation of the area under study. In the last
decade a great effort has been made to import and
utilize intelligent systems in the so-called clinical decision support systems (CDSS) for automatic processing,
classification, evaluation and representation of MRI
data in order for advanced MRI techniques to become
a part of the clinical routine, since the amount of data
from the aforementioned techniques has gradually in-
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brain tumor discrimination due to their intrinsic heterogeneity, the research community has shifted towards the
application of machine learning algorithms, in order to
assign different tissue types to specific patterns. Several
studies have previously investigated the differentiation
of brain tumors in adults based on machine learning
techniques[16-20], as well as the discrimination of pediatric
brain tumors[21,22].
By importing and utilizing these intelligent techniques
in a clinical decision support system (CDSS), several
advanced MRI techniques may become a part of the
clinical routine in order to resolve demanding diagnostic problems. CDSSs based on pattern recognition have
been widely accepted in medical applications, due to their
capability for optimization, ﬂexibility, accuracy for predictive inference and interpretability[23].
A CDSS according to van Bemmel et al[24] is defined as
any piece of software that takes, as input data, the information about a clinical situation and produces, as output,
the inferences regarding the clinical situation that can
assist practitioners with their decision-making, and that
would be judged as “intelligent” by the program’s users.
Regarding brain tumor diagnosis, great efforts have
been made in the implementation of intelligent systems
for brain tumor differentiation, automatic processing,
classification, evaluation and representation of clinical
data. This effort is facilitated further by the evolvement
of computer power that is available for the processing
needs of these systems.
The purpose of the present study is to provide a
literature review that focuses in the development of the
CDSS, based on advanced MRI techniques for brain
tumor characterization: (1) the first part provides an
overview and an extensive description of the already
developed CDSSs; and (2) in the second part, the study
concludes to future objectives concerning the development of CDSSs for brain lesion characterization.
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INTRODUCTION
The introduction of magnetic resonance imaging (MRI)
systems has induced revolutionary changes in the medical
imaging field and has contributed much on a diagnostic
and therapeutic level. In recent years, there has been a
shift towards advanced MRI techniques, such as magnetic
resonance spectroscopy (1H-MRS), diffusion weighted
imaging (DWI), diffusion tensor imaging (DTI) and
perfusion weighted imaging (PWI), in order to resolve
demanding diagnostic problems. These techniques offer
a more detailed and non-invasive evaluation of brain tumors[1-3] and have added incremental diagnostic information regarding brain tumor characterization over conventional MRI alone[4,5].
1
H-MRS has been studied for more than a decade as
a promising diagnostic tool for a variety of pathologies.
If coupled with the morphological features provided by
MRI techniques, it can provide accurate identification and
quantification of biologically important chemical compounds in soft tissue, thus increasing the understanding
of the underlying pathologies. There have been numerous studies that indicate the significant contribution of
1
H-MRS for the characterization of brain tumors[6-8], and
fewer studies have concentrated on pediatric tumors[9,10].
Even if 1H-MRS does not change the final diagnosis,
it may significantly rule out a differential diagnosis and
thereby reduce the need for biopsy. However, challenges
still remain in brain lesion classification regarding the use
of 1H-MRS. The most important one is the limited number of available spectra per lesion type which may induce
difficulties in reaching specific conclusions. Moreover, the
simultaneous analysis and evaluation of multiple spectroscopic parameters is a time-consuming process, required
specific expertise and may not be practical in a clinical
environment.
In addition to 1H-MRS, the other advanced MRI
techniques, DWI[11], DTI[12] and PWI have already found
increasing use in the evaluation of cerebral tumors and
still remain a subject of intense research [1,13,14]. DWI
probes local tissue microstructure reflected by the freedom of microscopic motion of water molecules and
provides a sensitive means to detect alterations in the integrity of white matter structures, while PWI facilitates
the prediction of brain lesion progression in conjunction
with histopathology[15].
It is evident that the continuously developing magnetic resonance systems have transformed from pure
imaging systems to extremely precise metric systems that
produce a considerable amount of numerical data that
originate from the application of the aforementioned
advanced MRI techniques. Taking into account the complex structure of the clinical data and the difficulty of
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LITERATURE REVIEW
A thorough literature review was executed during the
period 2000-2013. Initially, the research was limited to
CDSS for brain tumor discrimination and the inclusion criterion was the kind of biomedical data that was
utilized for their development. Specifically, the literature
review was focused on the use of 1H-MRS, DWI, DTI
and PWI data in CDSS development. To the best of our
knowledge, up to this point none of the CDSS was developed using features extracted from DWI, DTI or PWI
techniques. However, the interest of the scientific community focused on the use of spectroscopic data in order
to develop these systems. Thus, the research identified
articles that corresponded to clinical systems that were
implemented using chemical shift imaging (CSI) or single
voxel MRS[25,26]. Furthermore, a number of articles and
congress proceedings regarding the usability and effectiveness of these CDSS were collected.
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ate nosologic images. They applied canonical correlation
analysis in order to investigate the tumor type and the
heterogeneity of the region of interest. Similarly, Laudadio et al[31] applied canonical correlation analysis to 2-dimensional turbo MRSI data in order to combine spectra
and spatial MRS information. The resulting correlation
maps were used to construct nosologic images where all
the detected tissue types were visualized. From the same
research group, Luts et al[32] proposed a new method
to generate nosologic images of the brain comparing
to previous approaches. They used digital brain atlases
presented by Prastawa et al[33] in order to investigate the
incremental value of MRI over MRSI data. They added
subject-specific abnormal tissue for image segmentation
purposes, and the resulting framework was more flexible
and able to exploit spatial information more efficiently,
leading to improved nosologic images. Contrary to
previous studies, Li et al[34] used unsupervised classification methods to construct nosologic images, in order to
overcome the need of large datasets to train classifiers.
Another difference was that they provided an error map
along with the nosologic image in order to underline
spectra variations due to tumor inhomogeneity.
The validation results of the majority of the clinical
systems described previously are presented in Table 1.

Table 1 Validation results of the clinical decision support
systems based on chemical shift imaging data
Ref.

Voxel assignment

De Edelenyi et al[27]

Simonetti et al[29]

Luts et al[32]

McKnight et al[28]
Li et al[34]

Low-grade gliomas
High-grade gliomas
Metastasis
Meningiomas
Necrosis
Healthy tissue
Cerebrospinal fluid
Healthy tissue
Cerospinal fluid
Glioma grade Ⅱ
Glioma grade Ⅲ
Glioma grade Ⅳ
Glioma Ⅱ
Glioma Ⅱ/Ⅲ
Glioma Ⅳ
Meningioma
Low grade gliomas vs grade Ⅲ
Glioblastoma multiforme
Glioma Ⅱ

Accuracy
92.9%
79.16%
60%
100%
100%
100%
100%
100%
97%
83%
88%
100%
66.6%
100%
100%
100%
89%
100%
100%

BRAIN TUMOR CDSS
CSI MRS data
The research revealed eight studies focused on the development of DSS based on proton MRSI, in order to gain
information about the size, shape and the heterogeneity
of the tumor. All of these studies used statistical or classification techniques in order to assign each voxel of the
spectra to a specific tumor type and grade.
De Edelenyi et al[27] presented the first CDSS for brain
tumor diagnosis focusing on CSI data. The authors proposed a method to create a “nosologic image” in order
to extract information about the brain tumor type and
the grade based on long TE 1H-MRSI data, since biopsy
does not always reveal the real grade of the tumor, due
to tumor heterogeneity. Regarding this heterogeneity,
each voxel of the spectroscopic image was colored according to the assigned histopathologic class (low or high
grade glioma, metastasis and meningioma). However,
McKnight et al[28] followed a different approach to extract
image maps of long TE MV spectral data. Regarding the
N-acetylaspartate and Cho levels of the spectrum, they
investigated a score that was used to differentiate areas
that present normal metabolite levels from regions that
correspond to gliomas. Then, they utilized this score as a
degree of abnormality throughout the lesion area. Afterwards, Simonetti et al[29] extracted nosologic images based
not only to metabolic information but also exploiting
the image variables of each voxel. They investigated the
overlap between different classes (healthy, cerebrospinal
fluid, grade Ⅱ, grade Ⅲ, grade Ⅳ) in the featured space,
and constructed a probability map that corresponded to
the probabilities of classification based on MRI and MRS
data. Similarly to De Edelenyi et al[27], Simonetti et al[29] focused only on the metabolite and image characteristics of
each voxel, ignoring the spatial information of the area
under study. De Vos et al[30] used Short TE spectra to cre-
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Single voxel MRS data
Regarding the use of single voxel MRS data for CDSS development, during the last 10 years, four projects, the International Network for Pattern Recognition of Tumors
Using Magnetic Resonance (INTERPRET) (2000-2002),
eTUMOUR (2004-2009), HealthAgents (2005-2008) and
CURIAM BT (2004-2010), were developed.
INTERPRET
INTERPRET was the outcome of a multicenter European collaboration[35,36] that was funded under the 5th EU
Framework Programme IST-1999-10310. Α computerbased CDSS was developed in order to enable clinicians
who have minimum knowledge of the MR spectrum to
evaluate MR spectra and to discriminate between different brain tumors. During the INTERPRET development, one significant achievement was the creation of
an important repository of brain tumors that contained
304 histopathological validated Short TE cases low grade
gliomas [astrocytomas, oligodendrogliomas, oligoastrocytomas World Health Organization (WHO) grade Ⅱ],
meningiomas (WHO grade Ⅰ and Ⅱ) and high grade
malignant tumors (glioblastomas, metastases). Another
important achievement was the definition of a data acquisition protocol to ensure the compatibility between
the MRS data coming from different clinical collaborative
centers as well as the quality control protocol development, in order to define the quality requirements that MR
spectra should fulfill.
Furthermore, a single voxel INTERPRET graphical
user interface (GUI) was developed, providing easy access
to the spectra database, to images and clinical informa-
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Table 2 Validation results of the clinical decision support systems based on single voxel data
Ref.

CDSS

Differentiation problem

Accuracy
Short TE

Pérez-Ruiz et al[38]

García-Gómez et al[41]

Sáez et al[44]

Vicente et al[46]

INTERRET

eTUMOUR

Low grade meningiomas vs low grade glial 94a
tumors
Pseudotumoural diseased vs tumorse vs
normal brain
Low grade glioma vs high grade tumor
Meningioma vs glioma/Met
Low men vs glioma/Met vs low grade
glioma

HealthAgents Aggressive tumor vs meningioma vs low
grade glial
Meningioma vs metastasis
High grade tumor vs low grade tumor
Affected tissue vs non affected tissue
Tumor vs non tumor
Aggressive tumor vs non aggressive tumor
Glioma vs embryonal tumor
Glioblastoma vs low grade glioma
Glioblastoma vs meningioma
Meningioma vs low grade glioma
Metastasis vs low grade glioma
CURIAM BT Aggressive tumor vs non aggressive tumor
Pilocytic astrocytoma/ependymoma grade
Ⅱ vs medulloblastoma
Pilocytic astrocytoma vs medulloblastoma
Pilocytic astrocytoma vs ependymoma
grade Ⅱ vs medulloblastoma

Supportive raw files

Long TE Short + Long TE

89b 89c 83b

84c

89c

86c

81c

92c

92
92
87

84
78
75

92
94
90

94
91
87
99
97
81
84
91
92
85
85
88 (ch)

1.5 Tesla MRS data of Philips
(sdat/spar) GE up to 9X
(SAGE Pxxxx with an shf or
sdf/shf) siemens scanners
(numaris 4) jMRUI[58] text file

68 (ch)
72 (ch)
72 (ch)
87 (ch)
85 (ch)

89 (ch)

92 (ch) 94 (ch)
76 (ch) 69 (ch)

95 (ch)
92 (ch)

1.5 or 3 Tesla MRS data
of different manufactures
(Siemens, GE, Philips) by
means of jMRUI[58] and
jDMS[36]

It is indicated where the classification accuracy corresponds to classifier trained on pediatric tumor data (ch). aInternational Network for Pattern Recognition of Tumors Using Magnetic Resonance (INTERPRET) version 1.1; bINTERPRET version 2.0; cINTERPRET version 3.0; dPseudotumoural disease: Acute
infarct, multiple sclerosis, acute disseminated encephalomyelitis, and no specific pseudotumoral disease; eTumors: Astrocytoma World Health Organization (WHO) grade Ⅱ, oligodendroglioma WHO grade Ⅱ, oligoastrocytoma WHO grade Ⅱ, astrocytoma WHO grade Ⅲ, oligoastrocytoma WHO grade Ⅲ.
CDSS: Clinical decision support systems; MRS: Magnetic resonance spectroscopy; MRUI: Magnetic Resonance User Interface.

tion from all the validated cases of human brain tumors.
It was designed to provide the display of classification
plots, which is useful for the automatic classification of
tumor spectra[37]. The differentiation between different
tumor groups was achieved by plotting the boundaries
that were defined by the bisectors between the centroids
of each class[38]. The users could enter their own spectrum, position it automatically among the tumor groups
of the system and compare it with other spectra.
Until 2010 many improvements have been gradually
released in successive versions and can be categorized
in three different aspects: GUI enhancements, increased
analysis capabilities, and data quality and assessment
checks[38]. Specifically in the last version, an embedded
database was developed for the permanent storage of
the data into the system, more MRS data were supported
compared to the previous versions (Short TE, Long TE
and concatenated Short TE and Long TE Spectra) and
six more classifiers were embedded to the system. Hence,
the final version of INTERPRET not only offers the
ability to differentiate common tumor types as in its first
release, but also to differentiate among tumoral and pseudotumoral diseases (acute infarct, multiple sclerosis, acute
disseminated encephalomyelitis). To address the latter
classification problem, the metabolite ratios of the spectra were also used. The evaluation results of the different
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versions of INTERPRET CDSS are shown to Table 2.
eTUMOUR
Another European project eTUMOUR took up the research on the development of CDSS[39]. A more complex
CDSS was developed that combined single voxel and
CSI MRS data. The eTUMOUR CDSS upgraded and
facilitated the clinical application of MRS in adult and
pediatric brain tumor diagnosis, prognosis and treatment
selection by using a combination of histology results,
high resolution metabolic profiles (HR-MAS) and transcriptomic (DNA micro-arrays) ex vivo data to define the
classification outcome[40]. Regarding the acquisition and
quality control procedure, the experience obtained from
the INTERPRET project was used, whereas suitable
protocols for the techniques of tissue analysis (HR-MAS,
DNA microarrays and micro-RNA) were defined.
A web-based database (eTDB) was created, which was
able to manage a wide range of data types such as clinical information, histological images, MRI, single voxel,
MRSI, HR-MAS and DNA microarray data. This database comprised a complete and detailed GUI and also a
structure for online uploading and downloading data via
the web.
A user friendly computer aided decision system (CADS)
DSS was developed and tested in eTUMOUR project.
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any kind of metabolic data either on short or long TE
or both of different manufactures. Regarding the classification framework of this clinical system, it was able to
determine the aggressiveness of a brain tumor in adults
(non aggressive: grades Ⅰ and Ⅱ vs aggressive: grade Ⅲ
and Ⅳ) and to discriminate among the three most common pediatric brain tumors such as ependymoma grade
Ⅱ, pilocytic astrocytoma and medulloblastoma. Furthermore, compared with previous systems an additional
opportunity was included, according to which the user
could embed new classifiers to the system. Similar to the
ranking tool in HealthAgents DSS, the audit and similarity methods were incorporated to the system to address
the generalization ability of the coexisting classifiers.
These methods proved to be significant as they provided
the clinicians with the appropriate classifiers set regarding
each differentiation problem and a specificity score of
each classifier that determines its discrimination accuracy
over time.

The embedded classifiers were trained to solve three
different discrimination problems (meningioma vs nonmeningioma, aggressive tumor vs low grade glial and
meningioma vs aggressive tumor vs low grade glial) using
short time echo spectrum, long time echo spectrum and
combination of both spectra (Table 2). Furthermore, the
design of the DSS provided a comparative analysis with
the average spectra of 12 standard brain tumor types of
an unknown brain tumor. During the classification procedure the assigned class as well as the posterior probabilities of each class were displayed to the system[39,41].
HealthAgents
HealthAgents[42] was a distributed DSS (d-DSS) built
upon INTERPRET and eTUMOUR projects. The great
difference of this project was its architectural structure
since it was based on agent-based architecture in order to
decentralize the process of brain tumor differentiation in
a distributed decision support framework that supports
data partitioning and sharing[43]. Since the accumulation
of a sufficient number of cases for each tumor type or
less common adult or childhood tumors was a very difficult and time consuming procedure, a collaborative network of different medical centers was constructed that
contributed to the development of a repository of brain
tumors, used for the training of robust classifiers for
brain tumor differentiation.
The user, utilizes a local web-based GUI to enter the
clinical data of a patient into the system and to request
the appropriate classifiers from the network. These classifiers could be located anywhere on the collaborative
HealthAgents network that consisted of different medical centers with their local existing databases of cases
and their classifiers. Finally, the system would suggest the
appropriate classifiers and indicate their specific location.
Furthermore, a ranking tool was provided to the user,
since many different classifiers coexisted in the system,
in order to identify the classifiers that are more suitable
for the diagnosis of particular case, to rank the obtained
results from a set of classifiers and to solve possible conflicts between classifiers, by giving contradictory answers,
which could occur when a test case was close to a decision boundary in one or more classifiers[44].
Regarding the classification framework of the
HealthAgents DSS its primary functionality was based on
the INTERPRET DSS system. Until 2011, 25 classifiers
were embedded and shared the system for the differentiation of aggressive tumors, like glioblastomas and metastases, benign meningiomas and low-glial mixture, such as
astrocytomas grade Ⅱ, oligodendrogliomas and oligoastrocytomas. The classification procedure was based on
short time echo MRS data, long time echo MRS data and
on the combination of them. The optimum classification
results are presented to Table 2.

USABILITY AND EVALUATION OF CDSS
Regarding the evaluation of the single voxel CDSSs, there
are several studies that reported their effectiveness and
usability in the classification of different brain tumors
during the clinical routine. These studies demonstrate the
accuracy values that CDSSs present in various diagnostic
problems, evaluate their contribution in combination with
other diagnostic outcomes and survey CDSS usability
regarding their user friendly module and acceptance by
the clinical community. Considering the CDSSs that were
based on CSI data, more research is needed since there
is not a sufficient number of articles to demonstrate the
overall contribution of these clinical systems to the clinical routine.
Fellows et al[47] investigated the discrimination ability
of INTERPRET version 2.0 in order to differentiate high
and low grade tumors. The classification outcome of the
system was compared with the neuroradiological tissue
diagnosis and the conclusion of the spectroscopists. The
results did not reveal significant differentiations between
the accuracy levels of each participating modality.
INTERPRET version 3.0 proved to be superior for the
characterization of grade Ⅲ astrocytomas when compared
to the spectroscopic and the radiologists’ evaluation[48].
Regarding the clinical evaluation of eTUMOUR, an
agreement of 79.1% was obtained between the DSS outcome and the radiologic diagnosis. This rate increased up
to 88.4% when the averaged spectra from DSS were used
for brain tumor classification. When the CDSS, averaged
spectra and radiologic findings were compared with the
histopathological diagnosis, agreement scores of 76.7%,
79.1% and 81.4% were respectively achieved[49].
When the CDSS results were compared with MRI,
the overall percentage of correct predictions were 82.2%
and 78.48%, respectively. Furthermore, the CDSS classification outcome was also compared with the corresponding outcome of MRI for the differentiation of

Curiam BT
Curiam BT[45,46] was developed in parallel to eTUMOUR
and HealthAgents projects. CURIAM BT supported
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low grade gliomas, high grade gliomas and meningiomas.
Specifically, the sensitivity and specificity values in low vs
high grade gliomas classification problem, CDSS proved
superior to the MRI corresponding values. Finally, the
usefulness and applicability of the CADS was rated 86%
and 71%, respectively[50].
Regarding the HealthAgents CDSS, an evaluation
about its incremental diagnostic value was executed, and
consequently 26 expert physicians were interviewed. As
an overall response, they believed that the use of the
CDSS would be beneficial for improving the quality of
their brain tumor diagnoses. In addition, they considered
the system easy to use, which is an important point in a
DSS, especially in a clinical environment[44].
When the evaluation of CURIAM BT was carried out,
it reached 71% and 85% regarding the user’s perspective on its usefulness and convenience, respectively[51]. A
comparing test was also executed in order to evaluate the
contribution of CURIAM BT in the clinical routine. In
that case, no significant differences were observed between the established diagnosis when conventional MRI,
DWI and PWI were used, and the diagnosis derived from
the above techniques combined with CDSS. Only in the
case of high grade and low grade gliomas, did the observed differences reach 70%. Hence, a further evaluation
should be implemented in order to investigate the CURIAM BT contribution in different diagnostic problems.

differentiation are based on static classification methods.
The use of static classifiers results in an implicit assumption that the learning procedure stops when the training
set has been processed. The performance of a classifier
strongly depends on the size of the training set for each
class. Nevertheless, the accumulation of biomedical data
is often a time-consuming and expensive procedure,
and hence it may be not practical, especially in cases
of uncommon cerebral pathologies like abscesses and
lymphomas or pediatric brain tumors. In such cases, the
implementation of incremental learning algorithms is a
promising solution for clinical environments. Tortajada et
al[53] evaluated the performance of an incremental classifier based on single voxel Short TE spectra in comparison
to static classifiers. The results revealed that the classification performance was improved when the incremental
classifiers were used comparing to performance of the
static classifies.
Another future objective is to incorporate metabolic
data from both 1H-MRS techniques (single voxel-CSI)
into the classification framework of a DSS. The two
techniques can be utilized simultaneously in order to
investigate tumor heterogeneity whereas; the advantages
of each spectroscopic technique can be exploited. Therefore, the metabolic characteristics of different tumor
regions could be summarized into one image and the
corresponding biochemical compounds can be studied.
Hence, the spatial and the quantitative data of the spectrum will be used for an overall evaluation of the tumor.
The complementary use of the spectroscopic techniques
may contribute to the optimization and the accuracy of
the preoperative diagnosis, and it may increase the understanding of the underlying pathologies.
An important future aspect is to enrich the DSS datasets with metabolic data from the peritumoral and contralateral regions regarding the brain tumor under study.
With this perspective, the pattern recognition methods
will be extended towards a more accurate differentiation
scheme of brain tumors.
Growing intracranial neoplasms exhibit various effects in their peritumoral area. According to Chernov
et al[54] lactate-producing neoplasms are associated with
more prominent reduction of the relative NAA content
in the surrounding cerebral tissue, independently on the
presence or absence of any other factor. According to
Fan et al[55] both a high Cho peak and elevated Cho/Cr
ratio were found in the peritumoral regions of high-grade
gliomas, but not in metastases. This suggests that the
infiltration of adjacent brain tissue by tumor is a unique
feature of high-grade glioma.
Another plan is to incorporate quantitative data from
other MR-based methodologies. Di-Costanzo et al[56]
showed that in the case of brain tumor classification,
when 1H-MRS parameters were considered as features,
83.3% of brain tumors were correctly classified. Whereas,
when 1H-MRS variables were combined with relative cerebral blood volume (rCBV) values from perfusion MRI,
a 100% classification accuracy between high- and lowgrade gliomas was achieved. They also showed that in a

FUTURE PERSPECTIVES
One should consider CDSS as a supportive tool by providing additional information about the patient’s state
of health from which the clinician may establish a more
educated and informed decision. As described in the
“Usability and evaluation of CDSS” section, most of the
studies proved the efficacy of the additional information
that CDSS provide regarding improvements in clinical
outcome. However, it is also evident that further evaluation should be implemented in order to investigate the
CDSS contribution in different diagnostic problems. In
addition, CDSS development involves much more than
just the implementation of a software application. It requires adaptation by clinicians to use and engage in the
refinement of CDSS both as a process and as a tool, as
we move toward the goal of healthcare delivery that is
consistent, effective, and of high quality[52]. In order to
accomplish the above objectives and to reinforce the application of CDSS in clinical routine, there are a number
of future perspectives that should be implemented.
Regarding the classification framework of the clinical
systems, there are two significant issues which arise. First,
the improvement of the classification performance and
second, the inclusion of more difficult differential diagnostic problems such as glioblastomas vs solitary metastasis. Hence, the retraining of the existing classifiers and
the development of new ones, are necessary in order to
optimize the classification performance and to extend the
discrimination ability of the CDSS.
Until now all the CDSSs developed for brain tumor
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peri-enhancing tumor region 73.7% of the cases were
correctly classified when considering only 1H-MRSI variables, 84.2% when considering 1H-MRSI variables and
apparent diffusion coefficient (ADC), and 89.5% when
considering 1H-MRSI variables, ADC and rCBV. Zonari
et al[57] achieved 80% sensitivity and 78.6% specificity
when using rCBV parameter alone in grading cerebral
neoplasms, and when combined with 1H-MRS the sensitivity increased to 87.7% and specificity dropped to
76.2%.
Hence, it is evident that the continuous progress of
imaging systems has induced revolutionary changes in
the medical imaging field and has contributed utmost on
a diagnostic and therapeutic level. The most important
aspect however is that the continuous development of
imaging techniques have transformed these modalities
from conventional imaging to high-level metric systems,
which may provide a quite large amount of quantitative
information.
These large amounts of numeric data with an extremely significant diagnostic value may often remain
unexploited during the clinical routine. The main reason
for this is that the simultaneous analysis and evaluation
of multiple parameters, is a time consuming process,
requires specific expertise and may not be feasible during the clinical routine. It is prudent to mention that
the available clinical time per patient may be estimated
at about 30 min, while the process and evaluation of
data from MRS and DTI usually takes more than 1 h.
Especially when a specialized medical physicist for data
manipulation is unavailable, these techniques are often
handled by radiologists under a qualitative perspective
rather than quantitative, which may lead to a biased differential diagnosis.
Therefore, an automatic evaluation of these data and
a rapid display of the results are the minimum requirement during the clinical interpretation of an examination that will lead to a better clinical management of the
patients, since the evaluation of the data will be done
in an easier, and more effective way, which would ultimately lead to cost effectiveness by avoiding misdiagnosed
cases. Towards this direction, the objective and future
perspective would be to design and develop a CDSS, using incremental machine learning methods, based on all
numeric data from the aforementioned advanced imaging
techniques. The system should integrate and combine all
the available metabolic, diffusion and perfusion data. The
hypothesis is that the combination of multiple data from
the aforementioned imaging modalities is expected to
optimize the differential diagnosis of brain pathologies,
which will be eventually beneficiary for tailored patient
treatment.
Hence, these kind of systems should be specifically
designed in such a way that the user (that is: radiologist,
medical physicist and in general neuroscientists), with
minimum knowledge of pattern recognition analysis, will
be able to: (1) categorize and illustrate the clinical data
on a single template in order to ensure that the data will
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not be dispersed; (2) perform a fully automated pattern
recognition analysis towards the optimum differential
diagnosis; (3) quantify the degree of uncertainty in the
prediction of ambiguous diagnostic problems by offering a diagnostic orientation; and (4) use the system as a
supportive tool for the selection of the most appropriate treatment strategy and the most successful treatment
scheme.
From our personal experience, it should be stressed
that a CDSS by no means substitutes for the expert’s
diagnostic decision, but rather supports the clinician by
evaluating simultaneously a large amount of complicated
MR data. Thorough analysis and evaluation of these data
requires additional time, which exceeds by far the available clinical time per patient, hence this information may
remain unexploited.
Furthermore, despite the good discrimination ability of the embedded classification schemes, it should be
emphasized that the decision-making process with the
use of a clinical decision system should be a procedure
of two individual parts. The first part should include the
classification result or a good orientation towards a clinical outcome, based on the evaluation of quantitative MRI
data and the second part should involve the co-evaluation
of the aforementioned result with all the available diagnostic and imaging information. Under these perspectives, a well designed CDSS may be used as an assistant
diagnostic tool which can be implemented into the clinical routine and substantially aid the interpretation of an
exam and optimize decision making.

CONCLUSION
Diagnosis and consequently treatment of brain neoplasms may greatly benefit from the introduction and
utilization of intelligent systems in the form of CDSS for
automatic processing, classification, evaluation and representation of the spectroscopic data as part of the clinical
routine. Major progress has been made in the last few
years towards this direction, as several systems exist and
are continuously developing. Nevertheless, the quantification of the imaging profile of neoplasms by combining conventional MRI and advance imaging techniques
(MRS, DWI, DTI and PWI) introduces critical underlying
pathophysiological information which seems to be the
key to success.
Thus, it is evident that the future directions should be
oriented towards the development of software that will
be implemented in the clinical routine, by utilizing large
amounts of clinical data with extremely significant diagnostic value which often remain unexploited, resulting in
a more valid and precise method for differential diagnosis
of brain pathologies and the selection of the most successful treatment scheme.
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Core tip: Functional magnetic resonance imaging investigations of patients with impaired autobiographical
memory (AM) can greatly contribute to further our understanding of brain reorganization mechanisms and
engagement of compensatory processes after damage
to the medial temporal lobe. These investigations are
reviewed here. Overall, they highlight the importance
of the left hippocampus, which when atrophied and
not functional leads to deficits in AM but its residual
functionality may support relatively normal AM recollection. When damaged hippocampal tissue is not
functional, other brain regions (e.g. , the medial prefrontal cortex) may be involved to compensate impairment, but they appear generally ineffective to support
detailed recollection.

Abstract
Episodic autobiographical memory (AM) allows one,
through the recollection of sensory-perceptual details,
thoughts and feelings, to become aware of an event
as belonging to one’s own past as well as being able to
project into one’s future. Because AM provides a sense
of self-continuity, contributes to the integrity of the self,
and helps predicting future experiences, any deficit of
AM may have debilitating consequences for everyday
life functioning. Understanding AM failure and the underlying neural mechanisms has the potential to shed
light on brain reorganization mechanisms and engagement of compensatory processes. Functional magnetic
resonance imaging (fMRI) provides the most promising
imaging method to tackle these issues. We reviewed
evidence from the few studies that used fMRI to investigate the functionality of the residual tissue, the
neural reorganization and compensatory mechanisms
in patients with neurological conditions due to impaired
medial temporal lobe. Overall, these studies highlight
the importance of the left hippocampus, which when
atrophied and not functional leads to AM deficits but its
residual functionality may support relatively normal AM
recollection. When damaged hippocampal tissue is not
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INTRODUCTION
Remembering autobiographical memories (AM) involves
recollection of contextual information (time and place)

342

March 28, 2015|First Edition|

Denkova E et al . Neuroimaging autobiographical memory in MTL damage

and sensory-perceptual and affective details of personal
experiences with a sense of self-awareness[1-3]. AM, not
surprisingly, contributes to both one’s sense of personal
identity (who we are) and sense of self-continuity. Over
the last two decades, there has been a growing interest
in understanding the neural correlates of normal AM
and, more recently, impaired AM. The reasons of the
remarkable increase in the number of studies in this
topic is, very likely, the mentioned AM contribution to
the construction of the sense of self across time, but
also the important social role AM plays in the development of new relationships and the nurturing of existing
ones, and most particularly, its role as a directive function, where the past serves as a basis for guiding present
and future behaviors[4,5]. In the context of the broader
issue under consideration in this special topic [with focus
on functional magnetic resonance imaging (fMRI)], the
present review aims to discuss emerging research that
highlights the usefulness of fMRI in the examination of
AM in patients with damage to the core memory structures in the medial temporal lobe (MTL). The emphasis
of this review is, therefore, on fMRI investigations of
AM impairment due to neurological conditions affecting
the MTL. The decision to focus on the MTL is driven
by evidence that MTL plays a pivotal role in normal AM
functioning and its damage typically leads to amnesia for
past events[6-9] (but see also[10]) and that fMRI examinations of AM in neurological patients, which to date are
limited in number, have been more often reported in the
case of patients with damage to the MTL. The underlying question we would like to tackle is to what extent
these investigations shed light on the functionality of the
residual tissue, the neural reorganization and compensatory mechanisms (either efficient or not) in the case of
damage to the MTL. Before discussing the fMRI studies
of AM in patients with MTL damage, we introduce AM
and summarize the highlights of neuroimaging evidence
in healthy participants to provide the context to discuss
functional neuroimaging findings in pathology.

sense of self, autonoetic consciousness and subjectively
sensed time. But even more closely related to the self, is
Conway’s Self Memory System[1,12]. Very briefly, Conway
views episodic memories and conceptual autobiographical knowledge as discrete systems that both operate
with the “working self ” in a bidirectional manner. The
working self is conceived as a mechanism that controls
access to memories according to the individual’s present
goals. Importantly, the working self is constrained by the
memories and knowledge within the autobiographical
knowledge base.
Recently, some studies show that the contribution
of AM to the sense of self is not crucial. Klein[16,17] and
Klein et al[18] presented a series of patients both studied
by him and reported in the literature, who have lost the
entire fund of episodic memory and who are unable to
simulate future personal events, but retain the sense of
self. However, a distinction is made between the sense
of self, which is preserved in amnesic patients[19] and the
sense of self-continuity across time, which depends on
AM (Klein SB, personal communication to LM, December, 2013).
Importantly, recollection of past personal experience
is considered to be a reconstructive process with memories recreated from their constituent elements. Particularly, autobiographical memories are not static records of
the past; rather they are considered as mental reconstructions, which are constrained by two simultaneous, even
contradictory, demands: correspondence with the real
event and coherence, as time goes by, with the individual’s
self-image. More precisely, memory reconstruction must
reflect reality by providing sensory-perceptive and eventually affective details that represent, as closely as possible, the experience and also be in accordance with the
rememberer’s current self-image and goals[12]. By making
available memories that match current self-beliefs and
goals, the main function of AM would be to maintain the
integrity of the self[12].
Bearing in mind that AM provides a sense of selfcontinuity, contributes to the integrity of the self, and
helps predicting future experiences, it is not surprising
that AM impairment may have debilitating consequences
for everyday life functioning. Consequently, understanding AM failure and the underlying neural mechanisms
has the potential not only to strengthen the progress
of memory research, but importantly, to shed light on
brain reorganization mechanisms and eventually to help
in planning treatment and in monitoring the effects of
therapeutical interventions with the final aim to achieve
better management of patients with AM deficits.

THEORETICAL CONSIDERATIONS OF AM
Episodic AM allows one to become aware of an event as
belonging to one’s own past as well as being able to project into one’s future. This sense of self-continuity across
time[2,3,11] is grounded in the recollection of sensory-perceptual details, thoughts and feelings. Typically, episodic
memory has been distinguished from semantic memory,
which refers to general knowledge, knowledge about
public facts and people, as well as personal knowledge
(e.g., date of birth, the name of our parents and friends).
However, these systems are highly interdependent[12] in
relation to the self. Turning back to episodic AM, some
authors consider that it is a uniquely human system[13]
(but see[14] for a different standpoint). Moreover, Tulving’s Serial Parallel Independent model places this memory system at the apex of a pyramid, which implies the
highest memory achievement in evolution[15]. Tulving et
al[2] defined AM as consisting of three major constructs:
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FUNCTIONING
The advent of fMRI made the examination in vivo of
different human abilities, in general, possible. More particularly, fMRI (in contrast to earlier neuroimaging techniques, such as positron emission tomography) provides
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the most promising new imaging method and offers a
number of important advantages in the study of neural
correlates of human memory. Among the main fMRI
strengths are the improved spatial resolution, the fast
speed of data acquisition which allows more flexible
experimental designs and the unrestricted number of
observations due to the absence of radiation exposure.
Moreover, in the last decade, fMRI has undergone a
rapid development and provided new ways to design
experiments (e.g., event-related, self-paced designs) and
to analyze data (e.g., independent component analysis,
spatiotemporal partial least squares analysis, psychophysiological interactions analysis, dynamic causal modelling,
multi-voxel pattern analysis) allowing segregation of the
time-course of memory retrieval processes, examination
of the connectivity among brain regions and investigation
of memory representation in specific brain regions. This
continuous progress has led to improved and refined
testing of hypotheses about the neural correlates of both
normal and impaired AM.
Evidence from fMRI studies in healthy participants
allowed the establishing of a brain network of AM retrieval comprising the MTL, prefrontal cortex (PFC) and
posterior cortices[20-22]. Despite the proliferation of functional neuroimaging studies of AM over the last 10-15
years, many of the critical issues (e.g., MTL involvement
according to the remoteness of memories, lateralization
of the AM networks) continue to be debated, leading
nevertheless to greater refinement of the theories derived
from the lesion research. For instance, there is a debate
regarding the involvement of MTL, especially the hippocampus, in retrieval of personal events according to
the age of memories. This debate originated from the
lesion studies and is reflected in fMRI studies in healthy
subjects. On the one hand, the Standard Consolidation Theory states that memories (without making a
distinction between episodic and semantic memories)
are initially dependant on the MTL but over time, they
undergo consolidation in the neocortical structures and
eventually become independent of the MTL[23]. On the
other hand, the Multiple Trace Theory postulates a lifelong involvement of the MTL for retrieval of episodic
and context-specific memories[6,24]. Recently, the latter
has been updated to explicitly include a transformation
account of memory, which considers the dynamic nature
of memories and suggests that episodic memories may
transform to semantic or gist-like versions represented in
neocortical areas outside of the hippocampus, but those
that continue to contain rich episodic/contextual details
remain dependant on the hippocampus[25,26].

Of note, MTL activation observed by some semantic
memory studies involving famous people recognition[31,32]
could be explained by the association of this semantic information with autobiographical memories[33], as suggested by lesion research[34,35]. As for the MTL’s involvement
according to age of memories, an increasing number of
fMRI studies provided evidence that, when phenomenological qualities and especially vividness are considered, MTL activations are observed for retrieval of rich
and vivid and both recent and remote autobiographical
memories[36-41], which resonates with the Multiple Trace
Theory positing long-life involvement of MTL for vivid
context-specific recollections.
Prefrontal cortex
Available evidence also highlights the role of different
PFC sub-regions in AM retrieval[22,27]. Specifically, among
the PFC sub-regions, the ventrolateral PFC and the medial PFC appear to be systematically linked to retrieval of
personal events[27,38].
Lateral PFC: Systematic activation of the ventrolateral
PFC during recollection of autobiographical memories
is associated with successful memory retrieval, involving initial strategic search and selection of appropriate
information[27,42,43]. Specifically, activity in the lateral PFC
has been observed early during retrieval[28,29,44], supporting therefore its role in strategic search operations and
initial recovery processes consistent with current models
of AM[1] that emphasize the reconstructive retrieval of
memories. Additionally, the more ventral (orbital) portion
of the lateral PFC, part of the frontotemporal junction
interconnected through the ventral branch of the uncinate fascicle, has been attributed a crucial role in ecphory
(triggering) of memory retrieval[45,46] and synchronisation
of emotional and factual components of the personal
memories during conscious self re-experiencing[47-49].
The latter is also supported by recent evidence suggesting the involvement of parts of the ventrolateral PFC in
enhanced re-experiencing of emotional autobiographical
memories[50].
Medial PFC: Activation of the medial PFC is also systematically reported during recollection of autobiographical
memories[27] and linked to the role of medial PFC in selfreferential processes[51], of which AM is an essential part.
Indeed, there is evidence that increased activity in medial
PFC distinguished real life AM from laboratory-based episodic memory imaging studies[38,52,53] and its more ventral
portions are associated with real self-relevant events[54]
and self-perspective[55]. Recently, ventromedial PFC has
been found to contain more information about remote
memories (although both recent and remote memories
are represented there[37]). It should be noted that overall
in the neuroimaging research, the medial PFC is linked
to a variety of functions[56], such as self-referential[51] and
emotional[57] processing, mentalizing[58,59], intuitive assessment of “felt rightness”[60] as well as in some regulatory

MTL
Neuroimaging evidence suggests that the MTL is a crucial node in the AM retrieval network[21,27] involved in
binding together the multimodal representations of an
episode. Specifically, studies directly comparing autobiographical to semantic memory retrieval revealed greater
engagement of the MTL, particularly on the left side[28-30].
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mechanisms[61]. Therefore, it can be suggested that medial
PFC might in general be supporting processes related to
self-awareness and self-regulation.

damage to the MTL regions, because of their critical importance for retrieval of specific autobiographical events
as highlighted by functional neuroimaging research in
normal subjects and lesion research (although the latter
still continues to debate the long-life involvement of the
hippocampus). Therefore, we will discuss studies that use
fMRI protocols to investigate AM in patients with different neurological conditions affecting the MTL and hence,
shed light on the functionality of damaged MTL and the
potential reorganization of the AM network. We selected
the studies based on that they examine AM through
fMRI in pathologies with overt damage to the MTL (Table
1). The neurological conditions presented below differ in
terms of the age at which they occur, their focal or diffuse nature, and progression.

Posterior cortices
Retrieval of autobiographical memories in healthy participants also leads to activations in the posterior cortices
(e.g., precuneus, visual cortices), which are considered to
support the multimodal and visual representations associated with the event and visual imagery (and visualized
re-experiencing)[20,62]. Specifically, fMRI studies provided
evidence that posterior cortices are later involved during
(re)construction of autobiographical memories[28,29] to
support the retrieval of specific details. For instance, precuneus because of its role in egocentric (view-dependant,
relative to the observer) representation of a place, has
been thought critical for autonoetic awareness in remembering events from a first person perspective[63]. This is
by comparison to MTL, which is involved in allocentric
(view-independent) representations[64], but only those that
are rich instead of schematic[7].
In summary, fMRI investigations of AM in normal
conditions have been very informative in establishing
what is called the typical AM brain network, which can
be used as a framework for investigation and better understanding of neural correlates of AM impairment.

Developmental amnesia
Developmental amnesia is a memory disorder associated with selective hippocampal damage resulting from
hypoxic/ischemic episodes that occur perinatally or
early in childhood[69]. Typically, developmental amnesia
is characterized by severely impaired episodic AM and
relatively preserved semantic memory[70,71], which makes
it possible to investigate developmental deficits selectively
and to shed light on the neural reorganisation of the AM
network due to early life damage. In fact, among the first
neuroimaging studies of AM in amnesic patients is the
study carried out by Maguire et al[72], who used fMRI in
the case of a developmental amnesic patient, Jon (initially
reported by Vargha-Khadem et al[71]). Jon presented with
impaired AM (but he was able to recall some personal
memories) and had a relatively preserved semantic memory[72]. Jon showed a similar pattern of brain activations
to control subjects during memory retrieval but the activations and the interactions among them were different
from those observed in controls. Of particular interest,
Jon’s retrieval of autobiographical events was associated
with increased bilateral activity of the hippocampus, in
spite of the 50% volume loss bilaterally. Moreover, hippocampus and medial PFC were significantly more activated during retrieval of events for which Jon had clear
and conscious recollection (autonoetic consciousness)
compared to those he knew but could not remember experiencing. Overall, the findings suggest that the residual
hippocampal tissue was functional and contributed to
retrieval of the few preserved autobiographical ‘‘islands’’.
Moreover, they point out the crucial role of autonoetic
awareness during AM retrieval mediated, very likely, by
the medial PFC. Therefore, these findings provide insights to mechanisms of brain plasticity[73].

FMRI INVESTIGATION OF AM
IMPAIRMENT IN PATHOLOGIES
AFFECTING MTL
Over the past decade, the rapid development of functional neuroimaging techniques and experimental designs
(more flexible event-related, self-paced designs, shortened
repetition times, new analyzing tools) has made the use
of functional neuroimaging protocols in patients possible, which, besides clinical issues, advances our understanding of the neural networks of memory[65,66] and its
reorganization in case of damage. The use of functional
neuroimaging techniques in brain damaged patients can
help to better understand not only how damage alters
the neural network supporting AM retrieval, but also
potential reorganization of this network through compensatory mechanisms (efficient or not) solicited to cope
with memory impairment. It is important to note, however, that the combined use of neuropsychological and
neuroimaging methods has advantages over the use of
either approach alone[65,66]. The purpose of the review is
not to provide an exhaustive literature review of memory
impairment due to brain damage and its assessment with
neuroimaging in general (for more general reviews on
human memory disorders and the application of neuroimaging, we refer the readers to[65,67,68]). Rather the aim is
to present and discuss examples of studies that have used
fMRI in particular (as the most advanced neuroimaging
method and targeted by the scope of the present special
topic) to investigate AM impairment in patients with
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Hypoxia (in adulthood)
Deprivation of oxygen supply (hypoxia) in adulthood
also leads to damage to the MTL, specifically the hippocampus, and severe deficit in memory of past events[74-76].
By comparison to patients with developmental amnesia,
patients with hypoxic MTL damage in adulthood showed
a much more severe pattern of memory impairment. In
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Table 1 Summaries of functional magnetic resonance imaging studies investigating autobiographical memory in patients with medial
temporal lobe damage
Ref.

Pathology

Addis et al[97]

Patients

Temporal lobe epilepsy 11 patients

Lesion side
Left

Remote memory profile
Mild impairment episodic
AM
Relative preservation
semantic AM
Impaired AM (recent events)
Impaired AM (few preserved
events) relatively normal
semantic memory
Severe impairment AM

Berry et al[124]
Maguire et al[72]

Limbic encephalitis
Developmental
amnesia

Single-case, Mrs B Bilateral
Single-case, patient Bilateral
Jon

Maguire et al[77]

Hypoxia in late age

Maguire et al[110]

Semantic dementia

Single-case, patient Bilateral
VC
Single-case, patient Initially left later Initially relatively intact
AM
bilateral
AM followed by gradual
deterioration

Manning et al[98]

Temporal lobe epilepsy Single-case, patient Left
JR
Alzheimer's disease
21 patients
Bilateral
Semantic dementia
Patients JPL and
JPL: bilateral
EP
EP: bilateral
but sparing
hippocampi

Meulenbroek et al[113]
Viard et al[111]

Preserved AM, impaired
public memory
Episodic-to-semantic shift
JPL: impaired AM
EP: initially relatively
preserved AM

Compensatory Activations
mPFC, posterior medial structures
mPFC-PHG connectivity
Left vlPFC, posterior cortices
Functional residual hippocampi
mPFC
Lateral temporal areas (for personal
facts)
Year 1: Initially functional right and
residual left hippocampi,
Year2: mPFC, vlPFC, precuneus,
Year 3: few occipito-temporal areas
Contro-lesional right MTL, mPFC,
posterior cortices
mPFC, left vlPFC, posterior cortices
JPL: right hippocampus, vlPFC,
occipital areas
EP: both hippocampi

AM: Autobiographical memory; mPFC: Medial prefrontal cortex; vlPFC: Ventro-lateral prefrontal cortex; MTL: Medial temporal lobe; PHG: Parahippocampal gyrus.

an fMRI examination, Maguire et al[77] investigated memory in a patient, VC (initially reported by Cipolotti et al[75]),
who had MTL damage due to hypoxia in late adulthood.
Given that VC did not have reliable memory of personal
past events to be investigated in a functional neuroimaging procedure[78,79], only his memory for personal facts
and general knowledge were examined. In the context
of broadly comparable to control subjects’ memory network, VC exhibited increased activity in lateral temporal
regions compared to controls and did not show any
activity in the residual hippocampi, while hippocampal
activations were revealed in controls as well as in developmental amnesic patient Jon for personal facts. These
findings suggest that in the case of hypoxic MTL damage
in adulthood, deficits of AM are much more severe and
could be due to the absence of residual functionality in
lesioned hippocampi. Overall, combined together findings from developmental and adult-acquired amnesia
due to hypoxia point to the importance of age at which
damage occurs, which is of great importance for reorganization and compensatory brain mechanisms. This issue
clearly needs further investigation by systematic fMRI examination of patients with damage occurring at different
periods of life.

new information) in patients with TLE. However, in the
last decade an increasing number of studies also explored
remote memory in TLE patients[82-88]. They revealed that
TLE affects remote memory, particularly AM, with left
TLE leading to severe AM deficit. Similarly to clinical
neuropsychological studies, the majority of the functional
neuroimaging studies focused on testing anterograde
memory[89,90] and on pre-surgical evaluation to predict
post-surgical memory changes[91-96], while only a handful
of functional neuroimaging studies examined the neural
correlates of AM in patients with TLE[97,98] (see also[99]
for patients with transient epileptic amnesia). The studies
by Manning et al[98] and Addis et al[97] presented left TLE
patients with different AM profiles, which illustrates the
fact that the same disease can lead to different patterns
of memory performance and brain reorganization.
In a single-case report, Manning et al[98] investigated
the interaction between AM and semantic memory in a
patient, JR (initially reported by Manning et al[100]), who
underwent surgical resection of the left MTL for treatment of long-standing TLE with teenage onset of seizures. JR presented a very rare pattern of remote memory dissociation, such as preserved AM and selectively
impaired semantic memory for public events and famous
people. During retrieval of autobiographical episodes associated with famous people, JR showed increased activations in the intact right MTL (parahippocampal gyrus),
several posterior cortices (posterior cingulate cortex,
precuneus, temporo-occipital junction) and medial PFC.
These findings suggest that contralesional right MTL may
be sufficient to adaptively take charge of AM in case of
left MTL damage according to the age at which epilepsy

Temporal lobe epilepsy
Temporal lobe epilepsy (TLE) is a chronic neurological
condition characterized by partial epileptic seizures originating in the temporal lobe, accompanied usually by hippocampus sclerosis[80] and associated with memory deficit[81]. Overall, memory for the past has been much less
investigated than anterograde memory (i.e., acquisition of
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Semantic dementia: Only two studies, to our knowledge to date, have investigated the neural correlates of
AM in semantic dementia using fMRI[110,111], one of them
presenting a longitudinal fMRI follow-up of a semantic
dementia patient[110]. The fMRI studies provided evidence
of efficient and inefficient compensatory mechanisms,
which led to relative initial maintenance of normal level
of AM performance and to impaired, namely lacking
episodic-specificity AM, performance, respectively.
In a single-case report, Maguire et al[110] used fMRI to
investigate neural correlates of AM in a semantic dementia patient, AM, as a function of the progression of the
dementia at three separate occasions (years 1, 2 and 3).
Initially, the patient showed relatively normal AM scores,
but with the progression of the disease his AM gradually
deteriorated. To begin with, the patient had volume loss
in the left hippocampus and left anterior lateral temporal
cortex. However, at year 3, the atrophy encompassed the
temporal lobes bilaterally, including both hippocampi. As
for changes through time of the AM retrieval network,
initially at year 1, the patient exhibited increased activations in regions of the consensual AM network, including
the intact right hippocampus, and importantly increased
activation of the remnant left hippocampus, which was
not further observed during the following fMRI examinations (years 2 and 3). Moreover, at year 2, the patient
showed increased activations of ventromedial PFC and
precuneus, among other brain regions, to finally end up at
year 3 with disengagement of the AM network, except for
the occipitotemporal cortices. These findings reveal how
the progression of dementia and MTL atrophy could affect AM retrieval and the associated neural correlates. Initially, despite the volume loss in the left hippocampus, the
residual hippocampal tissue was still functional and therefore could support relatively preserved recollection of
personal events. Over the course of the dementia process,
the hippocampus became inactive and it seemed to be
compensated by increased activity in the medial PFC and
precuneus, which, with the progression of the dementia,
appeared in turn to become non-operational.
Viard et al[111] used fMRI to investigate AM according
to the remoteness of memories in two semantic dementia patients, JPL and EP, with different patterns of hippocampal atrophy and AM profiles. While JPL presented
with impaired AM recollections (reflected in reduction
of specific episodic details) and severe atrophy of both
hippocampi, EP presented with initially preserved AM
recollections with greater reliance on visual imagery than
healthy controls and relative preservation of both hippocampi, despite atrophy in adjacent temporal cortices.
In terms of brain activations and interactions, while JPL
exhibited less activity in the left anterior hippocampus
(remote memories) and increased activity in the right
posterior hippocampus, functionally connected with the
posterior occipital cortices, EP exhibited increased activity in both left and right anterior hippocampi (for both
recent and remote memories), which were functionally
connected to each other. These findings suggest that

occurred and the developmental course of AM ability,
which typically emerges gradually across the preschool
years.
Addis et al[97] investigated the AM cerebral network
in a group of patients with left TLE with significant left
hippocampal atrophy and mild AM impairment (reflected
in reduction of the episodic details of memories). The
authors found that in the absence of significant activation and connections of the residual left hippocampal tissue, retrieval of personal memories in left TLE patients
was associated with increased activations in the posterior
cortices, including posterior cingulate/retrosplenial and
precuneus, right hippocampus (albeit sub-threshold) as
well as strong direct connections between the left medial
posterior cortices (posterior cingulate/retrosplenial) and
left medial PFC, and between left parahippocampal gyrus
and left medial PFC. These findings suggest that the AM
impairment in left TLE could be due to reduced engagement and connections of the lesioned left hippocampus,
compensated to some degree by pathways involving medial PFC and medial posterior cortices, which were insufficient to support detailed episodic-specific recollections.
Overall, the above-mentioned studies provided complementary evidence that depending on the onset of the
epilepsy, damage to the left hippocampus can differently
affect AM and a different pattern of reorganization of
the AM network can be observed, despite several apparent differences between the two studies (single case vs
group study, after vs before surgical treatment). Specifically, in a case of late childhood/teenage occurring epilepsy,
right MTL could be sufficient to successfully mediate
AM. Otherwise, regions outside MTL could be solicited
to compensate left MTL damage, such as medial PFC
and medial posterior cortices, which support residual AM
(less detailed memories) but appear inefficient to maintain an overall normal level of detailed, episodic-specific
AM recollections.
Neurodegenerative diseases
Neurodegenerative diseases are neurological conditions
characterized by progressive degeneration and/or death
of neuronal cells. Of particular interest in the study
of memory are semantic dementia, a form of frontotemporal dementia, and Alzheimer’s disease since both
involve neurodegenerative processes in the temporal
lobes[101,102]. Usually in the memory literature, semantic
dementia and Alzheimer’s disease present a dissociable
neuropsychological memory profile at an initial stage of
the disease[103,104]. While semantic dementia is characterized by a profound and amodal loss of semantic memory
in the context of relatively preserved episodic AM[105-107],
Alzheimer’s disease is typically characterized by severe
impairment of episodic AM in the context of relative
sparing of semantic memory[108,109]. Despite the interesting dissociation within remote memory observed in these
two neurodegenerative diseases, there are only a handful
of fMRI studies examining AM in patients with semantic
dementia and Alzheimer’s disease.
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atrophy together with absence of functionality in the
residual hippocampal tissue might explain impaired AM,
suggesting that activation in right posterior hippocampus
and interactions with occipital cortices may have been
recruited to compensate left hippocampal deficit, but that
this compensatory mechanism was insufficient to support
a normal level of rich episodic-specific recollections.
Overall, evidence from fMRI studies of AM in semantic dementia patients highlights the importance of
the left hippocampus in retrieval of vivid and specific autobiographical memories, which when atrophied and not
functional leads to impaired AM. In the case of late age
and progressive damage of MTL, initial functionality of
the remnant left hippocampus, rather than the right hippocampus, could support a relatively normal level of AM
performance at an early stage of the disease. Subsequent
increased engagement of medial PFC and precuneus
could be seen as a compensatory mechanism reflecting
attempts to maintain AM, although it had gradually declined. It could be also speculated that precuneus involvement could reflect retrieval processes that are based on a
more egocentric representation and greater reliance on a
self-referential perspective during recollection.

of retrograde amnesia, particularly for autobiographical
events[116,120-123]. Despite evidence that encephalitis severely affects retrograde memory, especially AM, and may
lead to interesting dissociations in relation to the side of
damage[120], fMRI investigations of AM in encephalitic
patients are very rare[124]. In a single-case fMRI study, Berry et al[124] examined the neural correlates underlying “rehearsed” (reviewed) personal episodes in a woman, Mrs B,
diagnosed with limbic encephalitis five years before the
neuroimaging investigation and presenting with impaired
memory for autobiographical events. The patient used a
wearable camera, SenseCam (Microsoft Research, Cambridge) to recode images during personal events, and then
reviewed the images approximately every two days during
three weeks. During scanning, Mrs B viewed rehearsed
SenseCam images, together with never reviewed and new
images as well as events recorded in a written diary and
also rehearsed every two days during three weeks. At the
behavioral level, the patient showed better performance
for “rehearsed” SenseCam images, which at the neural
level was associated with increased activity in the left
ventrolateral PFC, lateral temporal, parietal and occipital
regions in the absence of MTL activations. This study
suggests a potentially effective way of alleviating AM
deficit with a rehearsal-based training using visual material and supported by frontal and posterior activations,
which very likely reflects a more general recognition of
the event rather than detailed specific recollection, especially given that during scanning, events were not remembered in detail but just recognized (as known or familiar).
Further investigation involving detailed recollection of
personal events would help better understand the effects
of training procedures on AM brain network.

Alzheimer’s disease: Episodic to semantic shift is usually reported in patients with Alzheimer’s disease and
deficit in episodic AM recollection is the hallmark of the
disease, even being detected at the very preliminary stage
of the disease, known as amnesic mild cognitive impairment[112]. The pattern of “semantization” of episodic AM
has been observed in a group of 21 patients diagnosed
with early stage, probable Alzheimer’s disease who were
examined using fMRI[113]. Specifically, these patients presented with a decline in episodic recollection of personal
experiences, which contained more semantic and repetitive information and also atrophy in both hippocampi.
At the level of brain activations, patients with Alzheimer’
s disease showed increased activity in ventromedial PFC,
left ventrolateral PFC and posterior cortices (lingual gyrus and precuneus). Moreover, increased activity in ventromedial and ventrolateral PFC was linked to decreased
volume in the hippocampus. These findings suggest that
increased engagement of ventromedial and ventrolateral
PFC could reflect a compensatory mechanism supporting
retrieval of less detailed and more “semantized” autobiographical memories (i.e., episodic-to-semantic shift in the
quality of recollection), very likely relying on some kind
of self-involvement.

Summary
Altogether, the above-presented fMRI studies in patients
with MTL damage highlight the importance of the left
hippocampus, which when atrophied and not functional
leads to deficits in AM. Available fMRI evidence suggests
that atrophy in the left hippocampus does not necessary
lead to alteration in its activation pattern and to severe
AM impairment; namely, residual functionality in the
damaged hippocampus may underpin relatively normal
AM recollection. When residual hippocampal tissue is
not functional, other brain mechanisms come into play
to compensate its silence. In some cases, engagement
of contralesional MTL structures could be sufficient to
support AM, but very likely only in some circumstances,
dependent on the age at which damage occurred. In
other cases, PFC, more often medial PFC, and posterior
cortices could support compensatory processes engaged
to deal with the AM deficit, but not necessarily always efficient to support rich and detailed recollections (Table 1).
Given the evidence that medial PFC has been associated
with processes related to the self[51] and contains more
information for remote memories[37] in healthy subjects,
it could be speculated that involvement of medial PFC
in case of damage could reflect retrieval of more stable

Encephalitis
Encephalitis is a neurological condition characterized by
an acute inflammation of the brain, generally caused by a
virus or autoimmunity (e.g., herpes encephalitis, limbic encephalitis). There is usually extensive damage to the temporal lobes, including the medial temporal regions[114-116]
and extending to the PFC[117,118], although not necessarily[119], and a severe memory impairment[114]. More specifically, neuropsychological research provides evidence
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fects the ventrolateral PFC[132] associated with retrieval of
emotional memories (see above) and is linked to reduced
MTL engagement[133].

gist-like aspects containing less episodic details of the
memories (rather than true detailed episodic-specific
recollection supported by hippocampus) accompanied by
the overall sense of self-involvement.

Affective disorders
Dysfunctions of AM are also widely reported in affective
disorders, such as depression and post-traumatic stress
disorder (PTSD)[134-137], which are characterized by intrusions of memory of the traumatic event, bias toward
negative memories and an overgeneralization (lacking
specificity) of retrieval[138,139]. Recently, there are some
studies examining the neural correlates of AM in depression[140,141] and PTSD[142,143], which highlight the abnormal
involvement of the PFC and/or emotion-related MTL
region, i.e., amygdala. Overall, the fMRI investigations in
psychogenic amnesia and affective disorders could also be
very informative regarding the interplay between memory
and emotion, which has long been neglected, while there
is no doubt of emotional and motivational influences on
AM.

CONCLUSION
Overall, the present review of fMRI studies in patients
with AM impairment due to damage in MTL core memory structures summarizes the importance of fMRI data
in providing insights on how brain damage affects the
neural network supporting retrieval of autobiographical
memories and how the brain appears to cope with damage by engaging compensatory mechanisms, which can
either be efficient or not, so to mediate AM recollection.
FMRI may supply additional information over that provided by neuropsychological assessment and structural
MRI and combining them together during examination
of brain damaged patients would lead to a better and
more reliable understanding of memory disorders and
the underlying brain activations pattern and, ultimately,
better management of the patients. The studies discussed
in the present review, presenting different pathological
entities affecting MTL and associated with different patterns of AM loss, provide relevant theoretical and clinical
information that can guide future functional neuroimaging
research of memory impairment. Although the present
review focused on the use of fMRI in patients with MTL
damage, for completeness, it should be noted that fMRI
has started to be used in other pathologies characterized
by AM impairment, some of which we briefly enumerate
below.

Psychiatric disorders: The case of schizophrenia
Schizophrenia has been also associated with impaired
AM[144-146] in the context of deficits in several cognitive
operations (perception, memory) and emotional processing, caused very likely by a more general cognition –
emotion disintegration[147]. FMRI examination of AM in
schizophrenia revealed an abnormal pattern of activation
and correlations with memory performance in the PFC
and striatum, respectively[148]. Further fMRI investigations
are needed to clearly understand AM deficits in schizophrenia and its link to a more general disturbance at the
level of emotion-cognition interaction.
Finally, we would like to mention that it would also
be of great use for investigating the effects of cognitive
based training programs. Specifically, fMRI can be used
before and after training programs to establish beneficial
changes in neural activations leading to improved AM[149].
Investigations of this sort are remarkably scarce in the
AM research, but hopefully they will emerge in the near
future and provide new opportunities to understand reorganization of brain network activation and brain plasticity.

Traumatic brain injury
Traumatic brain injury (TBI) has usually been associated
with impaired AM[125-127] together with diffuse axonal injury mainly affecting the connection between frontal and
temporal regions[126,128]. Given the diffuse nature of damage, TBI presents a challenge in understanding impairment of AM, which might be linked to a more general
deficit in executive functions and alteration of the sense
of self. A recent single-case fMRI investigation[129] of a
TBI patient, ML (initially reported by Levine et al[125]),
revealed decreased involvement of the medial prefrontal and posterior cortices for recently encoded personal
events, of which retrieval is lacking specificity and autonoetic awareness[125]. This finding underscores the link
between autonoetic awareness and medial PFC, which
could be involved as a compensatory mechanism only
when autonoetic awareness is relatively preserved.
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Core tip: This review provides a pictorial summary of
orbital inflammatory disease (OID). It outlines many
key aspects of OID on imaging that can be used to distinguish from other pathologic conditions. The review
also provides an up-to-date overview of the best approaches to imaging workup when suspecting OID.
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Abstract
Orbital inflammatory disease (OID) represents a collection of inflammatory conditions affecting the orbit. OID
is a diagnosis of exclusion, with the differential diagnosis including infection, systemic inflammatory conditions,
and neoplasms, among other conditions. Inflammatory
conditions in OID include dacryoadenitis, myositis, cellulitis, optic perineuritis, periscleritis, orbital apicitis, and
a focal mass. Sclerosing orbital inflammation is a rare
condition with a chronic, indolent course involving dense
fibrosis and lymphocytic infiltrate. Previously thought
to be along the spectrum of OID, it is now considered
a distinct pathologic entity. Imaging plays an important
role in elucidating any underlying etiology behind orbital
inflammation and is critical for ruling out other conditions prior to a definitive diagnosis of OID. In this review, we will explore the common sites of involvement

WCR|www.wjgnet.com

INTRODUCTION
Orbital inflammatory disease (OID, aka orbital inflammatory pseudotumor, idiopathic orbital inflammatory
syndrome, nonspecific orbital inflammation)[1-3] was first
described by Gleason in 1903[4] and accounts for 6% of
diseases involving the orbit. It is the third most common
orbital disease after Grave’s orbitopathy and lymphoproliferative diseases[5]. OID is most commonly unilateral
with symptoms and clinical findings depending on the
site involved as well as the degree of inflammation, fibrosis, and any mass effect. Generally, acute OID presents with proptosis, extraocular motility disturbance,
pain, erythema, and chemosis[2]. As OID is a diagnosis
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Table 1 Differential diagnosis of orbital inflammatory disease by site
Structure involved

Clinical condition

Lacrimal gland
Extraocular muscles

Dacryoadenitis
Myositis

Optic nerve sheath

Perineuritis

Orbital/periorbital fat

Orbital apex
Periscleral

Cellulitis

Common imaging findings
Diffuse lacrimal gland enlargement
Unilateral EOM inflammation, usually involving surrounding
fat and myotendinous junction
Peripheral enhancement about the optic nerve, with varying
infiltration of surrounding fat. Variable enhancement of the
nerve substance
Enhancing periorbital soft tissue with possible intraconal
extension

Orbital apicitis, Tolosa- Ill-defined, T2 hypointense enhancing tissue at orbital apex,
Hunt syndrome
variably involving middle cranial fossa and cavernous sinus
Periscleritis
Scleral thickening with periscleral edema and fluid in
Tenon’s capsule

Differential diagnosis
Epithelial neoplasm, lymphoma
Dysthyroid orbitopathy
Optic nerve sheath meningioma,
demyelinating optic neuritis
Infectious orbital cellulitis, carotid
cavernous fistula, cavernous sinus
thrombosis
Meningioma, other dural infiltrative
process
Endophthalmitis

EOM: Extraocular muscles.

B

A

Figure 1 Dacryoadenitis. A: Axial T2 shows diffuse enlargement of the left lacrimal gland. Note the tapered posterior margin (long arrow), as well as the involvement of the orbital lobe (short arrow). These findings suggest a lymphoid or inflammatory process rather than an epithelial neoplasm; B: Axial fat-suppressed contrastenhanced T1 shows infiltration of the preseptal (long arrow) and post septal (short arrow) fat. These features suggest orbital inflammatory disease rather than orbital
lymphoma.

Dacryoadenitis
Inflammation of the lacrimal gland, termed “dacryoadenitis”, is commonly seen in OID. Clinically, dacryoadenitis presents as a painful, firm, erythematous mass with
edema in the lateral upper lid, and possible ptosis[9,10].
Because the abnormality diffusely involves the lymphoid
structures of the lacrimal gland, the classic appearance is
of diffuse enlargement of the gland, including the orbital
and palpebral lobes (Figure 1)[10,11]. This is an important
feature in distinguishing inflammatory disease from an
epithelial neoplasm, which will typically only involve a
portion of the lacrimal gland, usually the orbital lobe
(Figure 2). Additional features that suggest an inflammatory process are a compressed, “almond-shaped” appearance of the gland as well as a tapered posterior margin
of the gland. In contrast, an epithelial neoplasm will
typically be seen as well-circumscribed and round to oval
in shape[10,12]. The axial T2 magnetic resonance imaging
(MRI) in Figure 1A shows diffuse enlargement of the left
lacrimal gland. Note the tapered posterior margin, as well
as the involvement of the orbital lobe. These findings
suggest a lymphoid or inflammatory process rather than
an epithelial neoplasm.
Although it is usually relatively straightforward to dis-

of exclusion, patients must be evaluated to rule out any
malignancy, infection, systemic inflammatory process, or
other concomitant medical conditions[6]. The differential
diagnosis includes local and systemic inflammatory conditions caused by neoplasm, infection, vascular malformation, and trauma[5].
Inflammation occurs as a non-specific response to
potentially harmful stimuli and is marked by increased
blood ﬂow and vascular permeability, vasodilatation, release of soluble mediators, extravasation of ﬂuids, and
cellular inﬂux[7]. Imaging findings in inflammatory disease
are most often related to increased blood-tissue permeability resulting in contrast enhancement, which is often
best seen with the use of fat suppression. Other common imaging findings in inflammation include fibrosis
and edema[8].
The site of involvement by OID dictates the radiological differential diagnosis, which can be especially
important given that the symptoms may be nonspecific.
We will review the common sites of involvement by OID
and discuss differential diagnosis by site, as outlined in
Table 1. However, it is important to note that OID commonly involves multiple sites, and that this feature is often important in suggesting OID ahead of other lesions.
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B

A

Figure 2 Adenoid cystic carcinoma of the lacrimal gland. A: Axial T1 non-enhanced MRI showing an enlarged, heterogeneous left lacrimal gland (black arrow).
Compare this to the contralateral normal gland (white arrow); B: Axial T1 non-enhanced MRI showing sparing of the palpebral lobe (arrows). MRI: Magnetic resonance
imaging.

tinguish an epithelial lacrimal gland neoplasm from a process involving the glandular lymphoid tissue, it is not always easy to distinguish lymphoma of the lacrimal gland
from inflammatory disease. There are a few features that
can aid in this distinction. First, inflammatory disease is
more commonly bilateral (30% of chronic and 20% of
acute inflammatory disease vs 12%-18% of lymphoma
cases)[13-15]. Second, inflammatory disease is more commonly associated with inflammation of the surrounding
soft tissues. Figure 1B is an axial fat-suppressed contrastenhanced T1 that shows infiltration of the preseptal and
post septal fat. These features suggest OID rather than
orbital lymphoma. There are exceptions to these rules,
however. Sarcoid commonly produces diffuse lacrimal
gland enlargement without infiltration of surrounding
fat, a pattern that is more suggestive of lymphoma. Lymphoma may also have a surrounding inflammatory component in some cases[12].
Diffusion-weighted imaging (DWI) is perhaps the
most reliable technique to distinguish lymphoma from
inflammatory disease. The densely packed cells in lymphoma inhibit the non-random motion of water, causing
lymphoma to appear bright on DWI, with associated
reduction in apparent diffusion coefficient (ADC) (Figure
3). An ADC of less than 0.92 × 10-3 mm2/s was shown
to be 100% sensitive and specific in distinguishing lymphoma from inflammatory disease[3], though we have
seen a handful of exceptions to this rule. Politi et al[13]
found an ADC threshold of 0.775 × 10-3 mm2/s was
96% sensitive and 93% specific for diagnosing ocular adnexal lymphoma.

tendinous junction (Figure 4). These are important features in distinguishing myositis from thyroid orbitopathy,
which typically produces bilateral inflammation of EOM
and spares the myotendinous junction. Of note, sparing
of the myotendinous junction alone does not exclude
OID. The lateral rectus and superior oblique muscles are
also relatively spared early in the disease course in thyroid
orbitopathy, and the condition often presents clinically
with proptosis, chemosis, and diplopia. These findings
may also suggest IgG4-related disease (IgG4-RD), which
may present with similar clinical symptoms. The lymphocytic infiltration characteristic of IgG4-RD is often seen
as inflammation of bilateral lacrimal glands and EOM’s[18].
The most frequently affected muscle is the inferior rectus. In patients with normal thyroid stimulating hormone
and thyroid, these findings may suggest IgG4-RD and a
serum IgG4 level may be considered.
The differential diagnosis for myositis also includes
orbital cellulitis, which is commonly accompanied by fever, leukocytosis, and a clinical history of head and neck
infection. Contrast-enhanced computed tomography (CT)
imaging may identify the source of spread to the orbit
and may also help identify any abscess that requires surgical intervention[17]. Figure 5 demonstrates a case of infectious orbital cellulitis where corresponding sinus disease
can be appreciated. Metastases and lymphoma may also
mimic myositis and are often seen as a focal mass with
increased signal intensity in the EOM’s[17]. Patients with
low-flow carotid cavernous fistula (CCF) may also share
features with myositis, as the venous congestion may
appear on CT and MRI as inflamed EOM[19] (Figure 6).
Enlarged superior ophthalmic veins (SOVs) are typically
seen in CCF. Transcranial doppler ultrasonography allows
visualization of retrograde flow through the SOV, suggestive of CCF[20] and angiography can be used to best
characterize the fistulous communication (Figure 6C).
Contrast-enhanced T1 MRI with fat suppression best
visualizes inflammation of the muscles, tendons, and surrounding fat, which is seen as swelling of the tendon and
belly of the EOM. While not diagnostic, involvement
of the perimuscular tendon is a distinguishing finding
of non-thyroid inflammatory disease[17]. In Figure 4C, a

Myositis
Orbital myositis is a non-infectious inflammatory
condition primarily affecting the extraocular muscles
(EOM)[16]. Clinically, it presents with unilateral orbital or
periorbital pain (17%-69%), painful and restricted eye
movement (46%-54%), proptosis (32%-82%), periorbital
edema (42%-75%), and hyperemia of the conjunctiva
(33%-48%)[17]. The classic appearance of EOM myositis
includes a unilateral thickening of one or two EOMs, often also involving the surrounding fat, tendon, and myo-
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A

B

C

D

Figure 3 Lacrimal gland lymphoma (A and B) compared to inflammatory dacryoadenitis (C and D). A: DWI image in a patient with lacrimal gland lymphoma.
Note the bright signal intensity (arrow) secondary to inhibition of water movement by the densely packed lymphoma cells; B: The corresponding ADC map of this
patient shows an associated reduction in ADC, represented by the dark signal just lateral to the orbit (arrow); C: DWI image in a patient with inflammatory dacryocystadenitis. Note the dark signal compared to the patient with lymphoma (arrow); D: ADC map shows bright signal in the involved lacrimal gland (arrow) as compared to
normal brain parenchyma. DWI: Diffusion-weighted imaging; ADC: Apparent diffusion coefficient.

A

B

C

Figure 4 Myositic pseudotumor. A: Coronal fat-suppressed contrast-enhanced T1 shows enlarged left superior oblique (white arrow) and superior rectus (black
arrow) muscles, and mild infiltration of the surrounding fat; B: Coronal fat-suppressed T2 shows low signal in the superior oblique muscle (white arrow), suggesting a
more chronic, burned out process, whereas the superior rectus muscle (black arrow) shows brighter signal, indicative of a more acute process; C: Parasagittal oblique
fat-suppressed contrast-enhanced T1 shows an enlarged superior rectus muscle belly (long arrow). The tendinous insertion (short arrow) is uncharacteristically spared
by this process. Nevertheless, unilateral disease, infiltration of the surrounding fat, and early involvement of the superior oblique muscle indicate pseudotumor ahead
of thyroid eye disease.

Cellulitis
Inflammatory orbital cellulitis describes inflammation
of preseptal (peri-orbital) or postsetpal (orbital) fat[21].
Patients typically present with proptosis, chemosis, and
painful diplopia[21]. Cellulitis of preseptal and orbital soft
tissue is best evaluated on contrast-enhanced T1 MRI
with fat suppression, where the most common finding
is poorly-defined periorbital enhancement enveloping

parasagittal oblique fat-suppressed contrast-enhanced T1
shows an enlarged superior rectus muscle belly with uncharacteristic sparing of the tendinous insertion. Nevertheless, unilateral disease, infiltration of the surrounding
fat, and early involvement of the superior oblique muscle
indicate pseudotumor ahead of thyroid eye disease. In
cases where it is difficult to distinguish inflammation versus lymphoma, DWI can be used, as described above.
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A

B

Figure 5 Infectious orbital cellulitis. A: Axial CT showing layering fluid in the ethmoid sinus and frontal recess on the left (black arrows), and infiltration of the orbital
fat (white arrow); B: Coronal T1 fat saturated post-gadolinium MRI demonstrates orbitalfat infiltration (long white arrow). Fluid in the adjacent ethmoid sinus (black
arrow) and intracranial extension of the process (short white arrow) are also features that indicate infection rather than orbital inflammatory disease. CT: Computed
tomography; MRI: Magnetic resonance imaging.

A

B

C

Figure 6 Indirect carotid-cavernous fistula. A: Coronal T2 MRI with fat saturation demonstrating mild infiltration of orbital fat (arrowhead) and thickening with high
signal intensity in the EOMs. In this image, the lateral rectus muscle appears brightest (short white arrow). Note the enlarged SOV (long white arrow), suggesting CCF
over myositis; B: Axial post-gadolinium T1 MRI with fat saturation. The SOV (long white arrow) is engorged secondary to retrograde flow from the cavernous sinus.
The superior oblique muscle (short white arrow) is also enlarged; C: Angiogram with lateral projection common carotid artery injection (patient facing to the right)
showing abnormal early filling in the cavernous sinus and SOV (short black arrows), as well as an abnormal tangle of vessels along dorsal surface of cavernous sinus
(long black arrow), representing abnormally dilated intracavernous ICA branches. MRI: Magnetic resonance imaging; EOM: Extraocular muscles; SOV: Superior ophthalmic vein; CCF: Carotid cavernous fistula; ICA: Internal carotid artery.

A

B

Figure 7 Diffuse cellulitic orbital inflammatory disease. A: Coronal T1-weighted image shows diffuse infiltration of the intraconal fat on the left (arrow); B: Axial fatsuppressed contrast-enhanced T1 shows diffuse enhancement throughout the intraconal fat. No well-defined focal mass or focal fluid collection is seen.

the globe and extending into post-septal fat[4]. Figure 7
is a T1-weighted MRI image showing diffuse infiltration
of the intraconal fat. Infectious cellulitis shares similar
imaging features, and it is important to obtain any clinical history of fever, sinusitis, or meningitis, as well as any
evidence of leukocytosis[2,11]. Presence of an abscess is
a clear indicator of an infectious process. On T2 MRI,
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infectious cellulitis typically presents as a hyperintense
lesion, whereas OID lesions range from to hypo- to hyperintense[2]. Additional features suggesting inflammation
of orbital and pre-septal fat include increased density and
enhancement of periorbital soft tissues, eyelids, and orbital septum. Intraconal extension is a sign of advanced
disease.
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B

A

Figure 8 Perineuritic orbital inflammatory disease. A: Coronal fat-suppressed contrast-enhanced T1 shows circumferential enhancement about the left optic nerve
(long arrow), with sparing of the nerve substance. There is also mild infiltration of the surrounding soft tissues (short arrow); B: Axial fat-suppressed T2 shows a small
amount of edema about Tenon’s capsule (arrow). This finding, along with clinical history of acute, painful presentation, help distinguish perineuritic pseudotumor from
en plaque optic nerve sheath meningioma.

The differential diagnosis for inflammatory orbital
cellulitis includes infection, CCF, cavernous sinus thrombosis, and Wegener’s granulomatosis. Careful evaluation
for any evidence of sinus disease is critical as infectious
orbital cellulitis is a potentially life-threatening disease.
Clinically, patients with infectious orbital cellulitis may
have a history of diabetes or immunocompromise and a
clinical history of sinus disease, recent dental procedures,
or trauma. Due to the serious nature of infectious orbital
cellulitis, a definitive diagnosis of OID may not be made
until after a lack of response to empirical broad-spectrum
antibiotic therapy[5]. A CCF may be distinguished from
OID by presence of an enlarged SOV, abnormal fullness
of the cavernous sinus, or, in larger fistulas, flow voids
on T2 MRI. Similar to CCF, cavernous sinus thrombosis
presents with an enlarged SOV. A non-enhancing filling defect in the cavernous sinus on CT venography or
contrast-enhanced MRI differentiates cavernous sinus
thrombosis from CCF or OID. Wegener’s granulomatosis (i.e., granulomatosis with polyangiitis) may also mimic
OID but is often accompanied by surrounding sinonasal
wall destruction, which is best appreciated on CT.

supporting a diagnosis of meningioma include a localized
mass and calcifications on CT imaging[9].
The differential diagnosis also includes demyelinating
optic neuritis, though demyelinating disease almost always
spares the soft tissues around the nerve while involving
the nerve substance diffusely[23]. It is important to distinguish perineuritis from optic neuritis, as the differential
diagnosis and clinical course are quite different. Patients
with optic neuritis (ON) are at high risk of developing
multiple sclerosis and should be evaluated to rule out this
disease. Diagnosis of optic perineuritis (OPN) is also
critical, as prompt corticosteroid treatment may help prevent vision loss. Clinically, both OPN and ON typically
present with eye pain and a swollen optic disc. While less
commonly compared to ON, patients with OPN may
also complain of vision impairment, though the vision
impairment in OPN is often paracentral or arcuate[23].
MRI of perineuritis often shows a “tram-track” pattern
of enhancement around the nerve, rather than involving
the nerve itself. Additionally, syphilitic infection, sarcoidosis, and viral encephalitides should be considered in patients with perineuritis[24].

Optic perineuritis
When intraorbital inflammation extends along the optic
nerve and nerve sheath, it is termed “perineuritis”[9]. Because inflammation affects the nerve sheath rather than
the nerve itself, the primary presenting clinical feature is
pain, while visual acuity, visual fields, and color vision are
typically unaffected[22]. Because the abnormality involves
a loosely organized inflammatory infiltrate around the
optic nerve, the classic appearance is of increased signal
intensity surrounding the optic nerve, and extending
into adjacent fat on post-gadolinium T1 MRI with fatsuppression (Figure 8A)[9,22]. Enhancement of the optic
nerve sheath is often poorly-defined[23], which, in addition
to a history of pain, may serve as an important feature in
distinguishing perineuritis from meningioma (Figure 8B).
This finding, along with clinical history of acute, painful
presentation, help distinguish perineuritic pseudotumor
from en plaque optic nerve sheath meningioma. Features

Periscleritis
Periscleritis may refer to inflammation of the sclera, uvea
(iris, ciliary body, choroid), or tenon’s capsule[9]. This condition may present as a uveitis or a scleritis/episcleritis.
Clinically, features of this inflammatory condition may
mimic infection or tumor and are characterized by orbital
pain, exophthalmos, and eyelid edema. Periscleritis can be
clearly seen on MR or CT as a heterogeneous thickening
along the outer rim of the eye[25] (Figure 9), representing thickening of the sclera and/or uvea. Features of
periscleritis can be best appreciated on axial T1 post-contrast MRI with fat saturation, which allows visualization
of the enhancing vascular choroid as well as any extension into retrobulbar fat. A subchoroidal fluid collection
displacing the retina may also be seen. Figure 9A shows
an axial contrast-enhanced CT in an 87-year-old immunocompromised man with left eye pain and and ordering
indication of “cellulitis”. Note the mild infiltration of the
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A

B

Figure 9 Periscleritic orbital inflammatory disease. Eighty-seven-year-old immunocompromised man with left eye pain and ordering indication of “cellulitis”. A:
Axial contrast-enhanced CT shows mild infiltration of the left periorbital fat (short white arrow). There is also periscleral edema (long white arrow), and subtle high
density along the temporal surface of the globe that is suggestive of a subchoroidal fluid collection (black arrow); B: Axial fat-suppressed contrast-enhanced T1 shows
these findings more conspicuously. Note that the elevated choroid layer (black arrow) extends anteriorly to the region of the ciliary body. Periscleral edema (long white
arrow) extending to Tenon’s capsule is better seen. CT: Computed tomography.

mass can be present anywhere in the orbit, with resulting
symptoms related to mass effect and inflammation. A
mass lesion in OID is best seen on axial T2 MRI, where
it appears as a well-defined, T2 hypointense mass, discrete from adjacent EOM and from the lacrimal gland
(Figure 10). The hypointensity appreciated in this image
is secondary to fibrosis. On T1 MRI they appear slightly
brighter, isointense to muscle, and show prominent postgadolinium enhancement[27]. As lesions progress, fibrosis
develops, resulting in retraction of adjacent structures.
Infiltration of inflammation and fibrosis into the sclera
and periorbital soft tissue may lead to globe deformity. In
fact, the degree of fibrosis and traction on other tissues
often suggests a greater chronicity of disease.
Inflammatory pseudotumors are often difficult to
distinguish from a true neoplasm[28]. Lymphoma accounts
for 20% of orbital mass lesions and is particularly difficult to distinguish from OID[27,28]. Clinically, lymphomatous lesions present more commonly with palpable mass,
while OID may present with eyelid edema, optic nerve
atrophy, and conjunctival congestion[27]. Imaging features
of inflammatory pseudotumor that help distinguish it
from lymphoma include marked T2 hypointensity and
evidence of fibrosis. Lymphoma typically appears more
lobular and, as described earlier, has greater diffusion
restriction than OID on DWI. Metastases are usually
brighter on T2 imaging. One exception to this is scirrhous breast cancer metastasis, which commonly produces a T2-hypointense, fibrotic mass with variable amount
of traction on adjacent structures. Certain benign tumors,
such as solitary fibrous tumor, can also show marked T2
hypointensity and overlap with OID in appearance[29].

Figure 10 Orbital inflammatory disease producing a focal mass. Axial T2
shows a well-defined, T2 hypointense mass in the right orbit, discrete from adjacent extraocular muscles and from the lacrimal gland.

left periorbital fat, periscleral edema, and subtle high density along the temporal surface of the globe suggestive of
a subchoroidal fluid collection. An axial fat-suppressed
contrast-enhanced T1 MRI in this patient shows these
findings more conspicuously (Figure 9B). Tenon’s capsule
(aka fascia bulbi or bulbar sheath) is a thin membrane
that lies between the sclera and orbital fat[26]. Thickening
is often seen in this area and may be accompanied by a
periscleral fluid collection.
The differential diagnosis includes any systemic inflammatory disease that causes posterior scleritis, such as lupus
or rheumatoid arthritis. Endophthalmitis may also have a
similar imaging appearance, but clinical vitritis should be
readily apparent in these cases. Infectious periscleritis often arises secondary to sinus infection and it is important
to evaluate the paranasal sinuses, particularly the ethmoid
sinus, in patients with uveoscleral thickening[4].

Diffuse OID
Diffuse orbital inflammation is found in approximately
4%-11% of patients with OID[30]. Similar to focal mass,
clinical presentation is highly variable as many sites of
the orbit can be affected. Patients must be evaluated for
systemic disease, including vasculitis and autoimmune
conditions such as Churg-Strauss disease or Wegener’s

Focal mass
OID may also present as a focal inflammatory mass, which
represents up to 9% of all orbital mass lesions and is the
most common cause of painful orbital mass in adults[6,9].
Clinical presentation is highly variable as an inflammatory
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A

Figure 11 Wegener's granulomatosis. A: Non-enhanced
axial CT through orbit demonstrating diffuse infiltration
of orbital fat (black arrowhead); B: Axial CT in through
sinuses in bone window shows destruction of medial
maxillary sinus walls, perforation of nasal septum (white
arrowhead), and chronic neo osteogenesis along sinus
walls (white arrows). CT: Computed tomography.

B

on T2, with a darker signal indicating higher degrees of
fibrosis[9,33]. In addition to the cavernous sinus, lesions of
the orbital apex may also extend into the middle cranial
fossa through the superior orbital fissure or optic canal,
as well as the infratemporal fossa and pterygopalatine
fossa through the inferior orbital fissure. Figure 12 shows
an axial, fat-suppressed, contrast-enhanced T1 MRI in a
patient with Tolosa-Hunt syndrome. Note the ill-defined
enhancement involving the right orbital apex and extending into the middle cranial fossa along the margin of the
cavernous sinus (arrow). Figure 13 shows bilateral cavernous sinus infiltration in a different patient, which resolved
completely after treatment.
The differential diagnosis of orbital apex lesions
includes meningioma, granulomatous disease, and local spread of central nervous system (CNS) pathology.
Evidence of cystic foci likely represents necrotic lesions,
which leads the diagnosis away from OID. Enhancement
or fullness of the cavernous sinus can be appreciated on
dynamic imaging and angiography may demonstrate narrowing of the cavernous sinus. Careful examination for
disruption of the dural barrier and intracranial extension
is critical. Common features of CNS involvement include
abnormal soft tissue extending into the middle cranial
fossa, expansion of the ipsilateral cavernous sinus walls,
and post-gadolinium enhancement of the meninges or
dura[9].

Figure 12 Orbital apicitis (Tolosa-Hunt). Axial fat-suppressed contrastenhanced T1 shows ill-defined enhancement involving the right orbital apex,
and extending into the middle cranial fossa along the margin of the cavernous
sinus (arrow).

granulomatosis[31,32]. Common characteristics of orbital
involvement in Wegener’s include diffuse infiltration of
orbital fat and sinonasal destructive changes (Figure 11).
Chest imaging and an immunologic workup are suggested prior to biopsy of diffuse OID. Lymphoma may
also mimic diffuse OID and, as described earlier, appears
more lobular and may be best distinguished from OID
using DWI MRI[3]. Chronic inflammation often contains
regions with varying degrees of fibrosis, resulting in a
heterogeneous appearance on MRI.

Sclerosing orbital inflammation
Sclerosing orbital inflammation is a rare condition representing 6%-8% of all inflammatory lesions of the
orbit[35]. Previously thought to be along the spectrum of
OID, it is now considered a distinct pathologic entity.
Clinically, it is characterized by proptosis, mild external
inflammatory signs, restricted motility, diplopia, and dull,
chronic pain[5]. The natural history of the condition often
involves a chronic, indolent, progressive process involving dense fibrosis and lymphocytic infiltrate. On CT or
MRI, it is most commonly described as a homogenous,
diffuse, ill-defined mass most frequently in the anterior
orbit and mid-orbit.
Definitive diagnosis is by biopsy, revealing dense
scarring and fibrosis. While no definitive treatment has
been identified, early and aggressive steroid therapy is
recommended as vision loss may occur in up to 30% of

Orbital apicitis
Involvement of the orbital apex, while less common, is
associated with the poorest outcome[4,9,33]. Inflammatory
lesions of the orbital apex are at risk of invading the optic nerve or extending into the cavernous sinus. TolosaHunt syndrome is a rare clinical condition caused by
cavernous sinus inflammation presenting with relapsing/
remitting acute orbital pain and paralysis of cranial nerves
[34]
Ⅲ, Ⅳ, Ⅴ1, and Ⅵ . Extension of OID into the cavernous sinus is a common cause of this clinical condition
and, similar to other OID lesions, intravenous steroid
treatment is the mainstay of care[11,34]. On T1 MRI, inflammation appears as an intermediate intensity lesion, as
inflammatory tissue replaces the normal high-intensity fat
at the orbital apex. Similar to other inflammatory pseudotumors, OID of the orbital apex appears hypointense
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10
Figure 13 Tolosa-Hunt syndrome, before and after treatment. A: Axial fatsuppressed contrast-enhanced T1 showing bilateral cavernous sinus infiltration
and enhancing tissue along the lateral margins of the cavernous sinus; B: Complete resolution after treatment.

11

affected patients[5].

12

CONCLUSION

13

OID or orbital pseudotumor, represents a group of heterogeneous inflammatory diseases, the exact etiology of
which is unknown. The condition may involve a number
of structures in the orbit, the clinical presentations and
imaging findings of which are variable and overlapping.
As OID is a diagnosis of exclusion, other pathologic
conditions affecting the orbit must be ruled out. Imaging plays an important role in evaluation of OID, with
proper identification of involved structures being a critical first step toward diagnosis. CT, MRI with fat suppression, and DWI all play a role in distinguishing OID from
other pathologies affecting the orbit. Treatment for OID
consists of pulsed corticosteroid therapy and the degree
of response may often provide clues as to the diagnosis.
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Core tip: Dentomaxillofacial cone beam computed tomography (CBCT) is now commonly used for a variety
of diagnostic tasks in dentistry. Its applications in periodontal disease has not been very well reviewed and
documented previously. This review paper will shed
light into this innovative technology and its use in periodontology. Diagnosis of periodontal disease depends
on clinical signs and symptoms. However, in the case
of bone destruction, radiographs are valuable diagnostic tools as an adjunct to the clinical examination. Two
dimensional periapical and panoramic radiographs are
routinely used for diagnosing periodontal bone levels.
In two dimensional imaging, evaluation of bone craters, lamina dura and periodontal bone level is limited
by projection geometry and superposition of adjacent
anatomical structures. Those limitations of 2D radiographs can be eliminated by three-dimensional imaging techniques such as computed tomography. CBCT
generates 3D volumetric images and is also commonly
used in dentistry. All CBCT units provide axial, coronal
and sagittal multi-planar reconstructed images without
magnification. Also, panoramic images without distortion and magnification can be generated with curved
planar reformation. CBCT displays 3D images that are
necessary for the diagnosis of intra bony defects, furcation involvements and buccal/lingual bone destructions. CBCT applications provide obvious benefits in
periodontics, however; it should be used only in correct
indications considering the necessity and the potential
hazards of the examination.

Abstract
Diagnosis of periodontal disease mainly depends on
clinical signs and symptoms. However, in the case of
bone destruction, radiographs are valuable diagnostic
tools as an adjunct to the clinical examination. Two
dimensional periapical and panoramic radiographs are
routinely used for diagnosing periodontal bone levels.
In two dimensional imaging, evaluation of bone craters, lamina dura and periodontal bone level is limited
by projection geometry and superpositions of adjacent
anatomical structures. Those limitations of 2D radiographs can be eliminated by three-dimensional imaging techniques such as computed tomography. Cone
beam computed tomography (CBCT) generates 3D
volumetric images and is also commonly used in dentistry. All CBCT units provide axial, coronal and sagittal
multi-planar reconstructed images without magnification. Also, panoramic images without distortion and
magnification can be generated with curved planar
reformation. CBCT displays 3D images that are necessary for the diagnosis of intra bony defects, furcation
involvements and buccal/lingual bone destructions.
CBCT applications provide obvious benefits in periodontics, however; it should be used only in correct
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which provide a scan of the entire region of interest [11,12].
The collimation of the X-ray beam to the area of interest minimizes the radiation dose. Most CBCT units offer
different field of view (FOV) options with various sizes
(Figure 3). The use of small FOV lowers the effective radiation dose[8-13]. The voxels in CBCT units are isotropic
that enables sub-millimeter geometric resolution, thereby;
a high degree of measurement accuracy can be obtained
(Figure 4). This feature contributes to the high diagnostic
capacity of CBCT images obtained from high-density
dento-maxillofacial structures such as teeth and bone[8].
Whereas medical CT requires multiple rotations entailing
high effective radiation doses, with CBCT, a single rotation is sufficient for the acquisition of base images[8,14,15].
All CBCT units provide axial, coronal and sagittal multiplanar reconstructed images without magnification. Panoramic images can also be generated with curved planar
reformation. Multiplanar image can be thickened by increasing the number of adjacent voxels and it is also possible to apply 3D volume rendering and modeling by use
of appropriate software package[8,11]. In comparison to
medical CT, CBCT offers lower radiation dose and cost
along with smaller space requirement[14]. CBCT has better
spatial resolution when compared with medical CT[16,17]
(Table 1).

computed tomography in periodontology. World J Radiol
2014; 6(5): 139-147 Available from: URL: http://www.wjgnet.
com/1949-8470/full/v6/i5/139.htm DOI: http://dx.doi.org/10.4329/
wjr.v6.i5.139

INTRODUCTION
Periodontal diseases consist of a variety of conditions
affecting the periodontal tissues such as: gingiva, periodontal ligament, root cementum and alveolar bone.
Some of these tissues are soft (gingiva, periodontal ligament) whereas some are hard tissues (root cementum and
alveolar bone)[1]. Inflammation of periodontal tissues is
a common disease which results in attachment loss and
destruction of alveolar bone. Diagnosis of periodontal
diseases mainly depends on clinical signs and symptoms[2].
However, in the case of bone destruction, radiographs
are valuable diagnostic tools as an adjunct to the clinical
examination. Although periapical and panoramic radiographs are routinely used for diagnosing periodontal bone
levels, the projection geometry of the X-ray beam may
cause magnification and distortion which makes it impossible to obtain accurate diagnosis[3]. In panoramic and
periapical radiographs, bone craters, lamina dura and periodontal bone level evaluation is limited by the superposition of adjacent anatomic structures and projection geometry. Conventional two-dimensional radiographs generate
2D images in which teeth roots are superimposed on
the alveolar bone and as a result bone changes such as;
furcation involvement, buccal and lingual alveolar bone
defects are obscured[4-6]. Limitations of 2D radiographs
can be eliminated by using three-dimensional imaging
techniques such as computed tomography (CT)[7]. CT can
be categorized into two groups according to the geometry
of X-ray beam: 1-fan beam and 2-cone beam (Figure 1).
Cone beam computed tomography (CBCT) generates 3D
volumetric images and is commonly used in dentistry[8].
CBCT technology has developed rapidly since it was first
used in 1982 at Mayo Clinic Biodynamic Research Laboratory for angiography, radiotherapy and mammography
applications. In CBCT technique, a cone-shaped X-ray
beam rotates around the patient’s head and collects base
images used to construct 3D volumetric data from which
multi-planar (axial, sagittal, coronal and cross-sectional)
reconstructions can be generated[7,8] (Figure 2). Voxel sizes
affect CBCT image quality and alveolar defects can be
evaluated with highest accuracy when smaller voxel sizes
are utilized[9]. Similarly, accuracy of alveolar bone height
measurements are inversely proportional to voxel sizes of
CBCT images evaluated[10].

LIMITATIONS OF CBCT
CBCT is not able to offer high contrast resolution and it
can not utilized soft tissues, therefore; CBCT is mainly
indicated for the evaluation of hard tissues in the dentomaxillofacial complex[11,12]. When compared to 2D imaging, CBCT has higher cost and effective radiation dose
but it has lower resolution and lack of availability[13,16,17]
(Table 2). Because of the shape of X-ray beam, the scatter radiation is higher in CBCT than with fan-beam tomography. Moreover, the beam-hardening artifacts that
comprise radiolucent areas and radiopaque lines can occur more often in CBCT images (Figure 5). A significant
limitation of CBCT imaging is the presence of metal
artifacts, i.e., image flaws that are unrelated to the scanned
object, which are caused by metal and amalgam restorations and, to a lesser extent, root-canal filling material and
implants. Such artifacts include streaks around materials
as well as dark zones that affect the overall quality of
the image. Streak artifacts appear as linear hyperdensities that radiate from a metallic object and may extend
to the width of the field, affecting visualization of areas
even on the opposite side of an image (Figure 6). Beamhardening artifacts, which appear as dark bands adjacent
to high-density structures, may mimic disease[8,9,18].

RADIOLOGICAL EVALUATION OF
PERIODONTAL TISSUES

ADVANTAGES OF CBCT
A single rotation is sufficient during irradiation of the
patient for acquisition of base projection images and
CBCT scanners use two-dimensional flat-panel detectors

WCR|www.wjgnet.com
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Figure 1 The diagram displays cone-beam and fan-beam shapes in cone
beam computed tomography (A) and medical computed tomography (B).

A
Axial

Coronal

Sagittal

Figure 2 Multi-planar reconstructed images can be generated by cone
beam computed tomography volumetric data.

A

B

Small FOV

B

Anisotropic

Isotropic

Figure 4 Anisotropic (A) and isotropic (B) 3D images.

Medium FOV

C

Figure 5 Beam-hardening artifacts caused by metal restorations (arrows).
Large FOV

trabeculations, conditions of lamina dura and periodontal
space, length and shape of teeth roots, ratio of clinical
crown length to root length. Some etiological factors of

Figure 3 The dimensions of the irradiated regions with different field
of view sizes are shown schematically. A: Small FOV; B: Medium FOV; C:
Large FOV. FOV: Field of view.
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Figure 6 Streak artifacts are observed as radiopacity in a radial manner (arrows).

Table 1 Comparison of cone beam computerized tomography
and medical computed tomography are listed in the table

Table 2 The table shows the features of cone beam com
puted tomography and conventional radiographs

CBCT

CBCT

Medical CT

Single rotation
Lower radiation dose
Isotropic voxels
Lower cost
Smaller space requirement
Better spatial resolution
Deficiency to display soft tissues
Higher scatter radiation

Multiple rotations
Higher radiation dose
Anisotropic voxels
Higher cost
Larger devices
Better contrast resolution
Clear evaluation of soft tissues
Lower scatter radiation

3D imaging
Cross-sectional and volumetric images
Elimination of image deformity
Higher radiation dose
Higher cost
Larger devices

2D imaging
Superpositions
Distortion and magnification
Lower radiation dose
Lower cost
Smaller space requirement

CBCT: Cone beam computed tomography.

CT: computed tomography; CBCT: Cone beam computerized tomography.

about measuring the height of the alveolar bone crest but
there was not a significant difference between the two
methods in detecting the depth and width of bone defects[20]. Mengel et al[25] demonstrated that CBCT images
were better in detection of periodontal defects compared
with periapical radiographs and medical CT. Likewise,
Noujeim et al[26] concluded that CBCT technique has better diagnostic accuracy than periapical films in the detection of interradicular periodontal bone defects.

periodontal disease, such as calculus, incompatible restorations may be also seen in radiographs. Inter-proximal
areas of maxillary and mandibular teeth can be clearly
evaluated in bitewing radiographs because the projection geometry which is applied in this technique does not
cause distortion and superposition of the teeth on each
other in the image[19,20].
Digital radiographs have not a proven superiority to
conventional radiographs in diagnosis, although digital
imaging has some distinct practical advantages including
the elimination of processing procedure, less radiation
dose, shorter exposure and image acquisition times, some
benefits that software is allowed such as adjustment of
image contrast, density and size[8,21].
CBCT displays two dimensional and three dimensional images that are necessary for the diagnosis and
treatment planning of intra bony defects, furcation involvements and buccal/lingual bone destructions[4,7,22]
but periapical radiographs have better image quality than
CBCT including contrast resolution, clarity and detail[17,23].
Mol et al[19] observed that the CBCT images provided
more accurate information on periodontal bone levels
in three dimensions than the images of photostimulated phosphor plates. In a similar study, it was found
that CBCT was better in morphological description of
periodontal bone defects, while the images obtained
by charged coupled device sensor provided more bone
details[24]. Moreover, it was reported that CBCT and conventional periapical radiographs differed in instead of
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Conventional radiography

Furcation involvement
An accurate diagnosis of inter radicular bone loss is an
important issue prior to the decision of appropriate treatment options including apically repositioned flaps with or
without tunnel preparation, root amputation, hemi-/trisection or root separation. Conventional two dimensional
radiographs can be deceptive in evaluating periodontal
tissue support and inter radicular bone due to superposition of anatomical structures. However, 3D images
provide detailed information about areas of multi rooted
teeth (Figure 7). CBCT images of maxillary molars provided detailed information of furcation involvement and
a reliable basis for treatment decision[23] (Figure 8). Intrasurgical furcation involvement measurements were compared by using CBCT images and it was reported that
CBCT images demonstrated a high accuracy in assessing
the loss of periodontal tissue and classifying the degree
of furcation involvement in maxillary molars[27]. Authors
evaluated CBCT images of artificially created furcation
involvement of the second molars in pig mandibles and
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A

method named soft tissue CBCT (ST-CBCT), was reported[29], and it was utilized to determine the dimensions and relationships of the structures of the dentogingival unit. The tongues were retracted toward the
floor of patients’ mouths and a plastic lip retractor was
used to retract the soft tissues away from the teeth and
gingiva during CBCT scans and the images that were
obtained provided clear information for the analysis of
various dentogingival unit measurements[29]. Mentioned
method was used in another study in which the average thickness of the palatal mucosa according to ages
and specific localizations were determined on thirty one
patients[30]. The thickness of palatal mucosa has a major
importance for the treatment planning of soft tissue
grafts. However, this technique provides only quantitative assessment, thus the differences between the epithelial, fat and connective tissues can not be distinguished
on ST-CBCT images[29,30].

B

C

Figure 7 Furcation involvement can not be observed in the panoramiclike section (A) whereas it can be evaluated in the axial (B) and crosssectional (C) cone beam computed tomography image (arrows).

Periodontal ligament space
The earliest sign of periodontitis that can be detected
on radiographs is a wedge-shaped radiolucent area in
the inter-proximal region. At this stage, the continuity
of lamina dura is lost and some changes in periodontal
ligament space can be observed[6,7,16]. Authors compared
CBCT with conventional radiography in terms of their
ability to produce images of periodontal ligament space
on a phantom model with artificially created periodontal
ligament of various thicknesses. Periapical radiographs
were found to be superior to CBCT for the measurement
of periodontal ligament space[6]. However, authors of
another study[16] concluded that CBCT images had higher
accuracy than intraoral radiographs in the determination
of periodontal space in a similar research[16]. Conflicting
findings may be attributed to the differences between
radiographic systems and settings used in various studies.
Visibility of periodontal ligament space using different
radiographic techniques should be assessed in further
studies.

A

B

Alveolar bone defects
Radiographs are frequently utilized to diagnose the amount
and shape of alveolar bone destruction that affects treatment planning in periodontal therapy[25]. 2D radiographs
can be insufficient for the detection of intra-bony alveolar defects due to obstruction of spongious bone
changes by cortical plate. Thus, three-dimensional imaging is required for mapping of alveolar defects[22] (Figure
9). Periodontal defects in pigs and human mandibles
were displayed using intraoral radiography, panoramic
radiography, CT and CBCT which were compared with
histological specimens. The results of the mentioned
study showed that 3D imaging had high accuracy in the
detection of alveolar defects. Whereas, intraoral and panoramic radiographs could not determine the dehiscence
unequivocally, tomographic images displayed all dehiscences and provided accurate measurements of the defects. Authors also reported that CBCT displayed the best

Figure 8 The amount and shape of bone resorption in the furcation area
of maxillary molar tooth can not be assessed in the panoramic-like section (A), however, this involvement is seen in the axial section (B) (arrow).

accuracy for furcation lesion detection ranged between
78% and 88%[5]. A study compared dental radiographs
and high resolution CT (HR-CT) in detecting and grading of artificial furcation involvements in jaw specimens
from cadavers. The diagnostic rate of dental radiographs
was 21% whereas HR-CT was 100%[28].
Soft tissue assessment
CBCT is a more appropriate tool for evaluating mineralized tissues than soft tissues[12]. However, a practical
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equivalent to direct surgical measurements[32].
Dimensions of alveolar process should be examined
in detail prior to dental implant placement to avoid various complications and evaluation of CBCT images has
a major importance in preoperative planning and postoperative localization of dental implants[8,33] (Figure 10).
Moreover, the evaluation of CBCT images are preferred
method to observe bone graft healing prior to dental
implant placement[17] (Figure 11). In a previous study[33],
which was based on measurement accuracy and reliability
of CBCT and MSCT with the specific implant planning
software package and the stereolithographic drill guide,
authors applied implant surgeries in a one-stage flapless procedure. The deviations were acceptable and no
complications were observed[33]. In contrary, authors of
another study concluded that CBCT may be deceptive
compared to direct caliper measurements and they found
that ridge mapping method gave more accurate results
than CBCT[34]. However, ridge mapping technique is an
invasive technique whereas CBCT is not.
CBCT evaluation can be used for determining the
width, height and distance to the anatomical structures of
alveolar process in pre-surgical dental implant planning.
Likewise, the surgical guide stents were used while dental
implant surgery was produced by aid of CBCT images
and software packages[17]. Immediate implant placement
enables one-stage surgery and eliminates bone recovery
time. In this technique, dimensions of alveolar process
which is selected for dental implant placement and relationships with adjacent anatomical structures of this
region should be carefully assessed[8,35]. Jin et al[35] studied
bone thickness evaluation on the buccal and palatal aspects of the maxillary canine and premolars using CBCT
and it was concluded that CBCT images might be advantageous in preoperative planning of dental implants[35].
As a summary, in cases, where two-dimensional imaging is an inadequate method for accurate diagnosis of
periodontal defect configuration and guiding for appropriate treatment planning, three-dimensional radiographic
examinations may be required. Periodontal intra-bony
defects and furcation involvements keep a challenge for
the examiner. Misdiagnosed or misclassification of these
pathologies can lead to progress of bone destruction and
teeth loss as a result of improper treatment[5,16]. CBCT
evaluation can be used for determining the width, height
and distance to the anatomical structures of alveolar process in pre-surgical dental implant planning. Likewise, the
surgical guide stents used during dental implant surgery
is produced by aid of CBCT images and software packages[17]. There are numerous studies that 3D imaging had
high accuracy in the detection of alveolar defects and
furcation involvements[18,25,27,28,31]. CBCT is well complied
for imaging the highly mineralized structures such as
bone or teeth but it cannot provide clear images of soft
tissues. However, a novel, CBCT-based method to display
and measure the dimensions of the palatal mucosa was
reported in a recent study[29,30]. There are contradictory
results on whether CBCT or conventional radiographs

A

B

Figure 9 The vertical alveolar bone defects are viewed in cone beam
computed tomography images (A, B) (white arrows) and the expansion of
periodontal ligament space is also seen in the right maxillary first premolar tooth (B) (black arrow).

imaging quality[25]. Authors evaluated periodontal defects
in human dry cadaver skulls using CBCT and traditional
methods. Consequently, they found that there was no
difference between intraoral radiography and CBCT in
linear measurements for all defects[22]. In another study[31],
authors evaluated accuracy and reliability of CBCT for
measuring alveolar bone height and detecting bony dehiscence and fenestration. CBCT measurements were found
to be equivalent to direct measurements and dehiscences
were diagnosed with higher accuracy than fenestrations[31]. CBCT and multi-slice CT (MSCT) images were
used for alveolar bone width measurements[18]. There was
no significance difference between the measurements obtained by CBCT and MSCT or direct measurements and
radiographic methods[18].
Regenerative periodontal therapy and bone grafts
Bone grafting is commonly used for maxillary sinus lifting and treatment of intra bony defects but evaluation
of osseous defect regeneration with conventional radiography can be insufficient due to superimpositions[25,32].
Furthermore, histological evaluation of a sample of the
graft is not a preferred method due to its quite invasive
procedure. CBCT was found to be significantly more
accurate than digital intraoral radiographs when direct
surgical measurements served as the gold standard for
the evaluation of intra-bony defects’ regenerative treatment outcomes. CBCT can replace surgical re-entry by
providing 3D images and measurements that are almost
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L
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P

Figure 10 The images acquired for preoperative implant planning are displayed the distances between the alveolar process of maxillary molar areas and
the bases of the maxillary sinuses (A), a curve is projected on the axial section (B) and the cross-sectional images are obtained (C).

A

B

C

D

Figure 11 The block graft and mini screw providing graft stabilization are placed in the maxillary anterior region (A and B), the amount of bone augmentation can be evaluated in the cross-sectional images (C and D).

are more efficient in evaluation of periodontal ligament
space[6,16].
Assessment of regenerative periodontal therapy and
bone grafts’ outcomes can be performed accurately and
reliably with CBCT imaging[17,32]. In conclusion, CBCT
applications provide obvious benefits in periodontology,
although it should be used when two-dimensional radiographs are insufficient considering the necessity and the
potential radiation hazards of the examination[36].
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Role of F-FDG PET/CT in pre and post treatment
evaluation in head and neck carcinoma
Bundhit Tantiwongkosi, Fang Yu, Anand Kanard, Frank R Miller
patients present with cervical lymph node metastasis
without obvious primary tumors on clinical examination or conventional cross sectional imaging. Treatment
planning includes surgery, radiation, chemotherapy or
combinations that could significantly alter the anatomy
and physiology of this complex head and neck region,
making assessment of treatment response and detection of residual/ recurrent tumor very difficult by clinical
evaluation and computed tomography (CT) or mag18
netic resonance imaging (MRI). F-2-fluoro-2-deoxy18
D-glucose positron emission tomography/CT ( F-FDG
PET/CT) has been widely used to assess HNC for more
than a decade with high diagnostic accuracy especially
in detection of initial distant metastasis and evaluation
of treatment response. There are some limitations that
are unique to PET/CT including artifacts, lower soft tissue contrast and resolution as compared to MRI, false
positivity in post-treatment phase due to inflammation
and granulation tissues, etc . The aim of this article is to
review the roles of PET/CT in both pre and post treatment management of HNSCC including its limitations
that radiologists must know. Accurate PET/CT interpretation is the crucial initial step that leads to appropriate
tumor staging and treatment planning.
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Abstract
th

Head and neck cancer (HNC) ranks as the 6 most
common cancer worldwide, with the vast majority being head and neck squamous cell carcinoma (HNSCC).
The majority of patients present with complicated locally advanced disease (typically stage Ⅲ and Ⅳ) requiring multidisciplinary treatment plans with combinations
of surgery, radiation therapy and chemotherapy. Tumor
staging is critical to decide therapeutic planning. Multiple challenges include accurate tumor localization with
precise delineation of tumor volume, cervical lymph
node staging, detection of distant metastasis as well as
ruling out synchronous second primary tumors. Some
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Core tip: Positron emission tomography/computed tomography (PET/CT) has proven to be useful in evaluation of carcinoma of unknown primary origin before
panendoscopy and biopsy, regional lymph node metastasis and distant metastasis. PET/CT could be the only
study that reveals residual or recurrent tumors when
the neck anatomy is markedly distorted after treatment. Limitations of PET/CT in evaluation of primary
tumor extent are also discussed to alert the radiologists
so they may suggest and correlate with appropriate im-
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edition[6]. The primary tumor extension (T stage) varies
from site to site given differences in specific anatomic detail of each site, while regional lymph node involvement
(N0 to N3 stage) shares similar classification with the exception of thyroid and nasopharyngeal cancers. Metastasis outside head neck regions (e.g., mediastinal and axillary
lymph nodes) represents distant metastasis (M stage)[6].
Precise tumor staging is critical for treatment planning
and prognosis. Prior to initiation of treatment, HNSCC
is clinically staged by using clinical examination, imaging,
and endoscopy with tissue biopsy or fine needle aspiration. Multiple studies suggest that PET/CT is superior
to conventional imaging (CT or MRI) in initial staging
and may alter management and treatment especially when
unexpected cervical lymph node and/or distant metastasis is discovered[2,5]. National Comprehensive Center
Network issued an update in clinical practice guidelines
in head neck cancer and PET/CT imaging in 2013 and
suggested using PET/CT for initial staging of the oral
cavity, oropharyngeal, hypopharyngeal, glottic, and supraglottic cancers for stage Ⅲ-Ⅳ disease as well as mucosal
melanoma and nasopharyngeal carcinoma (World Health
Organization class 2-3 and N2-3 diseases)[7].

aging modalities. The article utilizes diagrams and multi
planar reconstructed PET/CT from several histopathologically-proven cases with emphasis on imaging and
clinical correlation.
Original sources: Tantiwongkosi B, Yu F, Kanard A, Miller FR.
Role of 18F-FDG PET/CT in pre and post treatment evaluation
in head and neck carcinoma. World J Radiol 2014; 6(5): 177-191
Available from: URL: http://www.wjgnet.com/1949-8470/full/v6/
i5/177.htm DOI: http://dx.doi.org/10.4329/wjr.v6.i5.177

INTRODUCTION
Head neck cancers (HNC) are the sixth most common
cancer worldwide. It is estimated that there are an annual total of 53640 new head neck (oral cavity, pharynx
and larynx) cancer cases and 11520 deaths in the United
States in 2013[1]. There are many challenges in diagnosis,
pretreatment staging and post treatment evaluation in
these patients. The clinical signs and symptoms may be
nonspecific and can vary depending on the tumor site in
the head and neck (oral cavities, pharynx, larynx, nasal
cavity, paranasal sinuses, salivary glands, thyroid and skin).
Some cancers are so occult that escape detection by detailed physical examination, endoscopy and conventional
cross sectional imaging. Contrast-enhanced computed
tomography (CT), magnetic resonance imaging (MRI)
and positron emission tomography/CT (PET/CT) are
widely used to determine the presence and extent of the
tumors both before and after treatment. However, PET/
CT is superior to both CT and MRI in detection of carcinoma of unknown primary (CUP), cervical lymph node
metastasis, distant metastasis, residual tumor, recurrent
disease and second primary tumors resulting alteration in
treatment planning[2-5]. This article aims to review current
roles of PET/CT in head neck cancer in both pre treatment staging and post treatment assessment.
PET/CT is useful and approved by the Centers for
Medicare and Medicaid Services in patients with HNC
for both pre treatment and post treatment phases. Before
treatment, PET/CT can be used for delineation of extent
of primary tumor (T), detection of an unknown primary
tumor origin (T) or synchronous second primary tumor
(T), detection of regional lymph node metastasis (N) and
detection of distant metastasis (M). After therapeutic
treatment, it is proven to be helpful in the assessment of
therapy response, detection of residual primary tumor,
long-term surveillance for recurrence in both the primary
site and metastatic lymph nodes as well as the detection
of distant metastases.

Primary tumor staging (T)
The T stage of each site is determined by the size of the
primary tumor and invasion into the deep structures[6].
Contrast enhanced CT and MRI have been the primary
imaging modalities for evaluating T stage of HNSCC due
to their superior anatomic resolution and tissue contrast
as compare to PET/CT performed without intravenous
(IV) contrast. PET/CT performed with IV contrast provides both anatomic and metabolic details at the same
time. However, there is no clear recommendation for
routine use of PET/CT in initial T staging. Ha et al[2]
found that PET/CT upstaged T staging in 2 of 36 patients (5.5%) with subsequent changes in treatment planning. A prospective study by Scott and colleagues showed
that PET changed T staging in 6 of 71 patients (8.5%)[5].
MRI remains the preferred imaging method in the assessment of nasopharynx, oral cavity, perineural spread
and bone marrow invasion[8,9] while CT is the modality of
choice for the larynx and bony cortex invasion[10].
Oral cavity and oropharynx
Dental amalgam artifact is a unique problem for CT imaging in the oral cavity and oropharynx. When severe, it
can obscure the entire tumor particularly in the oral cavity. PET and MRI are less affected by this type of artifact
(Figure 1). MRI, however, is prone to motion artifact
given it requires more imaging time. PET/CT also has a
high false positivity due to normal lymphoid tissue uptake
in the Waldeyer’s ring. Seitz and colleagues did not find
additional value of PET/CT to MRI in T staging of oral
cavity and oropharyngeal cancers using histopathology
as the gold standard. This is thought to be due to limited
resolution of PET/CT in detection of small, superficial
lesions and lesions obscured by dental artifact[11]. PET/

PRE-TREATMENT EVALUATION
Standard staging of head and neck squamous cell carcinoma (HNSCC) follows the systematic TNM classification per American Joint Committee on Cancer seventh

WCR|www.wjgnet.com

375

March 28, 2015|First Edition|

Tantiwongkosi B et al . Role of PET/CT in head and neck carcinoma

A

C

B

Figure 1 Dental amalgam artifact obscuring an oral cavity tumor. A: The T2 left lateral oral tongue squamous cell carcinoma (arrow) was obscured by the dental
amalgam artifact on contrast-enhanced computed tomography (CT); B: The lesion is better evaluated on the contrast-enhanced T1W; C: Positron emission tomography/CT (PET/CT) images. Information from the PET portion is clearly less affected by streak artifact. However, PET/CT does not add additional information to magnetic resonance imaging in terms of primary oral cavity lesion extent for the majority of cases.
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B
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D

Figure 2 Positron emission tomography/computed tomography for delineation of oral cavity tumor extent. A
T4a oral and base of tongue squamous cell carcinoma (red
arrows) diffusely and symmetrically infiltrates the ventral
aspect of the tongue, whose margins are difficult to appreciate on contrast enhanced computed tomography (CT)
(A and B). On the other hand, positron emission tomography/CT (PET/CT) (C and D) clearly demarcates the tumor
extent.

CT has unique benefits in that it can reveal the full tumor
extent when the tumor is ill-defined with submucosal
extension and diffuse infiltration. This can help the clinician in differentiating tumor border versus normal tissue
planes (Figure 2).
A particular concern in the oral cavity is assessing
mandibular/bone involvement. Superficial mandibular
involvement by a resectable oral cavity cancer is often
treated by marginal mandibulectomy while gross mandibular invasion typically requires segmental mandibulectomy with composite free flap reconstruction[12] (Figure
3). Metabolic activity seen in the mandible tends to overestimate the presence of the tumor due to partial volume
averaging and misregistration artifact (Figure 4). The CT
portion of the PET/CT and ceCT has more sensitivity

WCR|www.wjgnet.com

and specificity than PET alone in assessment of mandibular invasion[13]. MRI is useful in detection of bone
marrow changes as compared to CT. CT is generally superior to MRI in the detection of cortical bone erosion.
Overall MRI has similar accuracy as compared to CT and
PET/CT. Accuracy is increased when the information of
multiple imaging modalities are analyzed if available[14].
Routinely CT is performed with the patient’s mouth
close and in neutral position. Apposition of oral cavity
and oropharyngeal structures can obscure the tumors.
CeCT with dynamic maneuvers (puffed cheek technique,
open mouth position or modified Valsava maneuver) can
delineate the presence and extent of the lesions[15]. The
puffed cheek technique performed during PET/CT scanning has been proven to be practical and improved lesion
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Figure 3 Positron emission tomography/computed
tomography for detection of mandibular invasion. A
T4a floor of mouth squamous cell carcinoma (white arrow) with through-and-through involvement (red arrow)
of the anterior mandible is demonstrated on axial contrast-enhanced computed tomography (CT) (A: Soft tissue window; B: Bone window), axial contrast-enhanced
magnetic resonance imaging (C: T1WI; D: Post contrast
enhanced T1WI with fat saturation), and positron emission tomography/CT (E: Axial; F: Sagittal).

Figure 4 Shine-through artifact on positron emission tomography/computed tomography. A T4a floor of mouth squamous cell carcinoma (arrow) appeared to extend to involve the
lingual cortex of the mandible seen on positron emission tomography/computed tomography (CT) (A), which is in fact artifactual.
The corresponding CT (B) bone window and intraoperative findings confirmed an intact mandibular cortex.

B

A

detection[16].

PET/CT tends to underestimate the extent and volume
of tumor in the nasopharynx, skull base, brain and orbits
as compare to MRI (Figure 5) which could have significant impact on staging or treatment planning especially
when the discordance is outside the nasopharynx [17].
Similar limitations of PET/CT are also noted in pediatric
nasopharyngeal carcinoma patients[18]. However PET/CT

Nasopharynx
MRI is known to be superior to PET/CT for the assessment of locoregional invasion (parapharyngeal space,
skull base, intracranium, sphenoid sinus) and retropharyngeal nodal metastasis by nasopharyngeal carcinoma[9].
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Figure 5 Positron emission tomography/computed tomography underestimates size and extension of the nasopharyngeal carcinoma and retropharyngeal lymph nodes compared
to magnetic resonance imaging. The approximate lateral
extension (red arrows) of the nasopharyngeal carcinoma is well
demarcated on magnetic resonance imaging (MRI) (A). The
tumor appears to be smaller on positron emission tomography/
computed tomography (CT) (B) as compared to MRI because
the lateral portion of the tumor is hypometabolic. Inferior to the
primary tumor site, there is metastatic bilateral retropharyngeal
lymphadenopathy (yellow and green arrows). The full extent of
retropharyngeal lymph node involvement is better assessed by
MRI (C) than CT (D). Only the right lateral retropharyngeal node
is FDG avid.

B

A

D

C

A

B

C

D

Figure 6 Positron emission tomography/computed tomography for
detection of small submucosal nasopharyngeal carcinoma when computed tomography and magnetic resonance imaging are unrevealing
in a patient presenting with metastatic cervical lymphadenopathy. Endoscopy was unremarkable. There was slight enhancement in the left side
of the nasopharynx (white arrows) seen on magnetic resonance imaging (A)
without abnormality on computed tomography (CT) (B). Positron emission
tomography/CT (PET/CT) (C and D) revealed a focal hypermetabolic region
in the left side of the nasopharynx (white arrows), suspicious for a submucosal tumor. Hypermetabolic left-sided cervical lymphadenopathy was also
noted (green arrow). Biopsy revealed squamous cell carcinoma at the site
of hypermetabolic activity in the left nasopharynx directed by PET/CT.

can be very helpful in identification of a subtle but focally hypermetabolic nasopharyngeal carcinoma when
CT and MRI findings are not obvious (Figure 6). In addition PET/CT has the advantage of screening for distant
metastatic disease.

glottic fat and the paraglottic fat by laryngeal carcinoma
(T3) increases the risk of regional lymph node metastasis.
These tumors tend to have a higher recurrence rate and
worse outcome when they invades the thyroid or cricoid
cartilages, particularly when full thickness cartilage invasion (T4a) occurs[19]. CT is more specific while MRI
is more sensitive in detection of cartilage invasion[10].
PET/CT without contrast adds no additional informa-

Larynx
In primary laryngeal tumors the invasion of the preepiWCR|www.wjgnet.com
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B

A

Figure 7 Laryngeal cartilage invasion. A large T4a squamous cell carcinoma of the larynx with through-and-through cricoid cartilage invasion (blue arrow) and extralaryngeal invasion (red arrow) demonstrated on both positron emission tomography/computed tomography (CT) (A) and contrast-enhanced CT (B).

A

B

C

D

Figure 8 Perineural spread. Positron emission tomography/computed tomography (A: Axial; B: Coronal; C: Axial; D:
Sagittal) demonstrates a T4b right oropharyngeal squamous
cell carcinoma (green arrow) spreading along the mandibular
branch of the trigeminal nerve (yellow arrow) through the right
foramen ovale (red arrows) to involve the right cavernous sinus
(black arrows). The left mandibular nerve in the foramen ovale
is normal (blue arrow).

Detection of CUP origin
Two to 7% of HNSCC patients present with metastatic
cervical lymphadenopathy without definite primary
sites[22,23] detected by a complete history (nonspecific
symptoms or no symptoms), thorough physical examination/office flexible fiberoptic endoscopy (small submucosal lesion), or conventional contrast enhanced CT/MRI
(small lesion obscured by normal lymphoid tissue). The
work up algorithm to search for the primary tumor is
shown in Figure 9.
The choice of treatment depends on staging and histology[24]. Failure to identify the primary tumor leads to
nontargeted treatment (bilateral tonsillectomies, bilateral
neck dissection, radiation to cover the whole pharyngeal
mucosa and neck)[25] resulting in increased complications,
morbidity and mortality.
Various studies show that PET/CT is able to iden-

tion to CT or MRI with IV contrast (Figure 7). However,
pretreatment PET/CT with IV contrast is valuable as a
baseline study to compare to the post treatment study[20].
Perineural spreading
Perineural spreading occurs when the tumor spreads
along the peripheral nerve away from the primary tumor
site, and is associated with poor outcomes. The patient
may be asymptomatic and it may not be detected during surgery[21]. MRI is the study of choice in detection
of perineural spread due to its high tissue contrast. It is
important for radiologists to be familiar with PET/CT
findings of perineural spreading as some patients may
not have MRI as the initial or post treatment evaluation.
On PET/CT, perineural spread can present with abnormal linear or curvilinear hypermetabolic activity along the
trigeminal or facial nerves[8] (Figure 8).
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Metastatic cervical lymphadenopathy with positive FNA showing squamous cell
carcinoma but unrevealing office flexible fiberoptic endoscopy, MRI/CT findings

PET/CT

EUA with directed biopsy in nasopharynx, base of
tongue, or other suspecious lesions and tonsillectomies
Positive

Positive

Negative

Negative
Panendoscopy with targeted biopsy
PET/CT

Definite targeted treatment

Definite targeted treatment

Positive

Positive

Negative

Directed biopsy in nasopharynx, tonsil,
base of tongue, pyriform sinus
Positive

Definite targeted treatment

EUA with biopsy

Definite targeted treatment

Negative
CUP

Nontargeted treatment

Negative
CUP
Nontargeted treatment

Figure 9 Algorithm in diagnosis and management of carcinoma of unknown primary. MRI: Magnetic resonance imaging; PET/CT: Positron emission tomography/computed tomography; CUP: Carcinoma of unknown primary.
Figure 10 Carcinoma of unknown primary. The patient
presented with palpable right level Ⅱa lymphadenopathy
(blue arrows). Fine needle aspiration of the lymph node
was positive for squamous cell carcinoma. Panendoscopy
without biopsy and contrast-enhanced computed tomography (CT) (A) were unremarkable. Positron emission
tomography/CT (B) showed a small hypermetabolic area
in the right palatine tonsil (red arrows) proven to be squamous cell carcinoma by biopsy.

B

A

Identification of second primary malignancy
Synchronous second primary malignancy (SPM) occurs
within 6 mo when the index primary cancer is detected.
Approximately 1.4% to 18%[34] of head neck cancer patients have SPM, especially when the index cancers are
laryngeal carcinomas. Most synchronous SPM are found
in the lung (Figure 11), head and neck region itself (Figure 12) or esophagus[35] with the majority of the tumors
being squamous cell carcinoma[36]. A recent study found
that human papillomavirus (HPV)-seropositive patients,
especially those who never smoked, have less risk of
developing SPM as compared to HPV-seronegative
group[37]. Since SPM is one of the main causes of death
in early-stage HNSCC, early detection and treatment of
SPM increases survival[34]. Detection of SPM also changes treatment planning[33]. A meta-analysis revealed 87.5%
sensitivity and 95% specificity of PET/CT in detection
of SPM or distant metastasis[38]. Negative PET/CT does
not completely exclude the presence of SPM[38].

tify the primary cancer 29% to 54% of cases with 62%
to 93% sensitivity, 33% to 93% specificity, 56% to 89%
positive predictive value (PPV) and 25% to 96% negative predictive value (NPV)[3,26-31]. The majority of the
primary cancers are found in the palatine tonsils or base
of tongue[32] (Figure 10). A high detection rate of up to
54% can be achieved when the combination of CT, MRI,
endoscopy under anesthesia and PET/CT are used. Due
to variable negative predictive value of PET/CT, otolaryngologists should still strongly consider panendoscopy
with directed biopsy and bilateral tonsillectomies when
PET/CT yields negative result[3]. Radiologists should be
aware of recent panendoscopy with biopsy before PET/
CT. Recent biopsy can cause false-positive result as high
as 50%[30]. It is still uncertain when PET/CT should be
performed after biopsy to avoid false positivity, therefore
if carcinoma of unknown primary is suspected it is best
to obtain PET/CT prior to endoscopy and biopsy/tonsillectomy[26,33]. Obtaining PET/CT prior to biopsy may
alert the clinician to suspected primary tumor sites and
avoid the false positive imaging result if PET/CT is obtained after biopsy.
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Lymph node involvement (N)
The likelihood of cervical lymph node metastasis in
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Figure 11 Synchronous second primary malignancy in the lung. A T4a supraglottic squamous cell carcinoma (red arrows) with extralaryngeal invasion is well demonstrated on computed tomography (CT) (A) and positron emission tomography/CT (B). There is a 3-cm hypermetabolic second primary squamous cell carcinoma (yellow
arrow) in the right lung apex, discovered at the same time in this patient who had an extensive smoking and drinking history. The rest of the exam is unremarkable.
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D

Figure 12 Synchronous second primary malignancy
in the head and neck region. A T4b right retromolar
trigone squamous cell carcinoma involving the masticator
space (blue arrow) was seen on positron emission tomography/computed tomography (PET/CT) (A). There was
another second primary tumor in the right aryepiglottic
fold (green arrows) causing no symptoms, demonstrated
by both PET/CT (B and C) and contrast-enhanced CT (D).

CT/MR size and morphologic criteria can be difficult[42].
A meta-analysis by Kyzas et al[39] showed higher sensitivity/specificity (80%/86%) of PET/CT as compared to
other conventional diagnostic modalities (75%/79%).
The higher sensitivity is due to the fact that PET can

HNSCC depends on location, histology and staging of
the primary tumor[39]. The presence of metastatic nodes
carries poor prognosis, decreases 5-year survival and
necessitates treatment in the neck[40,41]. Differentiation
between metastatic lymph nodes and reactive nodes by
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Figure 13 Hypometabolic necrotic lymph node.
A T1N1M0 right glossopharyngeal sulcus squamous
cell carcinoma (red arrow) is FDG avid on positron
emission tomography/computed tomography (PET/
CT) (A). There is a 1.7-cm necrotic right level Ⅱa
lymph node seen on contrast-enhanced CT (B). The
necrotic lymph node is hypometabolic and may potentially cause a false negative result if the CT portion
of the PET/CT or corresponding contrast-enhanced
CT were not correlated.

B

A

C

A

D

B

Figure 14 Lung metastasis at initial staging. A T3N2bM1 right base of tongue squamous cell carcinoma (black arrows) was FDG avid on positron emission tomography/computed tomography (A-D) with metastasis to the right level Ⅱa (red arrows) and lung (blue arrows).

show hypermetabolism in normal-sized metastatic lymph
nodes. However PET is not 100% specific because inflammatory reactive nodes and adjacent granulation tissue can increase uptake[43] yielding a false positive result.
Radiologists should be aware that small necrotic lymph
nodes may appear hypometabolic on PET especially in
hyperglycemic patients[44]. Therefore it is important to
analyze both morphologic and metabolic information derived from PET/CT (Figure 13).
HNSCC patients whose metastatic lymph nodes are
not palpable on physical examination or visualized on
imaging are determined to be clinically N0 (cN0) stage[6].
PET/CT failed to detect half of the cN0 which were
confirmed to have metastasis by histopathology. This is
thought to be due to small size of occult metastasis beyond resolution of PET (typically micrometastases < 5
mm), obscuration by physiologic glucose uptake in adja-
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cent organs or hyperglycemia. Therefore it is not recommended to routinely use PET/CT to assess possible cervical lymph node metastasis in cN0 setting[39]. However,
pretreatment PET/CT may still be useful as an optional
imaging to compare with the post treatment scan to discriminate malignant tissue from physiologic uptake[45].
Distant metastasis (M)
Approximately 7% to 25% of patients with advanced
stage HNSCC have distant metastases at initial presentation[46]. The most common sites of metastasis include
lung (Figure 14), bone and abdomen. Mediastinal lymph
node involvement is considered distant metastasis [6].
Contrast enhanced chest CT is commonly used to assess
intrathoracic spread with 73% sensitivity and 80% specificity[47]. Overall PET/CT is more accurate than conventional imaging in detecting metastatic foci[48]. A meta-

382

March 28, 2015|First Edition|

Tantiwongkosi B et al . Role of PET/CT in head and neck carcinoma

tion of the disease and altered the management of 13.7%
of the patients mainly due to the ability of PET/CT to
detect metastatic or additional disease.

A

POST TREATMENT EVALUATION
Therapy response assessment and residual tumor
detection
A small early-stage HNSCC (e.g., a T1N0 true vocal
cord carcinoma) can be treated with a single modality[51].
Advanced-staged disease (Stage Ⅲ and Ⅳ) typically needs
multimodality treatments including surgery, radiation
and chemotherapy[52]. Radical concurrent chemoradiation can be used as a definite therapy in preference to
surgery to achieve similar cure rates with less morbidity
and to preserve organ function[53]. Surgery and radiation
can cause significant inflammation, fibrosis and distortion of the anatomy preventing accurate differentiation
between residual tumor and complete tumor response
by conventional imaging[54,55]. Inaccurate post treatment
assessment may cause delayed or unnecessary treatment
resulting in increased mortality and morbidity[45]. Multiple
studies have shown that PET/CT is superior to conventional anatomic imaging in assessment of tumor response
and detection of residual tumor. This is helpful to the
surgeon in selecting the appropriate patients for salvage
surgery after chemoradiation[4,56-58].
The sensitivity, specificity, PPV and NPV of PET/CT
for detection of residual primary tumor were 94%, 82%,
75% and 95% respectively[4]. It is noted that PET/CT
has very high NPV, therefore negative result highly suggests absence of viable residual disease in both primary
site and neck (Figures 15 and 16). The low PPV is due
to treatment-related FDG-avid inflammation or infection (Figure 17). A positive PET/CT result in the post
treatment phase needs careful correlation with clinical
information and corresponding CT/MRI findings[45]. It is
suggested that PET/CT should be performed no sooner
than 2 mo after completion of treatment to avoid false
positive results; however it may be performed sooner if
there is clinically suspected recurrent disease[59]. We generally recommend performing PET/CT around 3 mo
after completion of treatment at our institution.

B

C

Figure 15 Complete treatment response at the primary tumor site. A T2N0M0
oral tongue squamous cell carcinoma (yellow arrow) seen on contrast-enhanced computed tomography (CT) (A) and positron emission tomography/CT
(PET/CT) (B) showed complete response after 3 mo of chemoradiation demonstrated on PET/CT (C). The tumor is no longer hypermetabolic. The patients
remained disease free for 3 years, proving true negative result of PET/CT.

analysis by Xu et al[49] revealed sensitivity and specificity
of PET/CT around 87.5 % and 95% respectively. It is
very important to detect distant metastases early in the
workup as it changes prognosis and management. Extensive surgery with curative intent may cause significant
morbidity and mortality and may be avoided in the event
of documented distant metastases. PET/CT is recommended when distant spread is suspected in HNSCC
patients with locoregionally advanced stage. However,
negative PET/CT does not completely exclude absence
of metastasis[49].

Long-term surveillance
The purpose of obtaining PET/CT as a surveillance
tool is to allow for the early detection of recurrent disease (both in the primary site and the neck) (Figure 18),
assess for a metachronous second primary tumor (Figure
19) and to rule out distant metastases (Figure 20). PET/
CT has 93% to 100% sensitivity and 63% to 94% specificity in detection of recurrent tumor in both primary
site and the neck respectively[45,60,61]. The NPV of a single
PET/CT and double PET/CT (obtained within 6 mo
period) are 91% and 98% respectively. Negative results
of two consecutive PET/CT studies could potentially
eliminate the need for routine post treatment imaging
if there is no clinical suspicion of tumor recurrence[62].

Change in initial staging and management
Lonneux et al[50] performed a multicenter prospective
study to evaluate the impact of PET/CT on the initial
staging and management of patients with HNSCC. The
group found that PET/CT improved the TNM classifica-
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Figure 16 Complete response of a metastatic lymph node. A T2N2bM0 right palatine tonsil squamous cell carcinoma (red arrow) and right level Ⅱa metastatic
lymph node (yellow arrows) were seen on both contrast-enhanced computed tomography (CT) (A) and positron emission tomography/CT (PET/CT) (B). After chemoradiation, the node was smaller on contrast-enhanced CT at 6 wk (C) and hypometabolic on PET/CT at 4 mo (D), representing complete response to treatment. Negative physical examination and PET/CT at 1 year (E) confirmed true negative result of the PET/CT performed at 4 mo.
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Figure 17 False positive positron emission tomography/
computed tomography result due to post treatment infection. A T3N0M0 left supraglottic squamous cell carcinoma
showed edema and necrosis at the tumor site (red arrows) on
contrast-enhanced computed tomography (CT) (A and B) at
5 wk after chemoradiation and increased uptake on positron
emission tomography/CT (PET/CT) (C and D) at 10 wk. The patient had severe throat pain and fever. A residual tumor can not
be excluded, therefore endoscopy with biopsy was performed
showing radiation-induced inflammation, tumor necrosis and
superimposed actinomycosis causing a false positive result on
PET/CT. Due to lack of viable tumor, no salvage surgery was
performed. The patient was disease free at two-year follow up.

In addition there are no differences in survival between
PET/CT detected and clinically detected recurrences[63].
Although there is an appreciable radiation dose and lifetime cancer risk associated with PET/CT, the use of this
examination is warranted when utilized in the appropriate clinical setting[64].
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Metachronous second primary tumor may occur after
6 mo of the index primary tumor with 2.8% annual rate[65]
(Figure 21). The incidence of distant metastasis following
definitive treatment is 9% with the risk increased in patients with locally advanced stages[65,66]. Overall 17.9% of
HNSCC patients develop second primary cancers and/or
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Figure 18 Recurrent primary tumor detected by positron emission tomography/computed tomography. A T3N0M0 right palatine
tonsil squamous cell carcinoma was demonstrated on axial T2W
magnetic resonance imaging (MRI) (blue arrow) (A) and coronal
contrast-enhanced T1W MRI (B). MRI and positron emission tomography/computed tomography (PET/CT) performed 2 and 3 mo after
completion of chemoradiation demonstrated complete treatment
response (not shown). Surveilance PET/CT (C and D) revealed
intense increase metabolism in the right palatine tonsil and medial
pterygoid muscle (red arrows) representing a recurrent squamous
cell carcinoma.

Figure 19 Recurrent nodal disease. A T2N1M0 right hypopharyngeal
squamous cell carcinoma status post completed chemoradiation 2.5
years ago with complete response (not shown). The patient presented
with right sided level Ⅱ lymphadenopathy. Computed tomography (CT)
without contrast (A) showed an ill-defined mass in the right level Ⅱ.
Positron emission tomography/CT (PET/CT) (red arrow) (B) demonstrated very intense metabolism in the mass. Biospy confirmed a recurrent squamous cell carcinoma in the right level Ⅱa node.
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A

B

C

D
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Figure 20 Failure of treatment due to distant metastasis. A T4aN2cM0 right base of
tongue squamous cell carcinoma (red arrow)
with bilateral level Ⅱa metastatic lymphadenopathy (white and yellow arrows) seen on
positron emission tomography/computed
tomography (PET/CT) at initial staging (A
and B). The patient received chemoradiation.
PET/CT (C and D) performed at 3 mo after
treatment showed new lung metastases (blue
arrow).
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Figure 21 Metachronous second primary tumor. A T1N0M0 left floor of mouth squamous cell carcinoma (SCC) (not shown) s/p wide local excision with primary
closure and selective neck dissection 3 yr ago. Surveilance positron emission tomography/computed tomography (A-C) showed a recurent SCC at left floor of mouth
(yellow arrow) and two metachronous second primaries at the left hypopharyngx (black arrow) and left base of tongue (red arrow).

distant metastasis, especially in patients with recurrent diseases[38,66]. The identification of distant metastatic lesions
at the time of restaging recurrent tumors may allow the
clinician to avoid aggressive surgery and focus on palliative chemoradiation options[66]. PET/CT has strong utility
in detecting second primary tumors or distant metastases
with a sensitivity and specificity of 88.8% and 95.1% respectively[38].

5

6
7

CONCLUSION
In the pre-treatment phase, PET/CT is useful in the evaluation of patients with carcinoma of unknown primary
origin before panendoscopy and biopsy, detection of
synchronous second primary tumor, staging of cervical
lymph node metastasis and assessing for distant metastases. In the post-treatment phase, it is clear that PET/CT
is recommended to assess treatment response, detect
residual/recurrent tumor and rule out distant metastases.
Radiologists should carefully analyze both CT and PET
information and correlate it with other imaging modalities, previous studies and clinical information.
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Core tip: Fluorodeoxyglucose positron emission tomography (FDG PET) computed tomography (CT) scans
should be obtained for patients for squamous cell carcinoma of the head and neck whenever clinically indicated and feasible. Pre-treatment scans are helpful in
detecting the sites of primary cancer, staging the tumor
and ruling out the presence of distant metastases. For
patients undergoing radiation therapy, PET/CT scans
provide anatomic as well as functional information to
aid in treatment planning. After completion of radiotherapy, PET scans should be obtained approximately
12 wk after treatment to assess treatment response
and to determine if any salvage therapy is required for
persistent, recurrent or metastatic disease.

Abstract
The use of fluorodeoxyglucose positron emission tomography (FDG PET) scan technology in the management of head and neck cancers continues to increase.
We discuss the biology of FDG uptake in malignant
lesions and also discuss the physics of PET imaging.
The various parameters described to quantify FDG uptake in cancers including standardized uptake value,
metabolic tumor volume and total lesion glycolysis are
presented. PET scans have found a significant role in
the diagnosis and staging of head and neck cancers.
They are also being increasingly used in radiation therapy treatment planning. Many groups have also used
PET derived values to serve as prognostic indicators of
outcomes including loco-regional control and overall
survival. FDG PET scans are also proving very useful in
assessing the efficacy of treatment and management
and follow-up of head and neck cancer patients. This
review article focuses on the role of FDG-PET computed tomography scans in these areas for squamous
cell carcinoma of the head and neck. We present the
current state of the art and speculate on the future
applications of this technology including protocol development, newer imaging methods such as combined
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INTRODUCTION
Head and neck cancers (HNC) account for approximately
650000 new cancers each year across the world and result
in about 350000 deaths, representing 6% of all cancer
cases[1,2]. In the United States, approximately 52000 new
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cases of oral cavity, pharyngeal and laryngeal cancers are
diagnosed every year with approximately 11000 deaths[3].
Approximately 95% of these are squamous cell carcinomas (HNSCC) and they often present in locally advanced
stages. The treatment of head and neck cancers involves
a multi-disciplinary approach and includes surgery, radiation therapy and chemotherapy. Traditional staging
approaches for head and neck cancers include clinical examination and surgical pathologic staging. The advent of
concurrent radiation and chemotherapy for organ preservation in head and neck cancers has reduced the incidence of surgical resection especially in locally advanced
larynx cancers and oropharynx cancers[4,5]. However, this
has also brought forth the need to have detailed noninvasive imaging techniques to accurately identify tumor
size and location, cervical lymph node involvement and
presence or absence of distant metastases. The use of
computed tomography (CT) scans and magnetic resonance imaging (MRI) scans allowed structural and anatomical information to be obtained and vastly improved
the ability of oncologists to clinically stage these patients
appropriately. However, the use of fluorine-18-fluorodeoxyglucose positron-emission tomography (FDG-PET)
has added a new biologic and functional end-point to
these imaging techniques and opened a whole new arena
for research and development in management of head
and neck cancers. Additionally, PET/CT and PET/MRI
combinations are now able to provide both anatomic and
functional information in co-registered images.
The review will focus on the current applications of
FDG PET/CT scans in management of squamous cell
cancers of the head and neck. The use of PET/MRI
and FDG PET/CT for other head and neck cancers (e.g.,
salivary gland, thyroid cancers etc.) is beyond the scope of
this review.

FDG into the cell. In the next step, both glucose and
FDG are phosphorylated by the hexokinase enzyme.
Glucose, upon phosphorylation, enters the glycolytic
pathway for energy production. FDG, on the other hand,
cannot undergo glycolysis and is trapped as FDG-6phosphate in the intracellular environment. This trapped
FDG can then be imaged to spatially locate the metabolically active cancer cells. FDG uptake in cancer cells of
HNSCC was shown to be significantly correlated with
cell proliferation by flow cytometry[14,15].

PHYSICS OF PET IMAGING
A detailed description of the physics of FDG-PET
scanning is beyond the scope of this review. However,
in brief, at the heart of this imaging technique is the radioisotope 18F. It is produced using a cyclotron and has a
half-life of 110 min allowing it to be transported for use
in PET scanner facilities.
18
F decays by positron (β+) emission 97% of the time
and is converted to oxygen-18. The emitted positron travels a short distance in soft tissue, decelerates rapidly and
interacts with an electron near the end of its track. This
interaction is called the annihilation reaction and mass is
converted to energy with the release of two 0.511MeV
photons which travel outwards at 180° to each other.
These annihilation photons are detected by scintillators
and a simultaneous or coincident detection of these
photons makes it possible to spatially localize the point
of origin. The information is collected on a multitude of
such coincident events and processed to generate a PET
image.
Nowadays, most PET scans are co-registered with
simultaneously obtained CT scans to produce PET/CT
images which give functional information along with
anatomic co-localization. For areas like the head and neck
a smaller area can be scanned with intravenous contrast
administration to obtain further normal tissue anatomy
and tumor extent.

BIOLOGY OF FDG-UPTAKE
Rapidly proliferating cancers cells utilize glucose as a
source of energy and metabolism. Glucose undergoes
glycolysis after intracellular transportation. This transportation is mediated by a family of glucose transporter
proteins (GLUTs)[6-8]. These trans-membrane proteins
allow energy independent transport of glucose across the
hydrophobic cell membrane. Thirteen GLUTs have been
identified of which GLUT1, GLUT3, and GLUT4 have
high affinity for glucose. The expression of GLUTs is
induced by hypoxia-inducible factor, growth factors and
various oncogenes[9]. Increased expression of GLUT1
has been found in many cancers, including head and neck
cancer[9]. The degree of expression of GLUT1 has also
been shown to be associated with aggressiveness of the
cancer. Elevated glycolytic activity and increased expression of GLUT1 are found in advanced cancer stages and
predict significantly poorer treatment outcomes[10-13].
Fluorine18-FDG (18F-FDG) is an analog of glucose
with 18F occupying the position of oxygen on carbon-2.
Similar to glucose, GLUTs facilitate the transport of 18F-

WCR|www.wjgnet.com

QUANTITATIVE IMAGE INTERPRETATION
In order to be used as a valid imaging biomarker, accurate
and reproducible quantification of FDG uptake is necessary. A simplified measurement using standardized uptake
value (SUV), given by the following formula, is now the
most widely used method for the quantification of FDG
up take.

Tissue activity ( µCi / ml )
Injected Dose ( mCi )
Body weight ( kg )
In this formula, tissue activity is the radioactivity measured by the PET scanner within a region of interest (ROI)
or the maximal value; injected dose is the dose of 18FFDG administered, corrected for physical decay. The SUV
in this formula represents the activity of 18F-FDG within
the tumor measured over a certain interval after 18F-FDG
SUV =
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injection and normalized to the dose of 18F-FDG administered and to the body weight[16].
There are many different factors that can affect 18FFDG uptake and its subsequent quantification. The biologic factors include blood glucose level, interval between
injection and start of PET study, patient motion and
breathing, patient comfort, and inflammatory process
near or at the tumor. There are also many technical and
physical factors such as attenuation correction, calibration, image reconstruction, data analysis, etc, which are
beyond the scope of this review and have been discussed
by others[17-20]. Despite these, it has been shown that there
is a good correlation between SUV and glucose utilization rate in various cancers including HNSCC[21].
Various forms of SUV-based parameters have been
described in literature. These include: (1) SUVmax- This
measures the highest (maximal) SUV in a region of interest. This has been the most common used parameter in
clinical practice as it is thought to be the most reproducible and independent of how the ROI is defined. However, it represents only a single point within the tumor/
lesion and may not be representative of the entire tumor
volume; (2) SUVmean or SUVaverage- This value may
provide a more global picture of the tumor activity as it
averages the intensity of uptake in a region of interest
(ROI). This, however, suffers from the subjectivity and
variability of the definition of this ROI which may differ
between individuals and institutions; (3) Metabolic tumor
volume (MTV)- This is measured in cubic centimeters
and represents the tumor volume with active FDG
uptake. There is no standard way for tumor segmentation from PET images (For further discussion, refer to
Chapter 4 on PET in radiotherapy treatment planning).
Threshold-based method is often used. Some authors
used a threshold of SUV > 2.5. Others used 40% or 50%
SUVmax as a threshold. The MTV is measured as the
tumor volume with SUV above the threshold selected.
However, the volumes vary significantly depending on
the threshold selected; and (4) Total lesion glycolysis
(TLG) - This is a product of the tumor volume, determined by CT - scan or MRI, and SUVmean.

ing tests[22]. Such cases are labeled as unknown or occult
primary head and neck cancers. Pathologic evaluation of
the nodes, usually by fine needle aspiration, may reveal
a diagnosis of squamous cell carcinoma or adenocarcinoma. Squamous cell histology indicates that the primary
site is likely in the head and neck while adenocarcinomas
mainly arise below the clavicle (e.g., lung cancer, gastric
cancer). The traditional method for detection of the
primary site in cases of squamous cell histology involves
examination under anesthesia and random biopsies from
the nasopharynx, oropharynx, hypopharynx, larynx and
any mucosal areas which appear abnormal. Tonsillectomy
is often performed. These maneuvers are able to detect
the primary site in about half of the cases initially labeled
as unknown primary head and neck cancers[23].
FDG-PET scans have been proven to be an invaluable tool in these cases. Rusthoven et al[24] summarized the
results of 16 published studies with a combined total of
302 patients to evaluate the role FDG-PET in unknown
primary head and neck cancers. They reported that
FDG-PET was able to detect primary tumors in 24.5%
(range, 5% to 73% in various studies) cases where conventional methods were unsuccessful. The primary site
was found at the base of tongue in 27 patients (24.3%),
tonsils in 20 patients (18.0%) and below the clavicle in
27 patients (24.3%). The sensitivity, specificity, and accuracy of FDG-PET in the detection of primary tumors
were 88.3%, 74.9%, and 78.8%, respectively. Interestingly, PET scans were able to identify an additional 16%
regional nodal metastases and 11% distant metastases
previously undiscovered. Several prospective studies have
confirmed these findings[22,25]. Rudmik et al[25] recently
reported results of 30 patients who underwent PET/CT.
PET/CT was performed after conventional workup and
prior to operative panendoscopy. The surgeons were
blinded to the results. Patients had routine examination
under anesthesia and directed biopsies, and the PET/CT
results were then revealed to the surgeon intraoperatively.
Additional biopsies were taken if the PET/CT was positive. The traditional work-up identified tumors in 25% of
patients, whereas PET/CT-directed biopsies revealed the
primary lesion in 55% of patients. The sensitivity, specificity, positive predictive value, and negative predictive
value of PET/CT in detection of primary tumor were
92%, 63%, 79%, and 83%, respectively.
Detection of the site of primary cancer allows directed therapy to the tumor (surgery or radiation therapy)
while sparing or minimizing the toxicity to uninvolved
mucosal areas or tissues. The current paradigm for diagnosis and staging work-up for unknown primary cancers
involves obtaining a PET/CT and then obtaining directed biopsies from the suspicious areas. Figure 1 illustrates
a patient who presented with multiple left neck nodes.
Conventional workup failed to identify the primary tumor but PET showed the primary tumor in left base of
tongue.
As noted above, PET scans have also helped in identification of previously unidentified involved cervical

USE OF PET/CT IN THE DIAGNOSIS
AND STAGING OF HEAD AND NECK
CANCERS
Primary cancers of the head and neck are mainly diagnosed by clinical examination in the office and supplemented by imaging studies such as CT scans and MRI.
Staging of the primary tumor, i.e., T-stage in the American Joint Committee on Cancer (AJCC) staging system,
mainly depends on the tumor size and invasion of the
primary tumor, which is better assessed by CT and MRI
imaging.
Occasionally, in about 2%-9% of cases, patients may
present with a lymph node in the neck with no obvious
primary site visible on clinical or routine diagnostic imag-
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Figure 1 Computed tomography. A: A patient presented with multiple left neck nodes (arrows); B: The conventional methods as well as the computed tomography (CT)
imaging could not identify the primary tumor; C: A positron emission tomography/CT scan showed increased fluorodeoxyglucose uptake in the left base of tongue (arrow)
and a directed biopsy of this area confirmed the primary site.
Figure 2 Increased fluorodeoxyglucose positron-uptake in the
low neck revealed a metastatic lymph node which would otherwise be difficult to detect because of the presence of muscular
and vascular structures in this region of the neck.

involved nodes are reported to be 90% or higher[27].
Local-regionally advanced head and neck cancers
metastasize to mediastinal lymph nodes, lungs, bone and
liver. PET scans are also helpful in ruling out presence of
distant metastases as PET images in head and neck cancer are often obtained from skull base to hips and PET
are more sensitive in small metastasis than CT. Various
reports have documented the incidence of distant metastases as detected by PET scans ranging from 6% to 25%
for stage Ⅲ/Ⅳ head and neck cancers[29-34]. The sensitivity and specificity of PET scans for the detection of
metastases are 77% and 94%, respectively. Hearle et al[35]
noted distant metastases in 10% of 299 patients evaluated with 97% sensitivity and 96% specificity. These PET
findings resulted in a change in the management plan in
8% to 15% of cases[30,36]. Figure 3 shows a head and neck

lymph nodes. Various CT and MRI based criteria have
been developed to label lymph nodes are being involved
by cancer or not [26]. However, this may still result in
20%-30% rate of false-positive and false-negative results.
Various reports comparing FDG-PET with other imaging modalities including ultrasound, CT and MRI have
consistently reported a much higher sensitivity and specificity for PET scans when compared with the gold-standard, surgical lymph node dissection[27,28]. This has specially been helpful in detecting lymph nodes which are at
a distance from the primary or in the contralateral neck,
especially when the lymph node has not reached size criteria by CT/MRI. PET is also very helpful in detecting
involved lymph nodes in the lower neck where there are
complex muscular and vascular structures (Figure 2). The
average sensitivity and specificity for PET scan to detect
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radiation dose to different adjacent structures, also called
dose painting, thus enabling delivery of high dose to
the tumor targets while sparing the normal tissues. The
use of IMRT has led to a reduction in xerostomia and
improvements in quality of life following treatment[44-46].
However, highly conformal treatments can lead to disease
not being included in the high-dose radiation treatment
volume, resulting in locoregional failures. On the other
hand, over-drawing the target volumes can result in highdose radiation being unnecessarily delivered to normal
tissues that may lead to increased toxicities. Therefore,
accurate delineation of the tumor volume and regions at
risk are critical in order to achieve the best treatment outcomes.
Since FDG PET scan has a high sensitivity in detecting tumor, it plays an important role in radiation treatment planning especially in IMRT planning. FDG PET
scan is routinely obtained and co-registered with treatment planning CT images for treatment planning. Currently there are following several practical applications of
PET in radiation treatment planning: (1) Detecting small
lymph nodes that are not size criteria in CT and including
these nodes in high dose target. In general, lymph nodes
less than 1.0 cm in CT or MRI are usually called benign.
However, PET scan has higher resolution and can detect
malignant node as small as 0.5 to 0.6 cm. As mentioned
above, PET has a high sensitivity for malignant lymph
node, reported being up to 90%. Therefore, PET avid
nodes are included in the high dose radiation targets especially when biopsy confirmed to be malignant. Figure
6 shows a patient with nasopharyngeal cancer, initially
staged as T1N0 after conventional workup. However,
FDG PET revealed hypermetabolic foci in the primary
tumor in the nasopharynx and in bilateral level II lymph
nodes which were small and were not called as lymphadenophy in the CT and MRI (Figure 6B). Fine needle biopsies of the right level II lymph node was obtained and
confirmed to contain metastatic disease. Therefore, these
lymph nodes were included in the high dose area in the
IMRT plan (Figure 6C); (2) Detecting the primary tumor
in patients who present with “unknown primary” and
including the primary tumor in the high dose target. As
mentioned above, in head and neck cancer with unknown
primary, FDG PET can detect primary tumor in 25% of
patients where conventional work up were unsuccessful.
Most of these primary tumors are in the oropharynx,
such as tonsil and the base of the tongue. When the
primary tumor is detected, the patient is treated with radiation field tailored to the primary tumor, thus avoiding
radiating the whole pharyngeal axis which is the standard
radiation technique in patients with unknown primary.
Figure 7 illustrates the IMRT plan for the patient with the
primary tumor detected in PET. The left base of tongue
tumor detected by PET was included in the high dose
field while the larynx and nasopharynx were spared; (3)
Accurate delineation of the edge of the primary tumor.
Accurate delineation of the edge of tumor to generate
gross tumor volume (GTV) is the first step in target de-

Figure 3 Small bone metastases detected in a patient with head and neck
squamous cell carcinoma (arrow). These lesions were not visible on the
computed tomography scan.

cancer patient with small bone metastases detected by
PET scan but these lesions were missed in the CT scan.
The use of tobacco products (chewing and smoking)
and alcohol have been associated with the development
of head and neck cancers. This risk extends to other sites
of the aero-digestive tract including lung and esophageal
cancers. Synchronous primary cancers have been noted
in approximately 10% of head and neck cancer patients.
Strobel et al[37] reported 69 synchronous primary cancers
in 62 patients among 589 consecutive patients imaged
with PET scans. Most (80%) of these were in the upper
aero-digestive tract. A recent report from Japan noted
a higher rate (18%) of second primary cancers among
230 head and neck cancer patients[38]. Evaluation of the
diagnostic sensitivity showed that PET scans were most
likely to detect second primaries in other head and neck
sites and lungs while the sensitivity for finding gastric and
esophageal cancers was much lower at 25% and 7.6%, respectively. Needless to say, the discovery of these second
primary cancers resulted in a change in the management
plan for these patients. Figure 4 shows a patient who
presented with right oral tongue cancer and PET was
obtained as part of the workup that revealed he also had
a cancer in the soft palate as well in the upper esophagus.
Figure 5 is an example of a patient with a synchronous
laryngeal and lung squamous cell carcinomas.

RADIATION THERAPY PLANNING
Radiation treatment plays an important role in the management of head and neck cancer. Radiotherapy is given
as a definitive treatment when the tumor is not resectable
or when organ preservation is preferable[5,39]. Radiotherapy is also given to patients who have high risk pathology features after surgery[40,41]. Chemotherapy is often
administrated concurrently with radiotherapy in locally
advanced disease.
In the past decade, intensity-modulated radiotherapy
(IMRT) has become a standard radiation technique in
head and neck cancer[42,43]. IMRT is a highly conformal
radiation technique which allows delivery of different
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Figure 4 A positron emission tomography scan was
obtained in a patient with a diagnosis of right oral
tongue cancer (anterior arrow in axial views). The positron emission tomography/computed tomography revealed
two additional primary cancers, one in the soft palate and
the other in the upper esophagus.

Figure 5 A patient with a synchronous laryngeal and lung squamous cell carcinomas. A 70-year-old male with diagnosis of squamous cell carcinoma of the
glottic larynx T3N0M0 (A and B; arrow). He underwent a positron emission tomography/computed tomography scan which revealed additional lesions in the right lung
which were biopsied endobronchial and shown to be a second primary lung cancer with mediastinal lymphadenopathy (C and D; arrows).

lineation for IMRT planning. It is often difficult to separate the tumor from surrounding soft tissue and muscle
in CT imaging which is the primary imaging modality in
radiation treatment planning, especially for tumor in the
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oral tongue and oropharynx. Figure 8 shows a patient
with oral tongue cancer, comparing CT (Figure 8A) vs
PET (Figure 8B). The border of the tumor in the CT
was not very clear, difficult to separate from the tongue
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Figure 6 A patient with nasopharyngeal cancer. A: Initial stage was T1N0 when the patient was referred to our institution after conventional workup (arrow in axial
image); B: Fluorodeoxyglucose positron emission tomography revealed hypermetabolic foci in the primary tumor in the nasopharynx and in bilateral level Ⅱ lymph
nodes which were small and were not called as lymphadenophy in her computed tomography and magnetic resonance imaging. Fine needle biopsies of these lymph
nodes were obtained. The right level Ⅱ node (arrows) was confirmed to contain metastatic disease, while the left level Ⅱ lymph node was not diagnostic; C: Intensity
modulated radiotherapy plan for this patient. The right level Ⅱ node was treated to a high dose of radiation. The lower neck was treated with an anterior-posterior field
(From Woods C, Sohn J, Machtay M, Yao M. Radiation treatment planning for head and neck cancer with PET. PET Clinics 2012; 7: 396; with permission).

radiation for better local regional control and survival.
Postoperative radiotherapy is often given 4 to 6 wk after
surgery when the surgical wound is fully healed. However, some patients may have local regional recurrences
even before radiation. Because of the anatomical distortion and fibrotic changes after surgery, and flap reconstruction, these recurrences are difficult to be detected by
physical examination and CT imaging. FDG PET is ideal
imaging modality at this setting. Shintani et al[53] reported
91 consecutive patients referred to postoperative adjuvant radiation after complete surgical resection. These
patients had FDG PET obtained at a median time of 28
d after surgery. They reported 27 patients with suspicious
PET findings. Further biopsies led to changes in adjuvant
treatment in 14 patients (15.4%), including increasing the
radiation therapy dose in 6 patients, and extending the radiation therapy treatment volume and increasing the dose
in 1 patient. Liao et al[54] also reported 29 patients who
had a PET scan obtained before postoperative radiation.
They found 7 patients with positive PET studies, 3 with
distant metastases and 4 with local regional recurrences.
For those who had local regional disease detected by the
PET, the radiation volumes and radiation dose have to be
changed, with higher dose delivered to the recurrent tumor. Thus, for patients with high risk features, especially
for those who have a prolonged interval from surgery to
radiation, a post-surgery and pre-radiation FDG PET will
be valuable in treatment decision and radiation treatment
planning.
Following are some active investigations in further ex-

Figure 7 Treatment plan for the patient described in Figure 1. The base of
tongue was found to be the primary cancer site and this area was included in
the high dose intensity-modulated radiotherapy plan while sparing uninvolved
mucosal areas.

muscle. Yet, the PET showed sharp contrast between
the tumor and sounding tissue. The GTV based on CT
(Figure 8C) is much larger than that based on PET (Figure 8D). Several studies have published comparing GTV
generated by CT vs those when PET was incorporated,
and noted a trend for decreasing GTVs when PET was
used[47-52]. Some studies also showed that the interobserver variability deceased when PET was used for target delineation[47]; and (4) In postoperative radiation, detecting
recurrent tumor even before radiation and including the
recurrent tumor in high dose target. Patients with high
risk pathology features are treated with adjuvant chemo-
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Figure 8 A patient with oral tongue cancer. The edge of the tumor was not very clear in the computed tomography (CT) image (A), but more obvious in the PET
image (B). Gross tumor volume was outlined based on CT scan (C) vs with fluorodeoxyglucose positron emission tomography/CT (D). The volume included is larger
with CT alone.

ploration how to use PET in radiation treatment in head
and neck cancer: (1) Subvolume delineation and dose
escalation. Tumors are not homogeneous. Since FDG
uptake is correlated with tumor aggressiveness, the region
of the tumor with higher FDG uptake may harbor more
aggressive cancer cells and may require higher radiation
dose to eradicate. Indeed, FDG-avid regions in the tumor have been shown to be correlated with hypoxia that
is associated with tumor radioresistance[55,56]. With the
dose painting capability of IMRT, a higher radiation dose
can be delivered to these tumor subvolumes to achieve
potentially better tumor control. Schwartz et al[57] studied
theoretical IMRT models using PET derived volumes in
20 patients with head and neck cancer. They found that
a mean dose of 74.9 Gy (range, 71.53-80.98 Gy) could
be delivered to the PET-avid volume without overdosing
the adjacent critical structures. Madani et al[58] conducted
a Phase I study of dose escalation to FDG-avid subvolmes. They reported it was feasible to deliver a radiation
boost of 30 Gy in 10 fractions to the PET tumor volume
before standard IMRT treatment, and they are planning
a randomized phase II trial comparing this treatment
regimen with standard IMRT; and (2) Adaptive radiation
therapy. During the course of radiation treatment, the
patient can have significant physical/anatomical changes
due to tumor response. A second CT simulation and replanning are required in order to ensure the tumor is being dosed appropriately. Changes also occur in the FDG
uptake of the tumor during the course of radiotherapy
and some investigators have explored adaptive radiotherapy and planning techniques to alter the plan based
on the changes in PET imaging[59,60].

treated with definitive radiation and chemotherapy and
for detecting residual and recurrent disease. PET/CT
scans are usually performed 2 to 3 mo after treatment
completion. The optimal timing of obtaining the scan
has been debated in literature and based on many reports it has been determined that the 12-wk time point
after completion of therapy may be the most appropriate[31,61,62]. Scans obtained at earlier time-points (< 8 wk)
have a high rate of false-positive FDG uptake in the radiation treatment field due to inflammatory changes. Scans
done too late (> 16 wk) may allow residual loco-regional
disease to grow and metastasize. If increased FDG uptake is noted at the primary site, patients should undergo
a biopsy followed by a surgical resection for residual disease. Figure 9 shows a serial PET/CT scans in a patient
treated for oropharyngeal squamous cell carcinoma.
The role of FDG PET/CT in decision making for
neck dissection after chemoradiation has also been extensively investigated. Yao et al[63] reported a 100% negative
predictive value (NPV) and 43% positive predictive value
(PPV) for PET scans done 12 wk after radiation in 53
patients who were noted to have a complete response at
the primary site. A prospective study in 112 consecutive
patients reported by Porceddu et al[64] also noted the utility of the 12-wk post radiochemotherapy PET scan in
decision making for neck dissection. Patients who had
equivocal PET results underwent another scan 4 to 6 wk
later. Patients who had CT abnormalities but were PETnegative were observed and no subsequent neck node
failures were noted in these patients. Nine patients continued to have PET-positive disease in the neck of which
8 underwent surgery. Residual disease was noted pathologically in 6 of these 8. Another prospective study from
MD Anderson Cancer Center reported on 98 patients[65].
They stratified patients into low-risk and high-risk groups
based on tumor stage, nodal stage, overall stage, tumor
site, smoking history and HPV status. The most significant benefit of FDG PET/CT over CT scans was noted
in detecting residual disease among high-risk patients.
The NPV of PET/CT was 75% as compared to 37.5%

ASSESSMENT OF TREATMENT
EFFICACY, FURTHER MANAGEMENT
AND FOLLOW-UP
FDG PET/CT scans have been proven to be a useful
technology in assessing treatment response in patients
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Figure 9 Sixty-six year old male was diagnosed with squamous cell carcinoma of the left base of tongue T4aN1M0. He received external beam radiation
therapy (70 Gy in 35 fractions) with concurrent cisplatin 100 mg/m2 (3 cycles). Positron emission tomography/computed tomography scans were done pre-treatment (A)
and at 3-mo (B) and 8 mo (C) post-radiation therapy. Follow-up images show good response to treatment with sustained response at least 8 mo from treatment.

for CT alone.
The role of FDG-PET scans for long term followup surveillance for detection of loco-regional and distant
metastatic recurrence has also been extensively investigated. Gupta et al[66] conducted a meta-analysis of 51
studies involving 2,335 patients. They reported a NPV
of approximately 95% for both primary and neck disease
for response assessment and surveillance. A recent report
analyzed the role of long-term surveillance PET/CT
scans in 214 patients with negative scans after completion
of therapy[67]. Nine percent of these patients recurred on
follow-up. This suggested a NPV for surveillance PET/
CT of 91%. Based on these data the authors recommended that radiologic surveillance can be stopped early
in those patients who are noted to have two consecutive
negative PET/CT scans within 6 mo of each other.

In another prospective study, FDG PET was obtained
4 wk prior to chemoradiotherapy and 8 wk after completion of treatment in 98 patients[71]. Primary tumor and
nodal SUVmax was calculated for both time points. The
only prognostic factor for disease-specific survival was
found to be the post-treatment primary tumor SUVmax.
The mean SUVmax for those who failed was 7.2, compared to 4.2 for those who did not fail (P < 0.01). Pretreatment SUVmax of primary tumor and lymph node
were not found to be significantly associated with treatment outcomes. The conclusions from these studies are
not consistent, partly due to the inherent problems with
SUV measurement as it represents only a single point
within the tumor but not represent the entire tumor.
Additionally, there is heterogeneity in the patient population, heterogeneity in treatment modalities, small patient
samples and the use of different endpoints.
In recent years, PET-based tumor volumes, i.e., metabolic tumor volume (MTV), are being explored. La et al[72]
from Stanford University evaluated the prognostic value
of MTV in 85 patients. A threshold of 50% maximal intensity was used to define the metabolic tumor volumes.
They found that MTV had a significant relationship with
disease-free survival (P < 0.001) and with overall survival
(P < 0.001) on univariate analysis. An increase in MTV
of 17.4 mL was significantly associated with an increased
hazard of first event (recurrence or death). SUVmax
did not show a significant relationship with either of
these endpoints. Another report from the same group
of investigators validated these findings in an additional
83 patients[73]. Recently the results of a sub-group of patients enrolled on the RTOG 0522 trial were presented[74].
Seventy-four patients underwent baseline and 8-wk post
treatment PET scans. Baseline SUVmax or SUVpeak of
the primary or nodal disease were not predictive for outcomes. However, patients having a primary tumor MTV
above the cohort median had a significantly worse locoregional control and progression free survival.
Some groups have also evaluated the utility of PET
scans done during therapy. PET scans were done after
neoadjuvant chemotherapy in 16 patients. These patients

PROGNOSIS
Many attempts have been made to establish PET/CT
scan derived parameters as prognostic indicators. These
studies have looked at pre-treatment, post-treatment and
during treatment scans to obtain SUV and metabolic tumor volume (MTV) to serve as prognostic indices. Most
of these studies have been retrospective. However, some
prospective trials have also been reported. A recent review article summarizes these studies[68].
Allal et al[69] conducted a prospective study in 120 patients with HNSCC to evaluate the role of pre-treatment
SUV in predicting for local control and disease-free survival. Seventy-three patients underwent radiation therapy
with or without concurrent chemotherapy and 47 had
surgery with or without adjuvant radiation therapy. At a
median follow-up of 48 mo, 46 patients had recurrent
and/or distant metastatic disease. In these patients the
SUV was noted to be 5.8 vs 3.6 for those with disease
controlled (P = 0.002). On the other hand, Vernon et al[70]
reviewed 42 patients receiving PET/CT guided definitive
radiotherapy and found that neither SUV of the primary
tumor nor SUV of the lymph node was predictive of tumor recurrence.
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then underwent surgical resection and histopathologic
responses were correlated with SUVmax. Comparisons
between pathologic responders and non-responders
revealed that there was significant difference in post-chemotherapy SUVmax and percent decrease in SUVmax[75].
The applicability of PET scans during the course of
radiation therapy is harder to evaluate because of difficulty in image interpretation with inflammatory changes
due to radiation and the cost of additional imaging. Such
a study has, however, been done and reported on by
Hentschel et al[76]. This prospective study evaluated the
role of serial PET scans during early phase of radiation
therapy and the ability of these scans to predict treatment
outcomes. Patients were divided into two groups and all
of them underwent 4 PET scans. In one group, PET
scans were obtained before treatment, at 10 Gy, 30 Gy
and 50 Gy. In the other group, PET scans were obtained
before treatment, at 20 Gy, 40 Gy, and 60 Gy. Patients
who had a rapid early response with > 50% decline in
SUVmax at 10 Gy or 20 Gy as compared to the pre-treatment SUVmax had a significantly higher overall survival,
loco-regional control and disease-free survival at 2 years.
The 2-year overall survival was 88% for those who had
more than 50% decline in SUVmax compared to 38%
for those with less than 50% decline (P = 0.02). The 2-year
disease-free survival was 75% and 31%, respectively for
those with > 50% decline as compared to < 50% decline
in SUVmax. And the 2-year local-regional control rate
was 88% vs 40% for those with > 50% decline vs to those
< 50% decline in SUVmax (P = 0.06).
There is currently no consensus on what time points
to use for PET scan based prognostication and what
parameters are the most useful. There may be value in
combining traditional prognostic factors with PET based
parameters. Yao et al[77] showed that T-stage, N-stage and
pretreatment SUV of the lymph node were significantly
associated with distant metastasis. However, the combination of these factors can better predict distant metastasisfree survival. The 3-year distant metastasis-free survival
was 98.1% for no factors, 88.6% for one factor, 68.3%
for two factors, and 41.7% for three factors. Similarly,
Moeller et al[65] incorporated HPV status in their mortality risk assessment in addition to post-treatment tumor
SUVmax. They noted FDG PET/CT was predictive for
outcomes in HPV-negative and non-oropharyngeal primaries.

ity of combining anatomical information, which forms
the basis of the current AJCC system, with functional
information obtained from PET scans; b: Standardized
uptake value (SUV) - Even though SUV is a widely used
and reported parameter it suffers from some drawbacks
that make it difficult to compare values between different
institutions[19,78,79]. Further standardization in the way SUV
is determined would allow inter-institutional collaboration and co-operative group clinical trials. Additional
objectively measurable parameters which allow crossplatform and cross-hardware comparisons also need to
be developed; c: PET/CT simulators - PET/CT scans are
often co-registered with CT scans obtained for radiation
therapy planning. PET/CT simulators are also available at
some institutions which facilitate this. Consensus guidelines need to be developed for tumor and target volume
delineation when using PET information for radiation
treatment planning; d: PET as a prognostic indicator The use of PET/CT scans as prognostic indicators in
head and neck cancers and for follow-up and surveillance
requires further research and investigation; and e: Economic analyses - Cost-benefit analyses suggest that PET/
CT scans are cost-effective for diagnosis, staging and
therapeutic decision making in head and neck cancers[80,81].
Common availability and decreasing costs of this technology will allow greater use and acceptance; (2) Newer
imaging technology - Magnetic resonance imaging (MRI)
offers superior imaging for soft-tissue delineation but offers little functional information unless MR spectroscopy
is performed. MR spectroscopy can be performed in a
limited volume. Recently MR/PET hybrid technologies
have been developed for used in the clinic. This offers the
advantages of high-quality soft tissue imaging from MR
with whole-body and functional imaging from the PET
component[82-84]. A recent review article highlights the potential for this new hybrid technology, the technical challenges and its use in clinical situations[85]; and (3) Newer
radiopharmaceuticals - Many new radioisotopes and radiotracers are being developed to image further functional
characteristics of tumors including hypoxia, tumor proliferation, amino acid metabolism and presence of EGFR
on tumor cells. An excellent review on this topic has been
provided by Wang et al[86]. As outlined in this review, a
large number of efforts are being focused on hypoxia
imaging. Hypoxia poses a major radiobiological disadvantage and confers radioresistance to the tumor. Hypoxic
cells are not killed in response to radiation therapy and
may be responsible for treatment failure, either locally or
as distant metastasis. Some of the newer radiopharmaceuticals being used to image the hypoxic portion of the
tumor include [18F]fluoromisonidazole (FMISO), copperdiacetyl-bis (N4-methylthiosamicarbazone) (Cu-ATSM)
and [18F]fluoroazomycin arabinoside (FAZA). Once identified using PET scans, these hypoxic areas of the tumor
can be preferentially targeted to receive a higher dose of
radiation using IMRT technique.
The applications of FDG PET/CT scanning mentioned in this article highlight the extensive work done

FUTURE DIRECTIONS
FDG PET/CT scan has been proven to be a useful technology on many fronts in head and neck cancer and has
significant impact on the management as discussed above.
Currently, there are many exciting new areas of research
and development that are being actively investigated and
will continue to expand the role of this imaging modality
in the future. These efforts can be broadly categorized as
follows: (1) Protocol development and standardization: a:
Head and neck cancer staging - There may be a possibil-
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by groups across the world to the study the usefulness
and application of this technology in various scenarios.
Future work will continue to highlight the importance of
this imaging modality in head and neck cancers.
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and therefore proposed as a candidate trait marker for
psychosis in general. On the other hand, other brain
regions were differently impaired in affective and nonaffective psychosis: alterations of cingulate cortex and
thalamus seemed to be more common in Schizophrenia
and amygdala dysfunctions in BDI. Neural correlates of
sustained attention seem to be of great interest in the
study of psychosis, highlighting differences and similarities between Schizophrenia and BDI.
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Core tip: In the present paper, we systematically reviewed functional magnetic resonance imaging studies
investigating sustained attention in affective and nonaffective psychosis. We found that differences between
cases (patients, unaffected relatives of psychotic probands) and controls in terms of functional activation of
sustained attention system structures were detectable
even when the groups performed comparably. In particular, the insular cortex seems to be a trait marker for
psychosis in general, whereas other regions (thalamus,
cingulate cortex, amygdala) seem to be differently impaired in affective and non-affective psychosis.

Abstract
To provide a systematic review of scientific literature
on functional magnetic resonance imaging (fMRI) studies on sustained attention in psychosis. We searched
PubMed to identify fMRI studies pertaining sustained
attention in both affective and non-affective psychosis. Only studies conducted on adult patients using a
sustained attention task during fMRI scanning were included in the final review. The search was conducted on
th
September 10 , 2013. 15 fMRI studies met our inclusion criteria: 12 studies were focused on Schizophrenia
and 3 on Bipolar Disorder Type Ⅰ (BDI). Only half of the
Schizophrenia studies and two of the BDI studies reported behavioral abnormalities, but all of them evidenced
significant functional differences in brain regions related
to the sustained attention system. Altered functioning
of the insula was found in both Schizophrenia and BDI,
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INTRODUCTION
Sustained attention can be defined as the ability to main-
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tain a high vigilance level for prolonged periods of time,
allowing the subjects to respond in an appropriate way to
infrequent and unpredictable stimuli[1].
Abnormalities in sustained attention have been reported in both schizophrenic[2-4] and Bipolar Disorder
(BD) patients[5-8] and several studies suggested a correlation with a worse prognosis and a poorer quality of
life[9-12]. Sustained attention deficits seem to be independent from medications[13,14] and illness states[15]. Studies
comparing directly schizophrenic and BD patients found
that the two groups were qualitatively similar in sustained
attention deficits[16], even though schizophrenic patients
were usually quantitatively more impaired[17-20]. A reduced
attentional performance has also been higlighted in nonaffected relatives of schizophrenic[21,22] and bipolar patients[23]: it has been therefore proposed as a candidate
endophenotype for both affective[24-26] and non-affective
psychosis[27-30]. Candidate endophenotypes must be associated with illness, state independent, heritable, and
found in unaffected relatives of probands at a higher rate
than in general population[31]. By contrast, some behavioral studies failed to find any significant performance
deficit in schizophrenic patients[32], in bipolar patients[33]
or in unaffected relatives of bipolar probands[34,35], so the
role of sustained attention as a trait-market of psychosis
is still controversial. The discordant results reported in
scientific literature may be due to the differences in experimental paradigms and inclusion/exclusion criteria.
The most commonly used tasks to assess sustained
attention are the “oddball paradigms”, where subjects are
required to identify rare and unpredictable target stimuli
presented among a stream of frequent non-target stimuli[36,37] or among both frequent and rare non-target stimuli,
usually called “standards” and “novels” respectively[38,39].
A particular kind of oddball paradigm is the Continuous
Performance Test (CPT), initially developed by Beck et
al[40] and nowadays considered a well validated instrument to measure sustained attention in both research and
clinical settings[41]. There are numerous versions of CPT,
differing from one another for the sensorial modalities
(visual or auditory)[42,43] the perceptual complexity of the
stimuli (CPT with degraded stimuli: DS-CPT)[44] and the
response required: only on targets, on both targets and
non-targets and only on non-targets (Conners’ CPT Ⅱ)[45].
Other CPT versions increase the number of stimuli presented per minute to intensify the attentional load (e.g.,
the Rapid Visual Information Processing task, RVIP)[46].
Some CPTs are designed to assess both sustained attention and working memory resources, e.g., the CPT-AX
(a character or number preceded by another character or
number as a target)[47] or the CPI-IP (identical pairs of
stimuli as a target)[48].Several scores are used to measure
the behavioral performance in oddball paradigms: the
rate of correct targets (“hits”, “H”) and incorrect targets
(“omission errors”); the rate of correct non-target (“correct rejections”) and incorrect non-target (“false alarms”,
“FA”) “commission”) and the mean reaction times (RT)
to the stimuli. Subjects who respond accurately and rap-
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idly to both target and non-target are considered good
performers, whereas a high number of omissions indicate
a reduced attention and a high number of commissions
indicate augmented impulsivity. Using the signal detection
theory[49] other measures of accuracy may be calculated,
such as the sensitivity index (d’, d-prime), its nonparametric analog (A’, A-prime) and the response criterion (B’’,
beta, ln b). d’ is the standardized difference between hit
rate and false alarm rate [d’ = z(Hits) - z (False alarms)]
and it is considered a good measure of discriminability. B’’
instead represents an index of response bias, the subject’s
tendency to under respond or over respond [B’’ = (1-H) FA (1-FA)/H(1-H)+FA (1-FA)].
Functional neuroimaging studies increase the possibility to detect subtle differences in brain functioning
even in behaviorally intact subjects. In healthy individuals,
sustained attention tasks usually elicit a widespread cortical and subcortical network, including dorsal and medial
prefrontal cortex, parietal, temporal and occipital areas,
cingulate gyrus, insula, cerebellum, and basal ganglia[50-53].
Different components of sustained attention have their
anatomical and functional correlates in different brain
regions: subcortical structures have been associated with
arousal control, dorsal frontal and temporoparietal cortex
with attention maintenance over time, and anterior ventromedial regions, such as anterior cingulate cortex (ACC)
and anterior insula, with conflict monitoring, target detection and error signaling[54]. Moreover, ACC and insula
are reported to play a crucial role in emotional regulation,
linking emotion to cognition[55,56].
The aim of the present paper is to review fMRI correlates of sustained attention in affective and non-affective psychosis, discussing the literature findings and the
role of sustained attention as a candidate endophenotype
for psychotic disorders.

SEARCH
We searched PubMed to identify functional magnetic
resonance (fMRI) studies investigating sustained attention in affective and non-affective psychosis. The following search words were used, both alone and in combination: sustained attention, fMRI, affective psychosis, nonaffective psychosis, Schizophrenia, Bipolar Disorder.
The search was conducted on September 10th, 2013 and
yielded 42 records. Moreover, we manually checked the
reference lists of the identified articles and we found
9 further potential studies, for a total number of 51
records. Inclusion criteria were the following: articles
written in English, patients’ age ≥ 18 years, psychotic
patients and/or subjects at augmented risk for psychosis,
studies providing both behavioral and fMRI results during a sustained attention task. Structural MRI studies and
fMRI studies reporting data acquired during paradigms
other than sustained attention tasks or during resting
state were excluded.
By reading titles and abstracts, we excluded 18 records. By reading the full texts of the 33 remaining arti-
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Abstracts identified through
PubMed searching (n = 42)
Reference lists searching (n = 9)

Abstracts excluded
(n = 18)

Full-text articles assessed for
eligibility (n = 33)

Full-text articles excluded, with reasons (n = 18):
Reviews (n = 2)
Not focused on sustained attention (n = 5)
Participants’ age < 18 yr (n = 4)
Not involving bipolar, schizophrenic or psychotic patients (n = 4)
Resting state fMRI (n = 2)
Unavailable / incomplete data (n = 1)

Full-text articles included in
qualitative synthesis (n = 15)

Figure 1 Flow chart of the systematic review. fMRI: Functional magnetic resonance imaging.

UHR-SCZ group in the study by Morey et al[61] met at
least one of the following criteria: (1) reporting brief intermittent psychotic states; (2) reporting attenuated positive symptom states; and (3) being first-degree relatives
of schizophrenic/schizotypal probands plus reporting a
significant recent loss of social/work functioning. The 11
REL-SCZ enrolled by Sepede et al[68] were all unaffected
siblings of schizophrenic patients, whereas the 6 RELSCZ enrolled by Filbey et al[66] were presumed obligate
carriers of schizophrenia (POCs): unaffected subjects
having a first-degree relative (sibling or parent) plus a
child affected by schizophrenia. Ten of the 12 studies
used visual stimuli, whereas the other two[62,65] used auditory stimuli. The tasks administered were: oddball tasks (n
= 4), CPT-X (n = 1), DS-CPT-X (n = 2), CPT-IP (n = 2),
RVIP (n = 1), and other attention tasks (n = 2), with a total duration of the experiment ranging from 6 to 49 min.
FMRI images were acquired using a 1.5 T scanner in
seven studies, a 3 T scanner in 2 studies and a 4 T scanner in three studies. A block design was used to present
the tasks in six studies, whereas an event-related design
was used in other five studies. Only one study[67] used
a block/event-related mixed design. A whole brain approach was used in eight studies to analyze the BOLD
FMRI signal whereas three studies[60,61,67] used a region of
interest (ROI) approach and/or a masked brain analysis,
limiting the analysis to areas known to be involved in sustained attention processing and/or to areas showing significant between-group or within-condition differences.
Only one study[64] used the ROI analysis after the whole
brain analysis. In the study by Honey et al[60], connectivity
analyses were also performed.

cles, we identified15 papers meeting our inclusion criteria
and therefore included in the qualitative synthesis (Figure
1).

RESEARCH
A total number of 578 subjects was tested by the 15
studies included in the qualitative synthesis: 272 normal
comparisons (NC), 173 schizophrenic patients (SCZ),
17 unaffected relatives of schizophrenics (REL-SCZ),
10 subjects at ultra high risk for Schizophrenia (UHRSCZ), 84 Bipolar Disorder type Ⅰ patients (BDI) and 22
unaffected relatives of BDI patients (REL-BDI). The
majority of SCZ were male (68.8%), conversely to what
observed in BDI, where males represented only 30.9%
of the total.
Sustained attention in schizophrenia
A total number of 12 studies was selected[57-68]. The characteristic of the groups and the results of the studies are
depicted in Table 1.
Right handedness was an inclusion criteria in 6 studies[57,59,60,63,66,68]. Nine studies enrolled only SCZ, one had
both a SCZ group and an additional group of UHRSCZ[61] and two had only REL-SCZ[66,68]. In the study by
Morey et al[61], patients were divided into early SCZ (mean
illness duration 1.7 years) and chronic SCZ (mean illness duration 15.3 years). In the study by Honey et al[60],
patients were divided into SCZ with both negative and
positive symptoms (n = 11) and SCZ with predominantly
positive symptoms (n = 11). The SCZ (n = 173) enrolled
in the studies were clinically stable and in the majority of
cases were medicated (range: 87.5%-100%). Only 2 of
the 10 UHR-SCZ received medications at the moment of
the scanning, whereas all the REL-SCZ (n = 17) and the
NC (n = 204) were drug naïve. In seven of the 10 studies
including a SCZ group, the mean illness duration was also
reported[58-63,65] and it ranged from 1.7 to 33 years. The
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Behavioral results
In four of the ten studies involving SCZ (n = 57), no
significant behavioral differences were found with respect
to NC[57,58,63,64]. In the other six studies, SCZ (n = 116)
performed worse than NC: a reduced accuracy was evi-
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Table 1 Functional magnetic resonance imaging studies of sustained attention in Schizophrenia
Ref.
Volz et al[57],
1999

Participants

Task and behavioral results

fMRI methods and results

SCZ (n = 14), age 34.1 ± 12.3, males
78.6%, medicated 100%

CPT-IP. Type of stimuli: letters
1.5 T, block design (4 blocks). baseline: finger
TNS = 720, Target = 25%, SET = 600 ms, ISI =
tapping
1200 ms, TET = 30 min
Whole brain analysis. Imaging package: SPM96
NC (n = 20), age 28.2 ± 5.7, males
Required response: on targets.
Results: NC > SCZ in the R mesial PFC, ACC and L
60%
Behavioral measures: hit rate, mean RT, d’, ln b
TH
Results: no between group differences
Eyler et al[58], SCZ (n = 8)/SCA (n = 1) age 58.9 ±
CPT-X. Type of stimuli: letters. TNS = 72
1.5 T, block design. baseline: digit fixation
2004
9.9, males 55.6%, illness duration:
Target = 33.3% ISI = 500 ms, TET = 6 min 3 s
8 task blocks and 9 baseline blocks
33 yr, medicated 100%
Whole brain analysis. Imaging package: AFNI
NC (n = 10), age 59.8 ± 5.7,
Required response: on targets
Results:
12 males 60%
Behavioral measures: mean RT, d’
NC > SCZ in R IFG/insula (BA 47/45)
Results: no between group differences
SCZ > NC in R postcentral gyrus (BA 3) and L
cerebellum
SalgadoSCZ (n = 14), age 25.5 ± 4.1, males CPT-IP. Type of stimuli: numbers. TNS = 900
1.5 T, block design. baseline: digit response
2 task blocks and 2 baseline blocks.
Pineda et
50%, medicated 100%, illness
Target = 15% ISI = 1100 ms, TET = 14min
Whole brain analysis. Imaging package: SPM2
al[59], 2004
duration: 1.9 yr
NC (n = 14), age 25.1 ± 3.3, males
Required response: on targets
Results:
50%
Behavioral measures: omission errors,
NC > SCZ in R IFG (BA 44), R angular gyrus (BA
commission errors, mean RT, d’, ln b
39), R STG (BA 37), R MTG (BA 21), R TH
Results: Between group differences
-omissions, commission and d’: NC > SCZ
-mean RT: SCZ > NC
Honey et
N-SCZ: SCZ with both negative
CPT-X with 2 levels of difficulty: undegraded
3T, block design, baseline: screen fixation
al[60], 2005
and positive symptoms: (n = 11),
and degraded stimuli (0% and 40% pixel
10 task blocks and 10 baseline blocks. Imaging
age 42.6 ± 9.2, males 90.9%, age of
inverted). Type of stimuli: digits
package: SPM2
onset: 22.2 yr, medicated 100%
TNS = 280 Target = 25%
Masked brain analysis (ROIs involved in attention
SET = 42 ms, ISI = 958 ms TET = 6 min
processing, differentiating the groups and showing
a task related activity associated to attentional
load).
Connectivity analysis (seed ROIs: ACC and
cerebellar vermis)
P-SCZ: SCZ with predominant
Required response: on targets
Results
positive symptoms: (n = 11) age
Behavioral measures: mean RT, d’
Task vs baseline:
41.1 ± 9.2, males 81.8%, age of
Results: N-SCZ were less accurate than NC in NC > (P-SCZ = N-SCZ) in R and L angular gyrus,
onset: 24.7 yr, medicated 100%
target discrimination (d’)
MFG, L putamen
(P-SCZ = N-SCZ) > NC in R and L SFG, R and
L IPL, R SPL, R post central gyrus, L precentral
gyrus, R and L TH, ACC, PCC, R MiFG, R IFG,
cerebellum; P-SCZ > N-SCZ in R STG, R MiFG and
L SPL
NC (n = 12), age 33.3 ± 11.8, 12
Connectivity with ACC:
males 83.3%
NC > (P-SCZ = N-SCZ) in R and L MSFG, R and L
IFG; (P-SCZ = N-SCZ) > NC in R and L precentral
gyrus, R postcentral gyrus, cerebellum; P-SCZ >
N-SCZ in ACC; N-SCZ > P-SCZ in SMA
Connectivity with cerebellum:
NC > (P-SCZ = N-SCZ) in R and L MSFG, L MFG;
(P-SCZ = N-SCZ) > NC in L MiFG; P-SCZ>N-SCZ
in R and L IFG, ACC, L SPL, R precentral gyrus, L
postcentral gyrus
Morey et
UHR (n = 10), age 22.6 ± 4.4, male
Visual oddball task
1.5T, 7 runs. Event-related design. Imaging
al[61], 2005
50%, medicated 20%,
Type of stimuli: circles (“targets”), squares
package: SPM99
(frequent non targets-“standards”), objects (rare
ROI analysis: ACC, MiFG, IFG, BG, and TH.
non targets-“novels”)
Conditions:
-Targets
-Novels
-Standards (baseline)
Early SCZ (n = 15) age 24.1 ± 6.5,
TNS = 1400 Target = 3% SET = 500 ms, ISI =
Results
male 67%, age of onset 22.3 yr,
1500 ms, TET = 36 min 24 s
Targets vs novels activations
illness duration 1.7 yr, medicated
Required response: on both targets and non- -in ACC, MiFG and IFC: NC > UHR, Early SCZ and
86.7%
targets
Chronic SCZ
-in IFG: (1) NC> Early SCZ and Chronic SCZ;
(2) only NC and UHR showed R > L activations,
whereas Early SCZ and Chronic SCZ showed a
reduced laterality
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Chronic SCZ (n = 11) age 38.1 ±
Behavioral measures: hit rate, d’, B’’
Target vs baseline activations:
7.7, male 82%, age of onset 22.9 yr,
-in ACC, MiFG and IFC: NC > Early SCZ and
illness duration 15.3 yr, medicated
Chronic SCZ
100%
-in BG and TH: NC > Early SCZ and Chronic SCZ
NC (n = 16) age 28.0 ± 11.6, male
Results:
(results confirmed comparing Chronic SCZ with
59%
Between group differences:
Older NC)
Older NC (n = 10) age 34.0 ± 12.1,
-Hit rate: NC > Early SCZ and chronic SCZ
male 67%
-d’: NC > UHR, Early SCZ and Chronic SCZ
Liddle et
SCZ (n = 24)/SCA (n = 4) age 31.6 ±
Auditory oddball task
1.5 T, event related design, whole brain analysis
al[62], 2006
10.1, males 67.9%, illness duration Type of stimuli: 1500 Hz tones (“targets”), 1000
Imaging package: SPM99.
7 yr, medicated 96.4%
Hz tones (frequent non targets-“standards”),
Conditions:
noises (rare non targets-“novels”)
-correct targets
-correct novels
-correct standards (baseline)
-missed targets
-standard false alarms
NC (n = 28), age 28.2 ± 8.9, males
TNS = 488 Target = 10% SET = 200 ms, ISI =
Results
75 %
2000 ms, TET = 16 min
Targets vs baseline activations:
Required response: on targets
NC > SCZ: in L and R amygdala, R hippocampus,
Behavioral measures: RT, omissions,
R and L STS, L and R insula, R and L orbitofrontal
commissions
cortex (BA 47), ACC, PCC, L and R SPL, R and L
Results:
IPL, L and R middle IFG, L and R superior MFG, L
SCZ were significantly slower and less accurate and R TH, L and R striatum, L and R cerebellum
than NC
Results
Targets vs novels activations:
NC > SCZ in: L amygdala, L orbitofrontal cortex (BA
47), L anterior insula, rostral ACC and L striatum
Gur et al[63],
SCZ (n = 22), age 30.5 ± 9.1, males
Visual oddball task. Stimuli: colored shapes
4T, event related design, whole brain analysis.
2007
59.1%, age of onset 22.5 yr, illness
Type of stimuli: red circles (“targets”), green
Imaging package: FEAT/FMRIB. Conditions:
duration 12.4 yr, medicated 95.5%
circles (frequent non targets-“standards”),
-targets
fractal images (rare non targets-“novels”)
-novels
-standards (baseline)
NC (n = 28), age 31.6 ± 8.5, males
TNS = 200 Target = 15% SET = 1000 ms, ISI =
Results
57.1 %
2000 ms, TET = 7 min
Targets vs baseline activations:
Required response: on targets
NC > SCZ in R and L STG, L insula, R and L
Behavioral measures: hit rate, RT
putamen, ACC, PCC, L SFG, L TH
SCZ > NC in R insula, R MiFG, L IPL
Results: no between group differences
Novels vs baseline activations:
NC > SCZ in L IOG and L IPL
SCZ > NC in L MOG, L fusiform, L precuneus, L
IFG, R angular gyrus, SOG, SPL, MiFG
Harrison et
SCZ (n = 12), age 32.2 ± 8.0, males
Multi-Source Interference Task (MSIT).
3T, block design. Imaging package: SPM5
al[64], 2007
100%, medicated 100%
Type of stimuli: digits
Conditions:
SET = 2000 ms, ISI = 500 ms
-low difficulty Task (“baseline”)
TNS = 160, TET = 11 min
-high difficulty Task (“Task”)
Required response: on all stimuli
-fixation (“Rest”)
Whole brain analysis and ROI analysis of
Behavioral measures: correct responses, RT
deactivation (“Rest”-“Task”) in medial PCC/rostral
ACC and PCC/Precuneus
NC (n = 14), age 31.7 ± 8.0, males
Results: no between group differences
Results
100%
SCZ > NC in deactivation of medial PCC/rostral
ACC and PCC/Precuneus.
In SCZ the magnitude of deactivation correlates
with response speed and level of emotional
awareness
Wolf et al[65], SCZ (n = 16)/SCA (n = 1) age 31.9 ±
Auditory oddball task
4T, event-related whole brain analysis. Imaging
2008
7.1, males 53 %, illness duration 9.9 Type of stimuli: 2000 Hz tones (“targets”), 1000
package: FEAT/FSL. Conditions:
yr, medicated 94.1%
Hz tones (frequent non targets-“standards”),
-targets
sounds (rare non targets-“novels”)
-novels
-standards (baseline)
NC (n = 21), age 28.6 ± 7.1, males
TNS = 200 Target = 15% SET = 150 ms, ISI =
Results
52%
1850 ms, TET = 6 min and 40 s
Targets vs baseline activations:
Required response: on targets
SCZ > NC in: L precentral gyrus, ACC/SMA, L and
Behavioral measures: hit rate, RT
R insula, L hippocampus, L and R STG/MTG, L
Results:
superior MOG
SCZ were significantly slower than NC
Novels vs baseline activations:
SCZ > NC in: L IFG
Filbey et
POC-SCZ (n = 6) age 53, males
Sustained attention task
1.5T. Block design. Imaging package: FSL
al[66], 2008
33.3%
Type of stimuli: colored circles
Whole brain analysis
medicated 0% (drug naïve)
Required response: on targets
baseline condition: circles fixation
Behavioral measures: RT
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Carter et
al[67], 2010

Sepede et
al[68], 2010

NC (n = 8) age 41, males 62.5%

Results: no between group differences

SCZ (n = 9), age 29.8 ± 12.0, males
100%

Visual selective attention task
Type of stimuli: colored circles

NC (n = 12), age 25.5 ± 4.6, males
100%

TNS = 1960 Target = 5 %
SET = 500 ms, ISI = 1000 ms TET = 49 min
Required response: on both targets and nontargets
Behavioral measures: correct targets, RT
Results
-correct target percentage: NC > SCZ
-RT: SCZ > NC

REL-SCZ (n = 11), age 34.4 ± 8.8,
males 45.5%
medicated 0% (drug naïve),
smokers 36.4%
NC (n = 11), age 32.0 ± 5.2, males
45.5%, smokers 36.4%

Results
NC > POC-SCZ in: R IPL (BA 7), R SPL (BA 7), R
MTG (BA 21), R MOG (BA 18), R PCC (BA 31),
R SFG (BA 10), R lingual gyrus (BA 18/19), R
precentral gyrus (BA 9/43), R parahippocampal
gyrus (BA 28), L cuneus (BA 18), L striatum; POCSCZ > NC in: L STG (BA 21), L SFG (BA9) and R
MTG (BA 19)
4T. Block/event-related mixed design. 10 runs.
Imaging package: SPM. Conditions:
-target events (3 s before-13.5 s after the event)
-transient activation (3 s before-7.5 s after the onset
of task block)
-sustained activation (15 s before-70.5 s after the
onset of task block)
Masked brain analysis and ROI analysis in ACC,
IFG, MiFG, IPS, BG, caudate and TH

Results
-During transient activation NC > SCZ in: MiFG,
IPS, caudate and TH
-During target events NC > SCZ in TH
In NC: positive correlation between accuracy
and TH activation during sustained activation
condition; In SCZ: negative correlation between RT
and BG activation during target events
CPT-X with 3 levels of difficulty: undegraded 1.5T, event-related design, 3 runs (0%, 25% and 40%
and degraded stimuli (0%, 25% and 40% pixel
degraded)
inverted). Type of stimuli: digits
Whole brain analysis. Imaging package:
BrainVoyager QX 1.9
TNT = 210, Target = 16%
Task conditions:
SET = 200 ms, ISI = 2000 ms, TET = 42 min
-correct responses on target
-incorrect responses on target
-correct responses on non-targets (baseline)
Required response: on targets and non-targets
Results
Behavioral measures: correct targets, correct
Correct targets vs baseline:
non-targets, RT
NC > REL-SCZ in R precentral gyrus (BA 6/9), R
Results: no between group differences
and L insula (BA 13), MFG/dorsal ACC (BA 9/32)
REL-SCZ > NC in deactivating PCC/retrosplenial
cortex (BA 23/31)
Incorrect target vs baseline:
REL-SCZ > NC in L insula/IFG (BA 13/47) and R
TH

SCZ: Schizophrenic patients; NC: Normal comparisons; SCA: Schizoaffective patients; REL-SCZ: Unaffected first degree relatives of schizophrenic patients;
POC-SCZ: Presumed Obligate carriers of schizophrenic patients; UHR: Ultra high risk subjects; SET: Stimulus exposure time; ISI: Interstimulus interval;
TNS: Total number of stimuli; TNT: Total number of targets; TET: Total experiment time; RT: Response time; R: Right; L: Left; PFC: Prefrontal cortex; ACC:
Anterior cingulate cortex; PCC: Posterior cingulate cortex; MFG: Medial frontal gyrus; MSFG: Medial superior frontal gyrus; IFG: Inferior frontal gyrus;
SFG: Superior frontal gyrus; SMA: Supplementary motor area; IPL: Inferior parietal lobule; SPL: Superior parietal lobule; IPS: Intraparietal sulcus; MTG:
Middle temporal gyrus; STG: Superior temporal gyrus; STS: Superior temporal sulcus; MOG: Middle occipital gyrus; IOG: Inferior occipital gyrus; TH:
Thalamus; BG: Basal ganglia.

denced by Honey et al[60] and Morey et al[61], whereas Wolf
et al[65] reported an increased mean reaction time and
Salgado et al[59], Liddle et al[62] and Carter et al[67] reported
both reduced accuracy and increased mean reaction times
with respect to NC. In their 10 UHR subjects, Morey et
al[61] reported a reduced accuracy. On the contrary, the
17 REL-SCZ enrolled by Filbey et al[66] and Sepede et al[68]
performed similarly to controls.

differences were observed in cingulate gyrus, thalamus
(TH), inferior parietal lobule (IPL), inferior frontal gyrus
(IFG) and insula. The anterior part of the cingulate cortex (ACC) significantly differentiated the groups in seven
studies: SCZ showed a reduced activation with respect to
NC in 4 SCZ groups[57,61-63], and the same pattern was observed in the UHR subjects enrolled by Morey et al[61] and
in the REL-SCZ enrolled by Sepede et al[68] By contrast,
two studies[60,65] reported an augmented activation in SCZ
with respect to NC. Also the posterior part of the cingulate cortex (PCC) significantly differentiated the groups
in six studies. Honey et al[60] reported an increased activation in the SCZ with respect to NC, whereas a decreased

FMRI results
Significant between-group differences in several brain
regions were found in all the selected studies, even when
the groups performed comparably. The most reported
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activation was found by Gur et al[63] and Liddle et al[62]
Interestingly, in three studies, the PCC was reported to
be deactivated during attention task, with respect to the
baseline/control task, and the amount of the deactivation
was larger in SCZ[64] and REL-SCZ[66,68] with respect to
NC. A significant hypoactivation of the IFG was found
in five studies[58-62]. The medial regions of the prefrontal
cortex, located dorso-rostrally with respect to the cingulate cortex, appeared to be hyperactivated in SCZ[57,60] or
REL-SCZ[68].
The insular cortex significantly differentiated the
groups in five studies. A reduced activation in SCZ was
reported bilaterally by Liddle et al[62] and limited to the
right emisphere by Eyler et al[58] By contrast, Gur et al[63]
found a reduced activation in the R insula, counterbalanced by an augmented activation in the L insula, and
Wolf et al[65] reported a bilateral augmented activation.
In the event-related study by Sepede et al[68], REL-SCZ
hyperactivated the bilateral insula during correct target
responses and hyperactivated the L insula during wrong
target responses. An altered functioning of the inferior
parietal lobule (IPL) was detected in 4 studies, three
showing a reduced activation in SCZ with respect to
NC[60,62,66], one an increased activation[63]. Other parietal
regions were also reported to differentiate the groups.
In the angular gyrus Salgado et al[59] and Honey et al[60]
reported a reduced activation, Gur et al[63] an increased
activation; in the superior parietal lobule (SPL) Liddle et
al[62] and Filbey et al[66] found a reduced activation, Honey
et al[60] an increased activation in SCZ with respect to NC.
When considering the subcortical regions, SCZ significantly hyperactivated the TH in six studies[57,59,61,62,63,67],
whereas Sepede et al[68] found an increased activation
during wrong target responses in REL-SCZ. Other subcortical structures, such as the basal ganglia, appeared to
be less activated in SCZ with respect to NC in 4 studies[60,61,63].

tention (CPT-IP: n = 2; DS-CPT-X: n = 1), with a total
duration of the experiment ranging from 6 to 15 min.
FMRI images were acquired using a 1.5 T (n = 1), a
3 T (n = 1) or a 4 T (n = 1) scanner, presenting the tasks
with an event-related design (n = 2) or a block design (n
= 1). A whole brain approach was used in two studies
to analyze the BOLD FMRI, whereas Fleck et al[70] performed a whole brain analysis followed by a ROI analysis.
Behavioral results
In their group of 10 euthymic and unmedicated BDI,
Strakowski et al[69] did not find any behavioral deficit with
respect to NC. On the contrary, both Fleck et al[70] and
Sepede et al[71] reported a reduced target accuracy in their
manic/mixed (n = 50) or euthymic (n = 24) BDI patients.
An impaired performance was also found in the group
of 22 unaffected and unmedicated BDI-REL enrolled by
Sepede et al[71].
FMRI results
Significant between-group differences in several brain
regions were found in all the three selected studies, even
when the groups performed comparably. The regions
more reported to differentiate the groups were: IFG, insula, amygdala and IPL.
The IFG/insula showed an altered pattern of activation in all the three selected studies: an augmented
activation in BDI with respect to NC was found by Strakowski et al[69], whereas Fleck et al[70] reported a reduced
activation. In the study by Sepede et al[71], BDI showed a
reduced activation during correct target responses and
an augmented activation during wrong target responses,
with REL-BDI showing an intermediate pattern of functioning between BDI and NC. The amygdala was found
to be more activated with respect to NC in two studies,
involving euthymic[69] or manic[70] BDI. The IPL seemed
to be hyperactivated in the euthymic BDI enrolled by
Strakowski et al[69] and in the REL-BDI by Sepede et al[71].

SUSTAINED ATTENTION IN BIPOLAR
DISORDER

DISCUSSION

Three studies enrolled BDI patients[69-71] and one of these
studies had also a group of unaffected, drug-naïve, BDIREL[71]. The characteristic of the groups and the results
of the studies are depicted in Table 2. Right handedness
was an inclusion criteria in two studies[69,71]. The BDI (n =
84) enrolled in the three studies were euthymic (n = 34)
or affected by a manic/mixed episode (n = 50). About
80% of the 74 patients in the studies by Fleck et al[70] and
Sepede et al[71] were under medication at the moment of
the fMRI scanning, whereas the 10 BDI in the study by
Strakowsky et al[69] were drug free. All the NC (n = 68)
and the BDI-REL (n = 22) were drug naïve. In two of the
studies[69,71], the mean illness duration was also reported
and it was 2.2 and 4.7 years respectively. The presence of
psychotic features during the acute phases of the illness
(95.8%) was reported only by Sepede et al[71] All the three
selected studies used a visual CPT to assess sustained at-

In this paper we systematically reviewed fMRI studies on
sustained attention in affective and non-affective psychosis.
We found several studies on Schizophrenia that met
our inclusion criteria, whereas the publications on BDI
were very few. This result is quite surprising, considering the large amount of behavioral data that reported
sustained attention deficits in both acute and euthymic
phases of BDI.
Summarizing the literature findings on affective and
non-affective psychosis, we highlighted that patients and
at-risk subjects significantly differed from healthy comparisons in the functioning of several brain regions belonging to the sustained attention system, even when they
were behaviorally intact. There were regions that seemed
more impaired in Schizophrenia, other more impaired in
Bipolar Disorder and other that appeared altered in both
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Table 2 Functional magnetic resonance imaging studies of sustained attention in bipolar disorder
Ref.

Participants

Strakowski et
al[69], 2004

Task and behavioral results

FMRI methods and results

BDI (n = 10), age 25.5 ± 8.1, males 40%,
euthymic, age of onset 23 yr, illness duration
2.2 yr, medicated 0% (drug free)

CPT-IP. Type of stimuli: digits
3T, block design, 5 task blocks and 5 baseline blocks
TNS = 400 SET = 700 ms, ISI = 750,
Baseline: digits fixation
TET = 6 min
Whole brain analysis. Imaging package: CHIPS
Required response: on targets.
Behavioral measures: d’, percent
correct, percent false positive
NC (n = 10), age25.3 ± 7.3, males 40%
Results: no between-group
Results:
differences
BDI > NC in: R IFG/insula (BA 13/47), R and
L ventral PFC (BA 10/47), parahippocampus/
amygdala (BA 34), MOG/MTG (BA 18/19/39), R
IPL (BA 40), R SPL (BA 7/40), L postcentral gyrus
(BA 43), hypothalamus; NC > BDI in: L fusyform
gyrus (BA 20) and L MFG (BA 11)
Fleck et al[70],
BDI (n = 50), age 30 ± 10, males 30%, manic,
CPT-IP. Type of stimuli: digits
4T, Event-related design, 3 runs (periods)
2012
medicated 80%
TNS = 900, Target = 15%, SET = 750
Whole brain analysis. Imaging package: AFNI
ms, ISI = 1000 ms, TET = 15 min
ROi based analysis: anterior-limbic network (IFG,
BG, TH, amygdala, cerebellar vermis) + SFG
Baseline: visual count down condition
Task conditions:
-hits, misses and false alarms
-correct rejections on non-targets
NC (n = 34), age 31 ± 9, males 41%
Required response: on targets
Results:
Behavioral measures: A’, B’’, RT,
In period 1: NC > BD in cerebellum; BD > NC
correct rejection
in TH; NC > BD in deactivation of L PCC and R
Results: patients performed worse
angular gyrus
in terms of correct rejections and
In period 2: NC > BD in bilateral IFG and L TH
showed a trend vs a reduced A’
In period 3: NC > BD in activation of R IFG
Over time: BD activated and NC deactivated L
striatum and bilateral amygdala
Unmedicated BD > medicated BD in activation of R
IFG and cerebellum
Sepede et al[71],
BDI (n = 24), age 34.8 ± 8.0, males 41.7%,
CPT-X with 2 levels of difficulty:
1.5T, event-related design, 2 runs (0%, and 40%
2012
euthymic, age of onset 29.9, illness duration
undegraded and degraded stimuli degraded). Whole brain analysis. Imaging package:
4.7 yr, psychotic features during acute phases
(0% and 40% pixel inverted)
BrainVoyager QX 1.9.Task conditions:
95.8%, medicated 83.3%
Type of stimuli: digits
-correct responses on target
TNT = 80, Target = 20%, TNS = 408 ±
-incorrect responses on target
30
-correct responses on non-targets (baseline)
SET = 200 ms, ISI = 2000 ms, TET =
14 min
REL-BDI (n = 22), age 31.5 ± 7.3, males 31.8% Required response: on targets and
Results
medicated 0% (drug naïve)
non-targets
Correct target vs baseline:
Behavioral measures: correct target,
(NC = REL-BDI) > BDI in R insula (BA13)
correct non-targets, incorrect target,
REL-BDI > (NC = BDI) in deactivating PCC/
incorrect non-target, mean RT
retrosplenial cortex (BA 23/29)
During the 40% degraded run, correct target
condition:
REL-BDI > (NC = BDI) in R and L IPL (BA 40), L
insula/IFG (BA 13/45)
NC (n = 24), age 32.5 ± 6.2, males 33.3%
Results: both BDI and REL-BDI
Incorrect target vs baseline:
were less accurate than NC in target (BDI = REL-BDI) > NC in middle PCC (BA 31) and
recognition (percent correct target )
R insula/IFG (BA 13/45)
BDI > REL-BDI > NC in L insula (BA 13)
BDI: Bipolar disorder type Ⅰ patients; REL-BDI: Unaffected relatives of bipolar disorder type Ⅰ patients; NC: Normal comparisons; PFC: Prefrontal cortex;
ACC: Anterior cingulate cortex; PCC: Posterior cingulate cortex; MFG: Medial frontal gyrus; SFG: Superior frontal gyrus; IFG: Inferior frontal gyrus; IPL:
Inferior parietal lobule; SPL: Superior parietal lobule; MTG: Middle temporal gyrus; MOG: Middle occipital gyrus; TH: Thalamus; BG: Basal ganglia; R:
Right; L: Left.

error processing[72-74]. An altered function of ACC has
been consistently reported in both schizophrenic patients
and unaffected relatives[75,76] during attentional control[77]
conflict/error monitoring[78-81], working memory[82-84] and
semantic[85] tasks.
The posterior part of the cingulate gyrus is usu-

conditions.
In the studies on schizophrenic patients and subjects
at augmented risk for schizophrenia, the most frequent
dysfunctions were located in the cingulate gyrus and in
the thalamus. The anterior part of the cingulate gyrus is
a key region in sustained attention, cognitive control and
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ally deactivated during active tasks with respect to rest
conditions, and it is therefore considered a part of the
Default Mode Network (DMN) of the brain[86]. It has a
crucial role not only in internally focused tasks, but also
in active regulation of the arousal state and in balancing
between internally and externally oriented attention[87]. A
lower volume of PCC/retrosplenial cortex has been associated to a poorer outcome in Schizophrenia[88], and an
altered function of this region has been evidenced during
semantic[89], self-evaluation[90,91] and fear-conditioning[92]
tasks.
The thalamus is a subcortical structure whose integrity is needed to the correct functioning of cognitive processes. It is not a simple passive relay station, but a nodal
link actively connecting top-down to bottom-up components of the attention/arousal system[1,93] and different
cortical regions via cortico-thalamo-cortical pathways[94].
Both structural and functional MRI studies on Schizophrenia frequently reported significant abnormalities in
schizophrenic patients, so a disruption of thalamocortical
connections was suggested as one of the possible neural
basis of cognitive and sensorial symptoms of Schizophrenia[95-98].
With regard to Bipolar Disorder, amygdala was found
to be altered in two of the three reviewed. In humans, the
amygdala plays a key role in detecting dangers and other
emotionally salient stimuli in the environment, in order to
make the subject ready to react in an appropriate way[99].
During emotional tasks, an altered functioning of the
amygdala in BD has been extensively reported, especially
in manic patients[100-103], but also during depressive[104] and
euthymic states[105,106] of the illness. An important finding
highlighted by the current review is that an augmented
activation of the amygdala was observed also during attention tasks without any emotional components, this results suggesting that emotional limbic areas may interfere
with cognition in BD[107].
In our systematic review we reported that an altered
functioning of the insula during sustained attention task
was frequently found in both Schizophrenia and Bipolar
Disorder.
The insular cortex, due to its location at the interface
of frontal, parietal and temporal lobes, is involved in
cognitive, emotional and somato-sensorial processes[56,108],
providing a hub that integrates salient stimuli with autonomic and sensorial data[109]. Many studies reported an
insular dysfunction in Schizophrenia, Bipolar Disorder,
and “at-risk subjects”, during both tasks[110-115] and resting
state[116-119], thus suggesting a key role of this region in
vulnerability for psychosis, regardless of the affective or
non-affective diagnostic distinction.

unaffected relatives of psychotic probands) and controls
in terms of functional activation in brain regions belonging to the sustained attention system were detectable even
when the groups performed comparably. In particular,
the insular cortex seems to be a trait marker for psychosis
in general, whereas other regions seem to be differently
impaired in affective and non-affective psychosis: alterations of the cingulate cortex and thalamus appear to
be more common in Schizophrenia whereas amygdalar
dysfunctions may be more frequently observed in Bipolar
Disorder. Therefore, investigating neural correlates of
sustained attention seem to be of great interest in the
study of affective and non-affective psychosis as it may
clarify differences and similarities between these two disabling psychiatric conditions.
Limits of the study
An important limitation of the present paper is that we
included in the qualitative synthesis only those studies
conducted on selected versions of CPTs that were focused on sustained attention, excluding papers with CPT
versions designed to measure other cognitive functions,
such as working memory or emotional processing. Moreover, it’s possible that our search strategy did not succeed
in finding all the available literature on the topic and that
adding other search words (i.e., Continuous performance
Test, oddball task) or other data bases would have improved the results. Due to the small number of published
studies on Bipolar Disorder, our results should be interpreted with caution and further research are needed to
clarify the role of sustained attention in affective psychosis.
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ease and have also proved to be powerful in assessing
disease progression. However, no single technique has
been validated as an optimal biomarker. An integrative
multimodal imaging approach, which combines different MRI and PET techniques, could be recommended
for monitoring potential neuroprotective and preventive
therapies in HD. In this article we review the current
neuroimaging literature in HD.
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Core tip: Huntington’s disease (HD) is a hereditary and
fatal neurodegenerative disorder. Although advances in
genetics allow identification of individuals carrying the
HD gene, much is still unknown about the mechanisms
underlying the development of overt clinical symptoms
and the transitional period between premanifestation and manifestation of the disease. Neuroimaging
techniques such as magnetic resonance imaging and
positron emission tomography may be a suitable biomarker for monitoring disease progression in HD and
for assessing the efficacy of future disease modifying
therapies. In this article, we provide an overview of the
findings from neuroimaging techniques in HD.

Abstract
Huntington’s disease (HD) is a progressive and fatal
neurodegenerative disorder caused by an expanded trinucleotide CAG sequence in huntingtin gene (HTT) on
chromosome 4. HD manifests with chorea, cognitive and
psychiatric symptoms. Although advances in genetics
allow identification of individuals carrying the HD gene,
much is still unknown about the mechanisms underlying the development of overt clinical symptoms and the
transitional period between premanifestation and manifestation of the disease. HD has no cure and patients
rely only in symptomatic treatment. There is an urgent
need to identify biomarkers that are able to monitor
disease progression and assess the development and
efficacy of novel disease modifying drugs. Over the
past years, neuroimaging techniques such as magnetic
resonance imaging (MRI) and positron emission tomography (PET) have provided important advances in our
understanding of HD. MRI provides information about
structural and functional organization of the brain, while
PET can detect molecular changes in the brain. MRI and
PET are able to detect changes in the brains of HD gene
carriers years ahead of the manifestation of the dis-
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INTRODUCTION
Huntington’s disease (HD) is an inherited neurodegenerative disorder characterised by chorea, cognitive dysfunction and psychiatric symptoms caused by an expanded
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trinucleotide CAG sequence in huntingtin gene (HTT),
which is on chromosome 4[1]. HD prevalence varies by
ethnic origin and different genetic profiles, in Caucasian
populations of North America and Western Europe is
5.70 per 100000 whereas in Asian population is lower
(0.40 per 100000)[2]. Although juvenile onset and late
onset of HD are not uncommon, the disease usually
appears at mid-40s, and there is an inverse correlation
between age of onset and the size of the CAG repeat expansion[3]. However, subclinical changes and pathological
processes are thought to precede the initiation of symptoms by several years[4,5].
HD pathology is characterised by the formation of
intranuclear inclusions of mutated huntingtin in the brain.
These aggregates have been shown to interact and impair
the function of a number of transcription factors leading
to the loss of GABAergic medium spiny neurons (MSNs)
in the striatum but also in cortical areas[6,7]. Currently there
is no proven biomarker for HD, no effective treatment,
and the disease will eventually lead to death, typically
15-20 years following symptomatic onset[8]. Much is still
unknown about the mechanisms that underlie the clinical
symptoms and the rate of progression from pre-clinical
signs to development of overt symptoms.
Neuroimaging techniques such as magnetic resonance
imaging (MRI) and functional MRI (fMRI) have played
a critical role in characterizing structural and functional
changes in the brain during the asymptomatic and symptomatic stage of the disease. PET imaging, by measuring
the distribution of a radionuclide (radioligand) that is introduced into the body on a biologically active molecule,
is a powerful technique for investigating in vivo abnormalities in brain metabolism and receptor distributions[9].
This analytical imaging method has the potential to give
both structural and kinetic information and in comparison with other imaging techniques, provides high sensitivity, and high spatial and temporal resolution[10]. PET
with the application of different radioligands has been
used to measure metabolic changes in the brain of HD
several years before disease onset (table 1). In this article,
we provide an overview of the findings from neuroimaging techniques in HD.

reduction of 50%-54% in mean putamen volume and
28%-29% in mean caudate volume has been reported
in patients with mild to moderate HD[11,12]. Striatal atrophy has been also documented in early HD patients
with Total Functional Capacity (TFC) scores between I[14,15]
and in premanifest HD gene carriers who were
Ⅱ
even 15-20 years before predicted disease onset[4,13,16-20].
The amount of volume loss in the striatum correlates
with the age of onset, the disease duration and the CAG
repeat length[14,15,21]. While motor impairment correlates
with increased putamen atrophy, Mini-Mental Status Examination scores (MMSE) and cognitive assessments are
inversely correlated with the amount of caudate volume
loss[11,12].
Cortical volume loss has been also reported in HD
patients[17-20,22,23]. Cortical thinning occurs early during the
course of the disease and seems to be topographically
selective proceeding from posterior to anterior cortical
regions as the disease progresses[22,23]. Individual variability in regional cortical thinning may also have a role
in explaining phenotypic variability. For example, HD
patients with more prominent bradykinesia showed significant cortical volume loss in frontal regions including
the pre-motor and supplementary motor areas compared
to HD patients with chorea[23]. Additionally, regional
cortical atrophy correlates with clinical measures such as
TFC, Unified HD rating scale (UHDRS) and cognitive
tests enhancing the role of this measurement as potential biomarker for assessing neuroprotective therapies[23].
Widespread white matter (WM) atrophy has been identified in HD patients and has been associated with longer
CAG length and decline in cognitive and motor performance[24]. Changes in WM volume are detectable up to
12-15 years before the predicted onset and correlate with
cognitive functions underlining the role of structural connectivity degeneration in the pathogenesis of HD[25]. Diffusion tensor imaging (DTI) studies have also reported
WM tract abnormalities in premanifest HD gene carriers
and alterations in diffusion indices were correlated with
cognitive performance[26-28]. Dumas and coworkers[28] have
found abnormal WM connections of the sensori-motor
cortex, which correlated with the 5-year probability for
symptomatic conversion.
TRACK-HD is a multicentre longitudinal study,
which focused in identifying sensitive and reliable biomarkers in premanifest HD gene carriers and early HD
patients[17-20]. Four groups were enrolled in TRACK-HD:
120 premanifest HD gene carriers which were subdivided
in pre-HD A and pre-HD B according to the proximity
to predicted disease onset (pre-HD A > 10.8 years; preHD B < 10.8 years), and 123 early HD patients subdivided in two groups according to the TFC scores (HD
stage Ⅰ, HD stage Ⅱ). At 12 months follow-up significantly increased total brain volume atrophy rates were
reported in both premanifest HD gene carriers and early
HD patients. Caudate and putamen volume was reported
reduced by 1.4% to 4.5% compared with baseline in premanifest and early HD group. Atrophy of WM was also
increased in all groups[18]. Over 24 mo, greater increases

literature research
PubMed was searched for papers that were published before December 2013. The following key words were used
in the search: “Huntington’s disease”, “positron emission
tomography”, “magnetic resonance imaging”, “functional
magnetic imaging”. Additional papers were identified
from citations in the articles found in PubMed. Only articles published in English were considered. A total number of 37 MRI and 49 PET studies were reviewed.

MRI
Structural MRI studies
The most consistent change in the HD brain is a significant progressive volumetric loss of the striatum[4,11-20]. A
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Table 1 Key positron emission tomography imaging studies in Huntington’s disease
Ref.

Subjects

Dopaminergic system
Ginovart et al[56], 1997

Bohnen et al[57], 2000
Sedvall et al[58], 1994

Turjanski et al[55], 1995

Lawrence et al[60], 1998
Pavese et al[61], 2003

Andrews et al[64], 1999

Pavese et al[62], 2010

Antonini et al[66], 1998

5 HD patients
5 HCs

19 HD patients
64 HCs
5 HD patients
1 premanifest HD gene carrier
5 HCs
10 HD patients
9 HCs for 11C-raclopride and 6
HCs for 11C-SCH 23390
17 premanifest HD gene
carriers
12 HD patients
HCs from previous studies

Main findings

11
C-b-CIT
C-SCH23390
11
C-raclopride

50% decrease in striatal dopamine transporter (DAT) binding.
40% decrease in striatal D1 and D2 receptors binding. D1 and
D2 binding in the striatum was significantly associated with the
duration of symptoms
Reduced D1 receptors binding in the temporal cortex
Reduced nigrostriatal density of VMAT2 (caudate: 33%, putamen:
56%-75%)
75% reduction in striatal D1 receptor density in HD patients
D1 binding in the premanifest HD gene carrier was in the lower
range of the HCs
Parallel reduction of striatal D1 and D2 receptor binding (31%-39%)
with greater loss of mean striatal D1 and D2 binding in the akineticrigid patients than those choreic patients without rigidity
Correlation between striatal D1 and D2 receptors binding and
cognitive performance
4.8% annual reduction in striatal D2 receptor binding
D2 reduction receptor density in extrastriatal regions including
amygdala, temporal and frontal cortex
Mean annual loss of D1 and D2 binding of 2% and 4% respectively
in the group of asymptomatic HD gene carriers
Mean annual loss of D1 binding of 5% and D2 binding of 3% in
symptomatic HD patients
UHDRS motor scores and TFC correlated with PET measures of
striatal dopamine receptor in both groups
Premanifest HD gene carriers with active progression had an
increased mean annual loss of D1 and D2 receptor binding (5% and
6.5% respectively)
62.5% of symptomatic HD patients and 54.5% of premanifest
carriers showed cortical reductions in D2 binding

11

11

C-DTBZ

11

C-SCH 23390

11

C-SCH 23390
C-raclopride

11

11

C-SCH 23390
C-raclopride
11
C-raclopride
11

9 premanifest HD gene carriers
4 HD patients
7 HCs
3 subjects at risk for HD

11

16 HD patients
11 premanifest HD gene
carriers
HCs from previous studies

11

10 premanifest gene carriers
8 HD patients

11

Brain activation and metabolism
Antonini et al[65], 1996
10 premanifest HD gene
carriers
8 HD patients
HCs from previous studies
Kuwert et al[75], 1990
23 HD patients
21 HCs
Ciarmiello et al[79], 2006
24 premanifest HD gene
carriers
47 HD patients
30 HCs
Ciarmiello et al[80], 2012

43 premanifest HD gene
carriers

Weeks et al[83], 1997

7 HD patients
7 HCs
12 premanifest HD gene
carriers
12 HCs

Tang et al[87], 2013

PET radiopharmaceutical

Neuroinflammation and activated microglia
Pavese et al[99], 2006
11 HD patients
10 HCs

WCR|www.wjgnet.com

C-SCH 23390
C-raclopride

11

C-raclopride

C-raclopride

HD patients with decreased cortical D2 binding had worse scores
on
neuropsychological tests assessing attention and executive
functions than subjects without cortical dopamine dysfunction
Correlation between CAG repeat length and the estimated
percentage loss of striatal D2 binding after age correction in
premanifest HD gene carriers and HD patients
Rate of disease progression is faster during the earlier
asymptomatic stages of the disease

18
F-FDG
C-raclopride

Annual loss of 2.3% in striatal glucose metabolism and 6.3% annual
decline in D2 receptor binding

11

18

F-FDG

18

F-FDG

18

F-FDG

H215O
18
F-FDG
C-raclopride

11

11

C-PK11195
C-raclopride

11

418

Decreases of caudate and regional cortical metabolism correlated
with cognitive decline
Significant decrease in glucose uptake in the cortex (frontal and
temporal lobes) and striatum in both premanifest HD gene carriers
and HD patients
Striatal and cortical hypometabolism in premanfest HD gene
carriers precedes neuronal loss
Premanifest HD gene carriers who phenoconverted after five
years from the PET scan had a mean glucose uptake in the caudate
significantly lower than the those who remained symptom-free
after five years
Impaired activation of the striatum and its frontal motor projection
areas during motor tasks such as paced joystick movements
Network analysis showed a significant spatial covariance pattern
characterized by progressive changes in striato-thalamic and
cortical metabolic activity network activity increased linearly over
7 yr and was not influenced by intercurrent phenoconversion
Significant microglial activation in the striatum and cortical regions
of HD patients
Striatal 11C-PK11195 binding correlates with loss of striatal
dopamine D2 binding
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[100]

Tai et al

, 2007

Politis et al[101], 2011

Cannabinoid system
Van Laere et al[111], 2010

11 premanifest HD gene
carriers
10 HCs
8 premanifest HD gene carriers
8 HCs (11C-raclopride)
8 HCs (11C-PK11195)

20 HD patients
14 HCs

11

C-PK11195
C-raclopride

11

11

C-PK11195
C-raclopride

11

18

FMK-9470

Striatal 11C-PK11195 binding correlated with UHDRS scores
Increased striatal and cortical microglial activation in premanifest
HD gene carriers
Higher striatal 11C-PK11195 binding correlated with lower striatal
D2 binding
Increased levels of activated microglia in areas of the striatum
associated with cognition and other areas related to cognitive
function
Levels of microglial activation correlated with clinical scales
of disease severity and motor dysfunction and with a higher
probability of HD onset over the next 5 yr
Decrease of CB1 availability throughout the gray matter of the
cerebrum, cerebellum, and brain stem in HD patients.

PET: positron emission tomography; HD: Huntington’s disease.

a group independent component analysis, Unschuld and
colleagues[39] investigated networks of functional connectivity while performing a Stroop colour-naming task
in both healthy controls and premanifest HD gene carriers and correlated with depressive symptoms. Stroop
related activity of the ventromedial prefrontal cortex was
more significantly correlated with depressive symptoms
in premanifest HD gene carriers than healthy controls.
This correlation was stronger in the premanifest HD subgroup with CAG repeat length greater than 42[39]. Using
a Tower of London fMRI task, the same group found
significantly reduced functional coupling between the
medial prefrontal cortex area and the left premotor cortex in a group of premanifest HD gene carriers and early
manifest HD subjects[40]. These findings suggest that impaired brain network connectivity reflects cognitive and
mood dysfunction in HD subject even at the earlier stage
of the disease. Recently, studies have been focused in
investigating functional brain connectivity patterns at rest
with fMRI (resting state fMRI). This approach has the
potential to give insight into functional changes without
the interference of cognitive ability to perform a given
task[41,42]. Resting state fMRI data have shown intrinsic
reductions in functional connectivity in both premanifest
and manifest HD gene carriers[43-45]. In premanifest HD
gene carriers reduced blood-oxygen-level-dependent
(BOLD) synchrony was observed between the caudate
and premotor cortex[46]. Using a method that measures
changes in synchrony in BOLD signal amplitude and
across space, Poudel and coworkers[44] have found several
abnormal networks in both premanifest and manifest
HD subjects. For example, they have reported a decreased resting state synchronization in the sensori-motor
network of premanifest HD gene carriers, and interestingly, the level of synchrony was associated with motor
performance as measured by speeded self-paced tapping[44]. Overall these findings show abnormal functional
network connectivity in both premanifest and manifest
HD, suggesting that resting state fMRI may be useful in
measuring early neuronal dysfunction and for monitoring
progression of the disease.
Neurovascular alterations have been also found in
premanifest HD gene carriers. Cortical arteriolar cerebral
blood volume (CBVa) was significantly elevated in pre-

in caudate and putamen atrophy were observed in all four
subgroups. Higher rates of whole brain and grey matter
(GM) loss were reported in pre-HD B, HD-I and HDⅡ; whereas in the pre-HD A GM atrophy was confined
to the striatum. Interestingly, WM atrophy around the
striatum and within the corpus callosum and posterior
WM tract was observed even in the earliest premanifest
stage[19]. At 36 mo, early HD patients showed further
significant increases in whole brain, caudate, putamen
and GM atrophy and these measures were strongly associated to TFC decline. Although in pre-HD A group
increased rates of whole brain, striatal and WM atrophy
were observed, these were not accompanied by progressive worsening of motor and cognitive performance. On
the contrary, pre-HD B showed higher rates of brain
structural loss compared to pre-HD A group and these
were associated with significant decline in several motor
and cognitive tests. Furthermore, striatal and GM volume
measures were sensitive predictors of subsequent clinical
diagnosis of HD in the pre-HD B group[20]. Taken together, these findings suggest that MRI measures are able
to track pathology in premanifest and manifest HD gene
carriers and could be useful for the designing of future
clinical trials.
Functional MRI studies
There is growing evidence that the severity of clinical
manifestations in HD does not depend only on neuronal
loss but also on neuronal dysfunction and circuitry reorganization, and these processes may occur at an early
stage of the disease, possibly prior to neurodegeneration.
Functional neuroimaging approaches such as functional
MRI (fMRI) provide a dynamic images of the brain aiding to elucidate neural activity by measuring haemodynamic response (blood flow) of neural activation. Data
from manifest HD patients have shown reduced task-activation in several subcortical and cortical regions as well
as increased activation in different cortical areas, which
were interpreted as a compensatory mechanism for task
performances[29-34]. Interestingly, in premanifest HD gene
carriers further from disease onset increased activation
in several brain regions was observed, whereas premanifest HD gene carriers closer to disease onset showed
reduced activation in the striatum[35-38]. Using fMRI and
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manifest HD gene carriers compared to normal controls
and correlated with genetic measures such as the CAGage product score and the estimated years to onset[47].
Metabolic brain changes may also occur in premanifest
HD gene carriers and they may precede structural brain
changes[48]. N-acetylaspartate (NAA) and glutamate levels were decreased in the posterior cingulate cortex of
12 premanifest HD gene carriers and they correlated
with cognitive decline as measured with the Montreal
Cognitive Assessment[47]. Neurovascular alterations and
metabolic brain changes occurs before substantial brain
atrophy suggesting that they may be used as potential
biomarker for clinical and therapeutic future studies.

ing was found to be reduced by 40% in the striatum of
five patients with HD[56]. The degree of the decrease in
D1 and D2 binding in the striatum was significantly associated with the duration of symptoms indicating that
these two receptors may be reliable quantitative markers for monitoring disease progression[56]. Moreover, a
reduction in D1 receptor binding was found also in the
temporal cortex suggesting that dopaminergic abnormalities occur in cortical areas and may play a role in the development of cognitive dysfunction observed in HD[56].
Specifically, striatal D1 and D2 receptor density showed
strong relationships with performance in several tasks
assessing executive function, visuospatial ability, episodic
memory, verbal fluency, perceptual speed and reasoning
in a group of five HD patients[59]. Thus, cortico-striatal
and/or thalamo-cortical circuity may be associated with
cognitive impairment in HD[59]. A correlation between
striatal D1 and D2 receptors binding, but mainly D2, and
cognitive performance was found also in 17 premanifest
HD gene carriers, in whom both striatal dopamine receptor levels and cognitive performance were lower in the
subjects closer to the predicted disease onset[60]. Using
11
C-raclopride PET and statistical parametric mapping,
Pavese and coworkers[61] have found a reduction in D2
receptor density in cortical regions of symptomatic HD
patients, which were also evident in frontal and/or temporal regions in 55% of premanifest HD gene carriers[62],
suggesting that changes in cortical D2 receptor availability might be an early event in HD pathophysiology. Van
Oostrom and colleagues[63] have also reported a reduction
in striatal D2 receptor availability in 50% of premanifest
HD gene carriers and these reductions correlated with increases in cumulative disease load as measured by disease
burden (CAG index).
Clinically manifested HD patients have been shown to
have constant loss of D2 receptor availability at around
5% per year in striatal and extrastriatal regions including
frontal and temporal cortex, though no correlation between changes in UHDRS motor scores and reductions
in striatal binding were observed[61]. Longitudinal 11Craclopride PET studies in premanifest HD gene carriers
have reported rates of decline from 4%[64] up to 6.3%[65].
Andrews and coworkers[64] investigated striatal dopamine
D1 and D2 receptor binding over a follow-up period of
40 mo in nine premanifest HD gene carriers and four
symptomatic HD patients. They reported a mean annual
loss of D1 and D2 binding of 2% and 4% respectively in
the group of premanifest HD gene carriers and a mean
annual loss of D1 binding of 5% and D2 binding of 3%
in symptomatic HD patients[64]. Additionally, UHDRS
motor scores and TFC correlated with PET measures
of striatal dopamine receptor in both groups. Interestingly, premanifest HD gene carriers who demonstrated
active progression had an increased mean annual loss
of D1 and D2 receptor binding (5% and 6.5% respectively). Thus, the authors conclude that PET measures
of striatal D1 and D2 dopamine binding may be used to
identify asymptomatic HD gene carriers who are actively

PET
Dopaminergic system
Altered dopamine signalling may play a key role in the
pathogenesis of HD[49,50]. In particular, striatal MSNs
expressing dopamine receptors are primarily affected in
HD, whereas presynaptic dopaminergic nerve terminals
are relatively spared[51]. PET studies in premanifest and
manifest HD gene carriers have shown severe involvement of the postsynaptic dopaminergic system, whereas
the dopaminergic nerve terminals seem to be less affected[52-55]. An 18F-fluorodopa case-study did not demonstrate diminished striatal dopamine synthesis capacity
suggesting an intact nigrostriatal pathway[52]. However,
Ginovart and coworker[56], using PET with 11C-b-CIT,
have found a 50% decrease in striatal dopamine transporter (DAT) binding. In line with this finding, nigrostriatal density of the type-2 vesicular monoamine transporter
(VMAT2) was found reduced in HD patients[57]. It still
remains unclear whether degeneration of nigrostriatal
dopaminergic neurons or presynaptic terminal dysfunction takes place in HD.
Investigations of postsynaptic dopaminergic systems,
specifically the role of D1 and D2 receptors, which are
highly expressed in MSNs, have shown reduced receptor densities and activity in the striatum of HD patients
even at the early stage of the disease. The radioligand
11
C-SCH23390 is a selective antagonist of D1 receptors
while 11C-raclopride is a selective reversible antagonist of
D2 receptors. Striatal D1-dopamine receptor density was
found reduced by 75% in five HD patients with mild to
moderate disease compared to a group of healthy controls[58]. Additionally, one premanifest HD gene carrier
showed D1 binding in the lower range of the control
subjects[58]. Turjanski and colleagues[55] have studied 10
non-neuroleptic treated patients with HD with either the
choreic or the akinetic-rigid predominant phenotypes
of the disease. They found severe parallel reduction of
striatal D1 and D2 receptor binding with greater loss of
mean striatal D1 and D2 binding in the akinetic-rigid
patients than those choreic patients without rigidity[55].
However, there were no significant correlations between
D1 and D2 striatal receptor binding and the duration of
symptoms. Mean 11C-SCH23390 and 11C-raclopride bind-
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progressive[64]. A reduction in the striatal dopamine D2
binding, in particular in the putamen, correlates weakly
with the increasing probability of symptomatic conversion within 5 years, as calculated by an age and CAG
repeat based model[51]. Although, putaminal D2 binding
correlated with predicted time to disease onset, the rate
of change of D2 receptor changes were not increased
around the onset of HD symptoms[51]. A cross-sectional
study by Antonini and colleagues[66] indicated that striatal
degeneration in HD patients might proceed in a nonlinear fashion. They found a correlation between CAG
repeat length and the estimated percentage loss of striatal D2 binding after age correction in premanifest HD
gene carriers and symptomatic HD patients. While CAG
repeat length influenced the rate of disease progression,
the slopes of the correlation for asymptomatic mutation
carriers and patients were significantly different, implying
that the rate of disease progression is faster during the
earlier asymptomatic stages of the disease[66]. These data
suggest that striatal D2 measures are more sensitive in
premanifest HD than later in the disease.
While the loss of striatal dopamine D2 receptors is
well known, few studies have addressed the extrastriatal
D2 receptor distribution in patients with HD. Statistical
parametric mapping of 11C-raclopride binding in patients with HD suggest a loss of cortical dopamine D2
receptors in symptomatic HD patients[61,62]. A significant
reduction in postsynaptic dopamine D2 receptor binding
was also found in the hypothalamus of nine premanifest
HD patients and in 10 asymptomatic HD gene carriers[67].
These findings suggest that hypothalamic dysfunction
occurs early during the course of the disease and may be
responsible for the development of commonly reported
nonmotor symptoms in HD including progressive weight
loss, alterations in sexual behaviour and disturbances in
the wake-sleep cycle[67].
Using PET with 11C-FLB457, a radioligand with high
affinity for dopamine D2 receptor, Esmaeilzadeh and
coworkers[68] have investigated density of dopamine D2
receptors in extrastriatal brain regions in patients with
mild to moderate HD. They found that unlike from striatum, D2 receptors seem to be relatively spared in the
brain extrastriatal regions in HD patients suggesting that
D2 receptor binding in brain regions outside the striatum
may not be a reliable biomarker in HD[68].
Moreover, PET with D1 and D2 receptor radioligands has been used to assess the efficacy of restorative
therapy. In 1998, a multicentre open label pilot study was
designed to evaluate the safety and efficacy of bilateral
fetal striatal transplantation in HD[69]. Five HD patients
were transplanted and followed up clinically and with
PET over a 3-10 year postoperative period[70,71]. No significant differences were found over time between patients,
grafted and non-grafted on the UHDRS and striatal D1
and D2 binding suggesting that there was no obvious
surviving striatal graft tissue[70,71].

tabolism could serve as an index of neuronal integrity
and functional state of the synapse[72,73]. Striatal glucose
hypometabolism and regional reductions in cortical
glucose have been identified in HD patients and have
been found to correlate with motor and cognitive symptoms[65,74,75]. Specifically, decreases of caudate and regional
cortical metabolism correlated with cognitive decline[75,76],
whereas striatal hypometabolism was associated with
motor deficits and reduced TFC[77]. Striatal and cortical
hypometabolism has been also found in premanifest HD
gene carriers to precede neuronal loss[78-80]. A recent 18FFDG PET study has shown that premanifest HD gene
carriers who became symptomatic after five years from
the PET scan had a mean glucose uptake in the caudate
significantly lower than those who did not convert, and
this difference was independent of mutation size [80].
These findings suggest that reduced glucose levels may
be contribute to the time of HD onset. In a combined
18
F-FDG and 11C-raclopride longitudinal study, premanifest HD gene carriers showed an annual loss of 2.3%
in striatal glucose metabolism and 6.3% annual decline
in D2 receptor binding[65]. These findings suggest that
glucose metabolism is a less sensitive marker of disease
progression compared to 11C-raclopride[65]. On the other
hand, decreased cortical metabolism in the early stage of
HD is indicative of rapid progression[81]. Indeed, cortical
metabolism in the frontotemporal and parietal cortices
was significantly lower in early HD subjects with faster
progression of the disease as measured with the UHDRS
and Independence Scale[81].
PET with H215O has been used to investigate changes
of motor-associated cortical activation in HD[82,83]. During motor tasks such as paced joystick movements or
sequential finger-to thumb opposition, HD patients
showed impaired activation of the striatum and its frontal
motor projection areas[82,83] along with enhanced activity
of the parietal areas[82] and insular areas[83]. These findings
suggest that the loss of MSNs in the striatum leads to
impairment of the basal ganglia-thalamo-cortical motor
output and may induce a compensatory recruitment of
additional accessory motor pathways[82,83]. Moreover, different patterns of brain activation have been showed in
HD patients during word generation task[84]. HD patients
showed decreased cerebral blood flows in the anterior
cingulate and the inferior frontal gyri, which are important in lexical selection and a compensatory activation of
the left supramarginal gyrus and the right inferior frontal
gyrus, suggesting that compensatory language strategies
are present in HD[84].
18
F-FDG PET imaging and network approaches have
been used to identify spatial covariance patterns in premanifest HD[85-87]. A cross-sectional analysis of metabolic
changes from premanifest HD gene carriers and healthy
controls, has reported a reproducible disease related
pattern, characterized by relative bilateral increases in
thalamic, occipital, and cerebellar glucose metabolism
associated with bilateral decreases in striatal metabolism,
which discriminated between the HD and healthy control groups[86]. However, this pattern in HD gene carriers

Brain activation and metabolism
Measurements of cerebral blood flow and glucose me-
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mine D2 binding as measured with 11C-raclopride PET.
Additionally, striatal 11C-PK11195 binding correlated
with clinical severity as measured with the UHDRS[99].
In premanifest HD gene carriers 11C-PK11195 binding
was found to be also increased in striatum and cortical
regions compared to a group of normal controls, and
higher striatal 11C-PK11195 binding correlated with lower
striatal D2 binding[100]. These findings suggest that early
and widespread microglial activation occurs in premanifest HD gene carriers and it is associated with subclinical
striatal neuronal loss of dopamine D2 receptor binding,
indicating a potential role of activated microglia in HD
pathogenesis.
A more recent multimodal imaging study using MRI,
11
C-PK11195 and 11C-raclopride PET, has showed increased levels of activated microglia in several brain areas
across HD gene carriers who were either premanifest or
manifested patients[101]. Of particular interest, high levels
of activated microglia were observed in the associative
part of the striatum, which is involved in cognitive function. High levels of microglial activation in the associative striatum and in the brain regions related to cognitive
function correlated with a higher probability of symptomatic HD onset over the next 5 years in the group of
premanifest HD gene carriers[101]. These findings highlighted the role of immune response in the pathophysiology and clinical expression of HD.

did not show consistent changes over time, thus limiting
its utility as a network biomarker of preclinical disease
progression[86]. Recently, Tang and coworkers[87] demonstrated the feasibility of network-based approach by using longitudinal metabolic imaging data from premanifest
HD carriers to identify and a distinct spatial covariance
pattern associated with disease progression. Changes in
pattern expression over a seven years period were used
to quantify the rate of progression in the preclinical period[87]. They found a significant spatial covariance pattern
characterized by progressive changes in striato-thalamic
and cortical metabolic activity which increased linearly
over 7 years and was not influenced by symptomatic
conversion[87]. Additionally, premanifest HD gene carriers which showed further increases in metabolic network
activity at baseline (> 2 SD above the normal mean) had
a greater risk of symptomatic conversion in the following
5-year period[87]. These findings suggest that metabolic
network measurements may provide a sensitive tool for
evaluating disease progression prior to clinical diagnosis.
Measures of glucose brain metabolism have been
used to assess the restoration of striato-cortical function
in five HD patients who underwent bilateral striatal transplantation[88,89]. In 2-year follow-up of these five patients,
Gaura and colleagues[89] reported that the three patients,
who showed clinical improvement or stabilization, had
increased in striatal/cortical glucose metabolic rate, which
is suggestive of restoration of function of striatal-cortical
connections. Conversely, findings from NEST-UK multicentre study failed to show significant change in 18F-FDG
uptake over 2 years of follow-up[70]. Thus, the ability of
bilateral striatal transplantation to restore striato-cortical
pathways remains to be elucidated.

Cannabinoid system
Dysregulation of the endocannabinoid system may play a
critical role in the pathogenesis of HD. The type 1 cannabinoid receptors (CB1R) are expressed in the basal ganglia, mainly in the GABA-ergic striatal MSNs expressing
D1 and D2 receptors and are a key modulator of synaptic transmission in the brain[102-104]. Evidences from animal
models of HD and postmortem tissue of HD brain have
shown that decreased levels of CB1R and CB1 messenger RNA[105-107]. Recently, in vivo imaging of CB1R has
become feasible using PET with 18FMK-9470[108] and 11CMePPEP[109,110]. Using PET with 18FMK-9470, Van Laere
and coworkers[111] have investigated the levels of CB1R
in the brain of 20 symptomatic HD patients. They found
decreased CB1R availability throughout the grey matter of the cerebrum, cerebellum, and brain stem in HD
patients. Further studies of CB1R system in premanifest
HD gene carriers are expected in order to further understand the role of this system in the pathophysiology of
HD.

Neuroinflammation and activated microglia
Recent evidence suggests that microglial activation plays
a role in the pathogenesis of HD[90,91]. Microglia constitute about 10% of the total brain cell population, and
represent the main immunocompetent phagocytic cells in
the central nervous system[92]. Although microglial activation is unlikely to initiate neuronal death, it could contribute to the neurodegenerative processes[93,94]. Indeed,
upon exposure to neuronal insults such the presence of
abnormal huntingtin protein aggregations, microglia become activated and release pro-inflammatory cytokines
(e.g., TNF-a and IL-1b). These cytokines in turn cause
further activation of microglia, resulting in a self-propagating inflammatory cascade, which may lead to neuronal
death. Microglial activation upregulates the expression
of the 18 kDa translocator protein (TSPO) which is
involved in the release of proinflammatory cytokines
during inflammation and is present at very low levels in
the normal healthy CNS[95,96]. The upregulation of TSPO
expression can be detected in vivo with PET and selective
radioligands such as 11C-PK11195[97,98]. Using PET with
11
C-PK11195, Pavese and coworkers[99] have found significant microglial activation in the striatum and cortical
regions of symptomatic HD patients, and reported that
striatal PK binding correlates with loss of striatal dopa-
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CONCLUSION
Currently, there are no therapies able to slow down
progression in HD and symptomatic treatments such
as acetylcholinesterase inhibitors have provided limited
evidence of their efficacy in HD[112]. Identification of
reliable biomarkers of HD progression will be important
for the development and evaluation of disease-modifying
treatments. Neuroimaging techniques may be a suitable
biomarker for monitoring disease progression in HD
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and for assessing the efficacy of future disease modifying
therapies. Although MRI techniques have shown to be
useful for monitoring disease progression, PET imaging
is able to detect changes and specific targets early in premanifest HD stages. However, at this stage an integrative
multimodal imaging approach, which combines different
MRI and PET techniques, could be recommended.
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Clinical significance of computed tomography assessment
for third molar surgery
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mandibular third molar and the inferior alveolar canal,
prior to surgery to reduce the risk for nerve damage.
This topic highlight presents an overview of the clinical
significance of CT assessment in third molar surgery.
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Core tip: Surgical extraction of the third molar is the
most commonly performed procedure in oral surgery.
Careful preoperative examinations, including the use of
computed tomography (CT) assessment, assist in the
planning of in predicting the risks related to surgical interventions. The clinical significance of CT assessment
in relation to third molar surgery is therefore reviewed
and discussed.

Abstract
Surgical extraction of the third molar is the most commonly performed surgical procedure in the clinical
practice of oral surgery. Third molar surgery is warranted when there is inadequate space for eruption,
malpositioning, or risk for cyst or odontogenic tumor
formation. Preoperative assessment should include a
detailed morphologic analysis of the third molar and
its relationship to adjacent structures and surrounding
tissues. Due to developments in medical engineering
technology, computed tomography (CT) now plays a
critical role in providing the clear images required for
adequate assessment prior to third molar surgery. Removal of the maxillary third molar is associated with a
risk for maxillary sinus perforation, whereas removal of
the mandibular third molar can put patients at risk for a
neurosensory deficit from damage to the lingual nerve
or inferior alveolar nerve. Multiple factors, including demographic, anatomic, and treatment-related factors, influence the incidence of nerve injury during or following
removal of the third molar. CT assessment of the third
molar prior to surgery can identify some of these risk
factors, such as the absence of cortication between the
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INTRODUCTION
Surgical extraction of the third molar is the most common procedure performed by oral surgeons. Appropriate
surgical procedures should be determined based on findings from the preoperative examinations that critically assess the morphology of the third molar, and its relationships with adjacent structures [particularly the inferior
alveolar canal (IAC) ] and surrounding tissues.
Preoperative imaging assessments have typically included conventional intraoral radiography or orthopantomography (OPG). Following more recent developments in medical engineering technology, computed tomography (CT)

428

March 28, 2015|First Edition|

Nakamori K et al . Computed tomography and third molar surgery

tween the maxillary third molar (UM3) and the maxillary
sinus is critical in order to prevent perforation of this sinus. For example, a patient is at risk for perforation in the
absence of cortication between the UM3 and the maxillary sinus. It is important to note that excessive curettage
at the base of the root apex region should be avoided
(Figure 1). Removal of the mandibular third molar (LM3)
can put patients at risk for serious neurosensory deficits,
particularly due to injury of the lingual nerve (LN) and
the inferior alveolar nerve (IAN). Lastly, if the third molar is fully or partially impacted in the alveolar bone, bone
removal and tooth sectioning are required. Such surgically
invasive procedures may cause postoperative pain, edema,
and limited opening or mobility of the mouth due to
muscle spasms.

Figure 1 Coronal view of the maxillary molar with multi-detector computed tomography. The absence of cortication between the root apex and
maxillary sinus can be observed.

RISK FACTORS ASSOCIATED WITH
NERVE INJURIES

now serves as an integral method to provide clear images
for use in clinical practice. Multi-detector CT (MDCT) and
cone-beam CT (CBCT) imaging of oral and maxillofacial
regions serve as essential methods for diagnosis and treatment planning. Recently, the clinical importance of preoperative CT assessments in third molar surgery has been
reported[1-3]. In this article, the general problems related to
third molar surgery are reviewed. In addition, current topics
associated with the clinical significance of CT assessment
for third molar surgery are discussed.

LN and IAN nerve injuries are thought to be due to
mechanical irritations from surgical intervention and
are influenced by several demographic, anatomic, and
treatment-related factors[7,8]. Risk for injury is increased
with the age of the patient because of technical difficulties during surgery, decreased bone elasticity, or increased
incidence of tooth hypercementosis. In addition, age may
contribute to a reduced capacity for damaged nerve fiber
recovery. Furthermore, elderly patients with evidence
of sclerotic change are at a considerably higher risk for
pathologic osteomyelitis around the impacted tooth[9].
Nakagawa et al[10] reported that female patients are at a
higher risk for IAN injuries due to decreased buccolingual thickness of the mandible. The risk for damage is
increased with a thinner mandible as there is less space
between the IAC and LM3. Additional anatomic risk factors for injury from surgery include tooth angulation, the
presence of a distal overhang, and the degree of impaction, which are integrally related to the need for surgical intervention. Treatment-related risk factors include
injection of local anesthesia, mucoperiosteal incision and
elevation of the mucoperiosteal flap, bur usage during
alveolar bone removal and tooth sectioning, stretching of
the nerve during surgery, and accidental fractures of the
lingual cortical bone of the mandible[11]. These treatmentrelated risk factors are associated with the surgeon’s level
of experience[12,13].
The lingual split technique for third molar extraction
is highly associated with a risk for LN deficit, though
the associated risk for LN morbidity remains controversial[11,12]. Therefore, the most widely used technique in
clinical practice to decrease the risk of LN injury is the
buccal approach. Preoperative imaging assessments can
also be employed to limit nerve injury occurrence. Ultrasonography should be used to detect the LN, since the
location of the nerve in the mandible prohibits detection
by CT imaging[14]. As the IAN is located within the IAC,
it can be indirectly evaluated through radiographic assessment of the IAC. Importantly, preoperative radiographic

WHY SHOULD THE THIRD MOLAR BE
EXTRACTED?
Third molars should be extracted when there is inadequate
space for eruption in the retromolar region, between the
second molar and the mandibular ramus. This can lead to
a disturbed eruption of the third molar, which may create
a flap of gingival tissue around the partially erupted tooth,
or a pericoronal pocket, which can potentially develop
into pericoronitis. In addition, Rahman et al[4] recently
reported that asymptomatic pericoronal tissue associated
with impacted teeth showed a high rate of squamous
metaplasia and proliferative activity. Although impacted
teeth with pericoronal tissue can lead to cyst formation or
odontogenic tumors, the prophylactic removal of diseasefree third molars is still controversial[5,6]. Extraction is also
warranted when there is mesioangular or “horizontal”
malpositioning of the third molar. Such malpositioning
can lead to difficulties in plaque control between the second and third molars and may occasionally lead to second
molar dental caries. Furthermore, this form of malpositioning may also affect the dental arch shape and result in
tooth crowding.

COMPLICATIONS OF THIRD MOLAR
SURGERY
Careful preoperative evaluation of the relationship be-
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A

Figure 2 Root darkening and inferior alveolar canal shape.
A: Darkening of the root is observed in this orthopantomography
image. A black band is visible (white arrows) at the root apex site;
B: A cross-sectional multi-detector computed tomography image
indicates alterations (dumbbell shape) to the inferior alveolar canal shape and a loss of the lingual cortex of the mandibular bone.

B

that the diversion of IAC, darkening of the root and interruption of the white line were significantly related to
IAN injuries. There have been several OPG assessment
studies which support the usefulness of these seven findings[3,23-25]. According to a meta-analysis study, three signsdarkening of the root or increased radiolucency, interruption of radiopaque borders of the mandibular canal, and
diversion of the mandibular canal-have been implicated as
the most significant predictive factors of a close relationship between the IAN and the LM3[26]. It should be noted,
though, that the statistical results from these analyses had
various levels of specificity and sensitivity (Table 1).
Recent research indicated that high-risk signs identified by OPG are significantly associated with absence of
the cortication between LM3 and IAC[27,28]. In particular,
darkening of the root is closely related to cortical bone
loss and/or grooving of the root[27,29-31] (Figure 2). Furthermore, interruption of radiopaque borders has been
attributed to loss of cortical structure of the canal. A
sign for diversion of the mandibular canal is classified by
a nerve running between the roots or the interposition
between the root and the mandibular cortical bone.

Table 1 Specificity and sensitivity for predicting inferior
alveolar nerve injury with third molar surgery
Imaging procedure

Sensitivity

Specificity

32%-71%
22%-80%
3%-50%

73%-96%
47%-97%
82%-100%

66%-100%

46%-86%

[22-26]

Orthopantomography
Darkening of the root
Interruption of the canal
Diversion of the canal
CT/Cone-beam CT[1,38,41,42]
Cortication

CT: Electronic computer X-ray tomography technique.

assessment provides increased information on the relationship between the LM3 and the IAC and can be used
to identify whether risk factors for IAN injury are present
prior to LM3 extraction. In cases where preoperative examination has identified a high-risk factor, surgeons may
consider the use of special surgical approaches, including
coronectomy[15,16], multistep extraction[17,18], or orthodontic extraction techniques[19-21] to decrease the risk for IAN
injuries.

RADIOLOGICAL IMAGING

CT

There are several different radiology procedures that
can be used prior to third molar surgery. Conventional
intraoral radiography provides surgeons with detailed
information regarding structures at the exposed site. If
two structures are superimposed, a parallax technique can
be applied to determine the buccolingual relationship.
However, it is sometimes difficult to position films or an
imaging plate at an ideal position, as the LM3 is predominantly located posterior to the mandible.

CT and/or CBCT examinations enable easy assessment
of three-dimensional anatomic relationships between the
third molar and adjacent structures and surrounding tissues, as well as for detection of the mental foramen and
bifid mandibular canal[32-34]. Furthermore, if the third molar becomes dislocated during surgery, the CT image is a
useful tool for detecting the dislocated tooth (Figure 3).
The accuracy of measurement by CT was evaluated
by a comparative study of the skull, showing that medical
CT (single-detector CT or MDCT) or CBCT is sufficient
if preoperative CTs have been taken[35,36]. Accurate assessment of the IAC position is important in the field of
oral surgery, and several studies have reported the clinical
significance of the position of the IAC with respect to
LM3[10,32,37]. When the IAN is positioned at the lingual
site of the LM3, and sandwiched between the LM3 and
the lingual cortex, it may become compressed during
LM3 extraction. Several studies have reported that the
predictive value of CT assessment for IAN injuries was

OPG
OPG is widely used during treatment planning for third
molar surgery because it enables assessment of the twodimensional relationship between the tooth and the IAC.
Rood and Shebab have outlined seven important findings
that can be obtained from OPG images: darkening of
the root, deflected roots, narrowing of the root, dark and
bifid roots, interruption of the white line(s), and diversion
and narrowing of the IAC[22]. These authors concluded
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Figure 3 Imaging and surgical removal of a dislocated third
mandibular molar (LM3). A: Orthopantomography showing a
dislocated LM3 during surgical removal. The dislocated LM3 is
superimposed over the middle part of the mandibular ramus (white
arrows); B: Axial multi-detector computed tomography (MDCT)
image and C: coronal MDCT image of the dislocated LM3 deviating into the pterygomandibular space (yellow circle); D: Surgical
extraction; E: Extracted LM3.

A

B

C

D

E

A

CT images of reconstructed cross-sectional (or coronal) views have been used for assessment of the cortical
status around the IAC. Two studies have suggested a
predictive value for cortication status in IAN injuries[2,41],
which currently appears to be the gold standard finding
for predicting signs of IAN injuries. In our own retrospective and prospective studies, the absence of cortication between LM3 and the IAC was a requirement for
IAN injuries[38,42,43]. In addition, Susarla et al[39] reported
that the estimated cortical defect size, computed by
counting the number of consecutive slice images with interruptions in the white line around the IAC, was closely
related to IAN injury. If reconstruction software is unavailable, a reformatted coronal view can be obtained
through reconstruction of the perpendicular image of
the IAC, which is based on the axial and sagittal vertical
planes[38].
The shape of the IAC has become a significant new
finding for estimating the proximity between the IAC and
LM3[38,42,44]. Although high-risk signs from OPG findings

B

Figure 4 Radiolucency is not observed with orthopantomography. A: No
significant radiolucency is observed in the roots of the third mandibular molar
with orthopantomography; B: A cross-sectional multi-detector computed tomography image shows the dumbbell shape of the inferior alveolar canal and loss
of the lingual cortex of the mandibular bone.

approximately 20%-30%[1,37-39], and 30% when the nervevascular bundle was observed[40].
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A

Figure 5 Root darkening and altered third mandibular molar (LM3) root. A: Darkening of the root
observed by orthopantomography. A black band is
visible (white arrow) at the root apex site; B: Alteration of the LM3 root (grooved) and loss of the lingual
cortex of mandibular bone can be observed on crosssectional multi-detector computed tomography images.

B

indicated a relationship with lost cortication, some alterations have been recognized in the IAC without the OPG
finding (Figure 4). All IAC shapes are initially round/oval
near the mandibular foramen, although some canals
change shape toward the anterior aspect of the mandible[42]. Alteration of canals is observed most often at
the section closest to LM3 (Figure 4B). The altered canal
shapes are described as “teardrop-shaped”, “dumbbellshaped”[42], or as an invagination[44]. Collectively, the alteration indicates the degree of proximity between the IAC
and LM3.
The number and shape of the LM3 roots can also be
assessed by CT examination and should be recommended
to surgeons seeking important clinical information. For
instance, if the LM3 has three roots, a root-sectioning
technique may be needed. However, the number of LM3
roots does not correlate with the incidence of IAN injury. A grooved root shape is intimated due to the close
relationship between the root and IAC (Figure 5).

4

5

6

7

8

CONCLUSION

9

Preoperative CT examination is now considered an important assessment tool for third molar surgery. Despite
this, standard eligibility criteria have not yet been established to necessitate the use of CT examination[45,46]. Furthermore, standardized significant findings have not been
put in place for third molar surgery. This may be due to
the low incidence of complications during third molar
surgery. To resolve these issues, multi-institutional studies
and development of a uniform protocol are needed.
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Core tip: The amount of brain tumor resection is one
of the prognostic factors for time to tumor progression
and median survival. To achieve maximum brain tumor
removal, while preventing damage to “eloquent” brain
regions, a variety of technical advances have been introduced, including intraoperative magnetic resonance
imaging. Brain shift can thus be compensated; however, surgically induced contrast enhancement along
the rim of the resection cavity hampers interpretation of
these intraoperatively acquired images. Recently, perfusion techniques (dynamic contrast enhanced magnetic resonance imaging, dynamic susceptibility contrast
magnetic resonance imaging) have been introduced
that can differentiate residual tumor from surgically
induced changes and thus overcome this remaining uncertainty in high grade brain tumor resection.

Abstract
The goal in brain tumor surgery is to remove the maximum achievable amount of the tumor, preventing damage to “eloquent” brain regions as the amount of brain
tumor resection is one of the prognostic factors for time
to tumor progression and median survival. To achieve
this goal, a variety of technical advances have been introduced, including an operating microscope in the late
1950s, computer-assisted devices for surgical navigation
and more recently, intraoperative imaging to incorporate
and correct for brain shift during the resection of the
lesion. However, surgically induced contrast enhancement along the rim of the resection cavity hampers interpretation of these intraoperatively acquired magnetic
resonance images. To overcome this uncertainty, perfusion techniques [dynamic contrast enhanced magnetic
resonance imaging (DCE-MRI), dynamic susceptibility
contrast magnetic resonance imaging (DSC-MRI)] have
been introduced that can differentiate residual tumor
from surgically induced changes at the rim of the resection cavity and thus overcome this remaining uncertainty of intraoperative MRI in high grade brain tumor
resection.
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INTRODUCTION
The goal in brain tumor surgery is to remove the maximum achievable amount of the tumor, preventing damage to “eloquent” brain regions, as the amount of brain
tumor resection is one of the prognostic factors for time
to tumor progression and median survival[1,2]. Preop-
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Figure 1 Surgically induced intraoperative contrast leakage. Reprinted from NeuroImage with permission[9]. A: T1-weighted magnetic resonance (MR) image of the
initial resection control. Residual tumor was depicted (not shown), neuronavigation was updated and the residual tumor was removed; B: T1-weighted MR image in identical
orientation as in (A) of the second intraoperative resection control. At the border of the resection cavity there is contrast enhancement of previously non-enhancing tissue (arrows), which is caused by the neurosurgical resection leading to a leakage phenomenon. Perfusion maps of rCBV (C) and rCBF (D) at the second resection control demonstrate no elevated values in areas of contrast enhancement but complete resection of the tumor. rCBV: Regional cerebral blood volume; rCBF: Regional cerebral blood flow.

eratively acquired magnetic resonance (MR) images can
nicely delineate the tumor extent and adjacent anatomical
structures. The application of an operating microscope
in the late 1950s[3,4] revolutionized neurosurgery. Further
advances included computer-assisted devices for surgical
navigation[4,5] and, more recently, intraoperative imaging[6] to incorporate and correct for brain shift during the
resection of the lesion. However, surgically induced contrast enhancement along the rim of the resection cavity[7]
hampers interpretation of these intraoperatively acquired
MR images (Figure 1). To overcome this uncertainty,
perfusion techniques have been introduced. Dynamic
susceptibility contrast magnetic resonance imaging (DSCMRI) is a T2*-weighted technique that enables calculation of regional cerebral blood flow (rCBF) and regional
cerebral blood volume (rCBV) maps. The measurement
takes only 1 min, 20 s and does not extend the overall
scanning procedure. It can be applied various times as it
is independent of T1-effects after saturation, has proven
to be as reliable as preoperatively performed DSCMRI[8,9] and can distinguish residual tumor form surgically induced artefacts. Dynamic contrast-enhanced T1weighted perfusion (DCE-MRI) has alternatively been
used intraoperatively[10]. The beauty of this approach
that requires more time than DSC-MRI (also at 3T) is
that there is a by-product with the acquired T1-weighted
images as the slope of contrast enhancement can easily be analyzed without the need for additional software.

WCR|www.wjgnet.com

A quickly climbing slope depicts residual tumor tissue.
However, the following still needs to be proven: can the
DCE-MRI be repeatedly applied, is analysis unaffected
by the commonly used absorbable hemostats (such as
surgical®, Ethicon 360), and can it reliably differentiate
other sources of contrast enhancement over time, such
as bleedings. Both techniques, however, can differentiate
residual tumor from surgically induced changes at the rim
of the resection cavity and thus overcome the remaining
uncertainty of intraoperative MRI in high grade brain tumor resection.
The extent of tumor resection is one of the prognostic factors for time to tumor progression and median survival for patients with both high and low grade
gliomas[1,2]. Various attempts have been undertaken to
achieve the maximum resection of a lesion. Most of
them are imaging-based. Beginning in 1980, intraoperative ultrasound was the first imaging modality guiding
neurosurgical procedures[3]. Preoperatively acquired images were integrated in computer-assisted devices for
surgical navigation beginning in 1986[4,5]. Prior to resection
of a lesion, an “image-to-patient” registration is necessary to align the MRI coordinates with the patient’s head
position in the OR. However, due to brain shift during
the resection of the lesion, or leakage of CSF, these preoperatively acquired images were progressively imprecise
over time. The double-donut was the first intraoperative
MRI system at the Brigham and Women’s hospital in
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Boston in 1997[6]. This enabled an update of the underlying anatomy at any time during the resection of a lesion, including an update of the navigation system. One
major drawback, besides the costs of such a system, is
that there is a surgically induced contrast enhancement
along the resection cavity margin in intraoperatively
acquired T1-weighted images after contrast administration[7] that can hamper judgment concerning the differentiation between residual solid tumor or just surgically
induced artefact, especially taken together with the well
known brain shift that may also preclude the comparison
with preoperatively acquired images. Another approach
that found wide acceptance was the use of intravenous
administration of 5-aminolevulinic acid[11], leading to
tumor fluorescence intraoperatively that also resulted in
more complete tumor removal. However, lack of visible fluorescence in the adjacent tissue is not as highly
predictive of normal tissue as biopsy proven[12]. Thus,
some centers (where available) use both complementary
methods. However, the contrast enhancement in these
intraoperative images remains a challenge with conventional imaging only.

delineate typical changes associated with brain tumors and
to define the real extent of a lesion more precisely than
the use of conventional MR imaging only. Recently, this
had been used intraoperatively to identify residual tumor
with a sensitivity of 85.7% and specificity of 100%[20].
However, air filled (resection) cavities might preclude
MRS, or small residual tumor areas might be missed, and
it is impossible to map the complete rim of a resection
cavity intraoperatively due to time restraints, thus the area
to be monitored has to be defined.
Perfusion imaging in clinical routine is most commonly performed as DSC-MRI-weighted perfusion,
which is T2*-weighted or as DCE-MRI. Both techniques
are most commonly used for stroke imaging but also in
neuro-oncology and intraoperatively.

DSC-MRI
DSC-MRI enables calculation of regional maps for relative blood volume and flow by administering conventional MR contrast agents while T2*-weighted images (i.e.,
40 images/slice) are being acquired. In areas of bloodbrain barrier breakdown (such as brain tumors), distinct
zones with increased cerebral blood flow and volume
can be depicted, which correspond to neovascularization
and active metabolism within the tumor[21-28]. Prior to the
DSC measurement, 2 cc of contrast agent are injected
for reduction of the T1 effect (saturation). For perfusion
imaging, the contrast agent is administered as a bolus,
followed by a saline flush with a flow rate of 5 cc/s during a dynamic susceptibility-dependent T2*-weighted GE
EPI sequence (i.e., TR/TE = 17/8 ms; FOV 240 mm;
matrix 128 × 128; EPI factor = 17, number of slices 30
with slice thickness of 3.5 mm, duration: 1 min 20 s[8,9]).
These data are then transferred to a workstation to create
maps of the rCBF and rCBV and to measure the mean
transit time of the contrast agent passing through the
brain[29] based on the tissue dilution theorem. As absolute
quantification is not yet possible, ratios to the unaffected
hemisphere or adjacent tissue are created to judge the
perfusion data. As T2*-weighted images are susceptible
to artefacts caused by air fluid levels (such as resection
cavities) or air filled spaces (like sinus), its intraoperative
application required a multistage approach. Initially, a
phantom study was performed using a model with a rigorous air water level that showed only moderate artefacts.
In a second step, a model with continuous laminar flow
was used that showed susceptibility artefacts close to the
tubes (overestimation of perfusion adjacent to vessels[8]).
In patients, residual tumor was depicted intraoperatively
by DSC-MRI[8], which is independent of brain shift and
surgically induced disruption of the blood brain barrier
and was proven by histology. In a third step, the reliability of intraoperatively acquired data was demonstrated
in a series of patients with high grade gliomas who had
undergone pre- and intraoperative DSC-MRI with some
residual tumor in the early intraoperative resection control[8,9]. Ratios of identical areas within the tumor tissue

INTRAOPERATIVE SETUP
Instead of using the double-donut setup, which requires
that the surgeon is within the magnetic field thus requiring non-magnetic tools[6], “twin operating theatres” have
been proposed for both low[13,14] and more recently high
field systems, with the need to transfer the patient between the imaging and surgical site. This has become the
setup of choice in most institutions[8,15,16], although some
move the magnet towards the surgical site[17]. Lower field
systems with permanent magnets are also in use[18], which
is a compromise but does not allow advanced imaging
(see below). To use the conventional neurosurgical setup,
including neuronavigation, microscope and conventional
ferromagnetic instruments, the patient has to be outside
the 0.5 mT or 5-Gauss line of the magnet during the surgical procedures to avoid a pull of ferromagnetic objects
into the bore of the scanner, especially when the patient
is positioned for scanning. Also, these objects interfere
with imaging and can hamper image quality, causing artefacts. Dynamic sequences like DSC-MRI require a high
field scanner (1.5 T or more), which come in “closedbore” designs. Head fixation devices need to be MRcompatible. Whenever the surgeon wants an update,
MRI can be performed after removing all ferromagnetic
objects and sterile coverage of the craniotomy.

ADVANCED INTRAOPERATIVE MRI
To define residual tumor, various approaches have been
performed using advanced imaging techniques. It has
been demonstrated that parts of brain tumors do not enhance as biopsy proven[19] which can be depicted by MR
spectroscopy (MRS), a technique that is very susceptible
to artefacts and also time consuming. However, it helps to
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did not differ significantly between pre- and intraoperatively acquired data. Furthermore, there was a high correlation of the analyzed rCBV and rCBF ratios between
pre- and intraoperative MRI exams. Intraoperatively,
flexible two-channel surface coils were used, whereby one
part was placed below the patient’s head at the beginning
of the operation and the second part adjusted prior to
intraoperative scanning on the craniotomy defect, both
draped in a sterile fashion. DSC-MRI was performed in
1 min 20 s, which did not extend overall intraoperative
MR imaging. Intraoperative sedation (such as propofol anesthesia) reduces the absolute values of CBF and
CBV; however, the ratios between tumor and unaffected
contralateral tissue remain constant[30]. DSC-MRI can be
repeated various times as previously used contrast agent
leads to a desired saturation of T1 effects but does not
influence T2*-weighted images.

tumor extent and adjacent anatomical structures. The application of an operating microscope in the late 1950s[34]
revolutionized neurosurgery. Further advances included
computer-assisted devices for surgical navigation[4,5] and,
more recently, intraoperative imaging[6] to incorporate and
correct for brain shift during the resection of the lesion.
However, surgically induced contrast enhancement along
the rim of the resection cavity[7] hampers interpretation
of these intraoperatively acquired MR images. To overcome this uncertainty, perfusion techniques have been
introduced. DSC-MRI is a T2*-weighted technique that
enables calculation of rCBF and rCBV maps. The measurement takes only 1 min 20 s and therefore does not
extend the overall scanning procedure. It can be applied
various times as it is independent of T1-effects after
saturation, has proven to be as reliable as preoperatively
performed DSC-MRI[8,9], and can distinguish residual
tumor from surgically induced artefacts. DCE-MRI has
also been used intraoperatively as an alternative[10]. The
beauty of this approach that requires more time than
DSC-MRI (also at 3 T) is that there is a by-product with
the acquired T1-weighted images as the slope of contrast
enhancement can easily be analyzed without the need
for additional software. A quickly climbing slope depicts
residual tumor tissue. However, it still has to be proven
that DCE-MRI can be repeatedly applied, that analysis is
unaffected by commonly used absorbable hemostats (such
as surgical®, Ethicon 360), and that it can also reliably
differentiate other sources of contrast enhancement over
time, such as bleedings. Both techniques can differentiate
residual tumor from surgically induced chances at the rim
of the resection cavity and thus overcome the remaining
uncertainty of intraoperative MRI in high grade brain tumor resection.

DCE-MRI
Dynamic contrast-enhanced T1-weighted perfusion MR
imaging (DCE-MRI)[31-33] is the other commonly used perfusion technique. In DCE-MRI, k-trans is analyzed, which
is the transfer coefficient (endothelial permeability surface
product). DCE-MRI requires various sampling points
over time and usually takes much longer than DSC-MRI.
T1 is reduced by clinically used contrast agents, leading to a signal intensity increase in T1-weighted images.
Thus, DCE-MRI measures contrast agent concentration as a function of time. Very recently, DCE-MRI was
used intraoperatively at a 3 T MR scanner[10]. The used
setup took 3 min and 45 s for the perfusion sequence.
In addition to a pharmacokinetic modelling, the authors
analyzed the slope of the signal intensity increase in these
T1-weighted images. Residual solid tumor could be distinguished from surgically induced contrast enhancement
at the rim of the resection border by a quickly climbing
slope in tumors, compared to a low-amplitude undulating curve in brain tissue as proven by histology. This
may have great potential as it is obviously much easier
to apply and analysis of the slope of contrast enhancement does not require any additional software as such
programs come with the scanner software. However, it
still has to be proven whether or not DCE-MRI can be
repeatedly applied in the unlikely event of multiple resection controls, whether analysis is affected by commonly
used absorbable hemostats (such as surgical®, Ethicon
360), and also if it can reliably differentiate other sources
of contrast enhancement over time, such as bleedings.
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Core tip: “Imaging of the temporomandibular joint: An
update” is a thorough review of the imaging techniques
and imaging appearances of normal anatomy, anatomic
variation and pathologies of the temporomandibular
joint (TMJ). Numerous images are appropriately used
for illustration of the key concepts of TMJ imaging. Nice
blend of exquisite details and beautiful illustrative images is the main feature of this article. The purpose of
this article is easy understanding of many difficult aspects of imaging of the TMJ.
Original sources: Bag AK, Gaddikeri S, Singhal A, Hardin S,
Tran BD, Medina JA, Curé JK. Imaging of the temporomandibular joint: An update. World J Radiol 2014; 6(8): 567-582 Available
from: URL: http://www.wjgnet.com/1949-8470/full/v6/i8/567.htm
DOI: http://dx.doi.org/10.4329/wjr.v6.i8.567

Abstract

INTRODUCTION

Imaging of the temporomandibular joint (TMJ) is continuously evolving with advancement of imaging technologies. Many different imaging modalities are currently used to evaluate the TMJ. Magnetic resonance
imaging is commonly used for evaluation of the TMJ
due to its superior contrast resolution and its ability
to acquire dynamic imaging for demonstration of the
functionality of the joint. Computed tomography and
ultrasound imaging have specific indication in imaging
of the TMJ. This article focuses on state of the art imaging of the temporomandibular joint. Relevant normal
anatomy and biomechanics of movement of the TMJ
are discussed for better understanding of many TMJ
pathologies. Imaging of internal derangements is discussed in detail. Different arthropathies and common
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Pain related to the temporomandibular joint (TMJ) is
common in the general population. Only about 3%-7%
of the patients with pain related to TMJ seek medical
attention[1,2]. Although TMJ disorders or dysfunctions
are the most common clinical conditions for imaging
referrals, pathologies specific to the bone and the joints
are also common. Different imaging modalities are available to image the TMJ, each with inherent strengths and
weaknesses. Magnetic resonance imaging (MRI) is the
most widely used and is diagnostic technique of choice.
In this article, we review the imaging techniques, anatomy
pathology involving the TMJ with special emphasis on
MRI findings.
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A

dylar process that is 15-20 mm wide in the transverse
dimension and 8-10 mm wide in the antero-posterior
dimension[3]. The appearance of the mandibular condyle
is extremely variable between patients and in different age
groups.
The cranial component of the TMJ lies below the
squamous portion of the temporal bone anterior to tympanic plate. The articular fossa is formed entirely by the
squamous portion of the temporal bone. The posterior
part of the articular fossa is elevated to form the posterior articular ridge. In most individuals the posterior
articular ridge becomes thicker on the lateral aspect and
forms a cone shaped projection known as postglenoid
process (PGP). The tympanosquamosal fissure lies at the
posterior and lateral part of the glenoid fossa, between
the squamous and tympanic portion of the petrous bone
and separates the articular surface form the nonarticular
surface of the glenoid fossa. Along the medial aspect of
the glenoid fossa is the petrotympanic fissure anteriorly
and the petrosquamous fissure posteriorly. The articular eminence (AE) forms the anterior boundary of the
glenoid fossa. The AE is a transverse bony bar anterior
to the glenoid fossa and medial to the posterior margin
of the zygomatic process. The anterior slope of the AE
is known as the preglenoid plane (PEP) and rises gently
from the infratemporal surface of the squamous bone.
The mandibular condyle and the articular disk travel anteriorly to the summit of the AE and onto PEP during
wide mouth opening. The gentle anterior slope facilitates smooth backward movement of the condyle and
disk from the anterior position back to neutral position.
The articular tubercle is a small bony knob at the lateral
aspect of the AE where the lateral collateral ligament
attaches. The lateral border of glenoid fossa is slightly
raised from the fossa joining the anterior tubercle with
the PGP (Figure 1).

Anterior
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Figure 1 Anatomy of the cranial component of temporomandibular joint.
A: Photograph of skull specimen; B: 3-D volume rendered image obtained from
a temporal bone Redline demonstrates the capsular attachment. AE: Articular
eminence; GF: Glenoid fossa; LB: Lateral border; PEP: Preglenoid plane; PGP:
Postglenoid plane; T: Tubercle.

Embryology and development of TMJ
The TMJ is one of the last diarthrodial joints to appear in
utero and does not emerge in the craniofacial region until
the 8th week of gestation. The maxilla, mandible, muscles
of mastication, and biconcave disc develop embryologically from the first branchial arch through the 14th week
of gestation. The TMJ is considerably underdeveloped at
birth in comparison to other diarthrodial joints making
it susceptible to perinatal and postnatal insults. The joint
continues developing in the early childhood years as the
jaw is utilized for sucking motions and eventually chewing.

Articular disk
The articular disk is round or oval, biconcave, avascular
fibrocartilage between the condyle and glenoid fossa. The
disk is considerably thinner centrally in the intermediate
zone. The triangular anterior band is approximately 2
mm in thickness and blends with the joint capsule. The
posterior band is approximately 3 mm in thickness and
continues as bilaminar zone (also known as retrodiscal
region and posterior attachment), which consists of superior fibroelastic layer (also known as temporal lamina)
that attaches to PGP and an inferior fibrous layer (also
known as the inferior lamina) that attaches to the posterior condylar neck. The superior layer prevents slipping
of the disk during wide mouth opening and the inferior
layer prevents excessive rotation of the disk over the condyle. Both the lamina are separated by loose elastic fibers
with blood vessels and nerves. These fibers attach to the
posterior joint capsule and augments disk retraction during mouth closing. The bands are longer in the mediolateral dimension than in the antero-posterior dimension[4].
The smaller anterior band attaches anteriorly to the joint

ANATOMY OF TMJ
The TMJ is a ginglymoarthrodial synovial joint (latin:ginglymus = hinge joint) that allows both backward and forward translation as well as a gliding motion[3]. Similar to
the other synovial joints in the body, the TMJ has a disk,
articular surfaces, fibrous capsule, synovial fluid, synovial
membrane, and ligaments. What makes this joint unique
is the articular surfaces are covered by fibrocartilage instead of hyaline cartilage. The articular surfaces of the
TMJ are formed inferiorly by the mandibular condyle and
superiorly by the glenoid fossa (also known as mandibular fossa) and articular eminence of the temporal bone.
Articular surfaces
The mandibular component consists of the ovoid con-
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Jaw-closing muscles/adductors
The masseter is the strongest muscle of mastication
and has two parts that blend together anteriorly. The
superﬁcial part originates from the anterior two-thirds
of the zygomatic arch and inserts on the lower one-third
of the lateral surface of the mandibular ramus. The deep
part originates from the entire zygomatic arch and inserts
on the upper two-thirds of the ramus.
The medial pterygoid courses parallel to the masseter
along the medial aspect of the mandible. The anterior
part arises from the lateral surface of the palatine pyramidal process and the maxillary tuberosity. The posterior
part originates from the pterygoid fossa and the medial
surface of the lateral pterygoid plate. The medial pterygoid inserts on the inferomedial surface of the mandibular ramus.
The temporalis muscle originates from the temporalis
fossa and inserts on the coronoid process and inner side
of the mandibular ramus. The ﬁbers also attach directly
to the medial side of the coronoid process and ramus.

A

a

BZ
b

B
a
b

Jaw-opening muscles/abductors
The lateral pterygoid muscle has two bellies. The superior
belly originates from the infratemporal surface of the
greater wing of sphenoid. The inferior belly originates
from the lateral surface of the lateral pterygoid plate.
There is a wide gap between the two heads of the lateral
pterygoid muscle that come together anterior to the TMJ.
The fibers from the superior head primarily attach to
the anteromedial surface of the mandibular neck at the
pterygoid fovea. Additionally, in some patients part of
the superior head directly attaches to the superomedial
aspect of the joint capsule and extends to the anteromedial aspect of the articular surface. All of the fibers of
the inferior head attach to the pterygoid fovea. Variability
in the attachment of the lateral pterygoid muscle is reported with insertions of the muscle described only to
the condyle or to the condyle, capsule, and the disk[7-9].
The superior belly helps maintain the physiologic position of the disk in the open mouth position. This is accomplished by pulling the disk forward with a combined
translation and rotation while exerting forward pressure
on both the condyle and the disk thus stabilizing their
relationship to each other. The inferior belly pulls the
condyle forward out of the fossa. When the inferior belly
alternately contracts, this produces lateral movement of
the jaw.
The digastric muscle has a posterior and an anterior
belly united by an conjoined tendon. The posterior belly
is attached to the mastoid process of the temporal bone
and extends to the hyoid bone becoming continuous with
the intermediate tendon. A fibrous loop attached to the
hyoid holds the tendon in place. The anterior belly extends from the tendon to the digastric fossa on the lower
aspect of mandible near the symphysis. Contraction of
the digastric muscles pulls the symphysis menti backwards producing the retrusive and opening movements
of the mandible.
The geniohyoid, myolohyoid, stylohyoid and infra-

Figure 2 Normal anatomy. Sagittal proton density weighted closed mouth and
open mouth view of magnetic resonance imaging. A: On the closed mouth view,
the disk is located posterior to the articular eminence (the letter, a). It can be
noted that the “bow-tie” shape of the disk: Thicker anterior band (red arrow) and
posterior band (white arrow) with a thinner central zone (orange arrow). Bilaminar zone (BZ) is located posterior to the posterior band. It can also be noted
that the inferior joint compartment (white arrowhead) between the disk and the
mandibular condyle (the letter, b) and superior joint compartment (red arrowhead) between the articular eminence and the disk; B: On the open mouth view
(in a different patient), the thinner intermediate zone (red arrow) of the disk is
interposed between the articular eminence (the letter, a) and the condylar head
(the letter, b) in a “bow-tie” fashion. Orange arrowhead demonstrates temporal
lamina and black arrowhead indicate inferior lamina.

capsule, condylar head, and AE. Some patients have an
additional antero-medial attachment to the superior belly
of the lateral pterygoid muscle. Unlike its anterior and
posterior attachments, the disk is not attached to the joint
capsule medially and laterally. Instead, the disk is firmly
attached to the medial and lateral poles of the mandibular condyle. This allows simultaneous movements of the
disk and the condyle (Figure 2).
Muscles
The muscles of mastication (medial and lateral pterygoids, masseter, and temporalis) in addition to other accessory muscles help opening and closing of the jaw[4-6].
The lateral pterygoid in conjunction to the stylohyoid,
mylohyoid and geniohyoid muscles is used to open the
jaw. The temporalis, medial pterygoid, and masseter muscles close the jaw. The lateral pterygoid, part of the masseter muscle and the medial pterygoid assist in the anterior translation of the mandible. The protrusive muscles
(helping forward movement) are used alternately to move
the jaw laterally from side to side. Individual muscle origins and attachments are listed below[4,6].
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hyoid muscles also have supportive role in mandibular
movements that are beyond the scope of this review.

structures. Many different views such as the submentovertex, transmaxillary, and the transcranial are used to
reduce superimposition.
Ultrasound is a less expensive and easily performed
imaging modality that can be used to evaluate the TMJ.
This is simple way to look for the presence of a joint
effusion[21]. Ultrasound is also used to evaluate cartilage
as well as disk displacement with both open and closed
mouth imaging[21]. It is used for image-guided injections
for both diagnostic and therapeutic purposes[21]. Typically, a linear transducer of 8 MHz or higher is ideal. The
patient should be lying supine with the transducer placed
parallel to a line extending from the tragus of the ear to
the lateral surface of the nose over the TMJ.
CT is useful to evaluate the bony elements of the
TMJ as well as the adjacent soft tissues. CT is ideal for the
evaluation of fractures, degenerative changes, erosions,
infection, invasion by tumor, as well as congenital anomalies[21]. A typical imaging protocol is: 120 kV, 100 mA,
1 mm collimation, 1 mm/rotation (pitch), and imaged
with a closed mouth. CT also allows 3D reconstructions,
which can be used for evaluating congenital anomalies
and fractures[21]. CT is predominantly done when there
is suspicion of bony involvement from the MRI and if
primary bony pathologies are suspected clinically. Relative advantages of CT over MRI include, exquisite bone
details and 3D assessment of congenital, traumatic and
postsurgical conditions.
Clinical evaluation of the TMJ can be nonspecific due
to overlap of symptoms between internal derangement
and myofacial pain dysfunction[1]. MRI should be part of
the standard evaluation when an internal structural joint
abnormality is suspected because MRI provides high resolution and great tissue contrast. This allows for a detailed
evaluation of the anatomy was well as biomechanics of
the joint through open and closed mouth imaging[1].
For optimal imaging of the TMJ, small bilateral surface coils with small field of view are used to achieve
higher signal to noise ratio and simultaneous bilateral acquisition. Closed mouth coronal and axial T1 sequences
are needed to evaluate the overall anatomy and bone
marrow as well as the adjacent soft tissues to exclude
other adjacent pathology. In our institution, axial T1 is
obtained as a localizer[14]. Bilateral closed mouth and open
mouth T2, proton density (PD) and dynamic sequences
are obtained in a oblique sagittal plane. In our institution, dynamic images are obtained as rapid acquisition of
static images using a single shot fast spin echo (SSFSE)
proton density sequence during progressive opening
and closing of the mouth. These images are displayed
sequentially as a cine loop. Mouth opening devices such
as Burnett opening devices may be used for incremental
opening of the mouth controlled by the patient. It can
be argued that passive mouth opening with a Burnet
device might not reproduce the physiologic conditions
occurring during mouth opening given the possible role
of the lateral pterygoid muscle in disc stabilization during mouth opening. Oblique imaging entails 30° medial

Biomechanics of TMJ movements
Jaw movement involves a high level of interaction and
coordination between bilateral mandibular condyles, disk,
muscles, and ligaments of the joints. The functional interactions within the TMJ are complex and incompletely
understood[10,11]. A simplistic view of the complex interactions in open and closed mouth positions is described
below.
In a normal joint, the thin intermediate zone of the
disk is always interposed between the condyle and the
temporal bone in both the closed-mouth and open-mouth
positions. This is for the prevention of articular damage.
In the closed mouth position, the condyle is centered
in the glenoid fossa. The disk is interposed between the
condyle inferiorly and the glenoid fossa superiorly. The
articular eminence is anterior to the disk (Figure 2). The
normal disk is positioned such that the anterior band
is in front of the condyle and the junction of the posterior band and bilaminar zone lie immediately above
the condylar head near the 12 o’clock position[1,3,4,9,12-14].
However, some controversy exists over the range of
normal position of the disk[1,3,4,14-18]. Drace et al[15] suggest
that the junction of the posterior band and bilaminar
zone should fall within 10 degree of vertical to be within
95 percentile of normal. There is significant variation in
relationship of the posterior band and bilaminar zone in
normal population, resulting in inappropriate classification of anterior disk displacement[16,18]. Rammelsberg
et al[17] suggest that disk positions of up to +30° from
the vertical be considered normal. Many other authors
have proposed that the intermediate zone be the point
of reference so that in a normal joint it is interposed
between the condyle and the temporal bone in all joint
positions[4,19,20]. Comparing to the different disk positions of 12, 11 and 10 o’clock, Orsini et al[19] found the
intermediate zone criterion for disk displacement to be
more stringent. Recently Provenzano Mde et al[20] have
suggested similar conclusions (Figure 2).

IMAGING TECHNIQUES
A variety of modalities can be used to image the TMJ.
This includes non-invasive imaging modalities such as
conventional radiographs, ultrasound, Computed tomography (CT) and MRI to more invasive imaging such as
arthrography. Each imaging modality has its uses.
Conventional radiographs have a limited role in evaluation of the TMJ. They can be used to evaluate only the
bony elements of the TMJ. They do not give useful information when it comes to the non-bony elements such
as cartilage or adjacent soft tissues. They also do not give
useful information concerning joint effusions, which are
commonly associated with pain and disc displacements.
Another disadvantage concerning conventional radiographs is the problem of superimposition of adjacent
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Table 1 Temporomandibular joint magnetic resonance imaging protocol
Plane

Sequence

Slice thickness

TR

TE

Mouth open/closed

Axial
Coronal
Bilateral Sag Oblq
Bilateral Sag Oblq

T1
T1
T2 and PD
T2

2 mm, 0 skip
3 mm, 0.5 skip
3 mm
3 mm

500
500
3500
1180-2000

Minimal
Minimal
Min and 85
64

Closed
Closed
Closed and open
Dynamic cine

PD: Proton density; TE: Echo time; TR: Repetition time.

from the true sagittal plane[1]. Please see the table for
specific MRI protocol[1]. A total of 8 sequences will need
to be performed (Table 1).
Arthrography is an invasive imaging technique to
evaluate the TMJ. This imaging modality requires injection
of radiopaque contrast into the TMJ under fluoroscopic
guidance. Once the contrast is injected, the joint can be
evaluated for adhesions, disk dysfunction, as well as disk
perforation based on how contrast flows in the joint. This
modality is rarely used today because MRI can be used to
evaluate the TMJ without being invasive, exposing the patient to a possibility of allergic reaction from the contrast,
possibility of infection, or using radiation.

its medial and lateral borders are attached to the respective aspects of the condylar head and joint capsule. The
lateral and medial capsules do not demonstrate any outward bulges beyond the borders in normal condition[1,22].

PATHOLOGIES RELATED TO ANATOMIC
VARIATIONS
Anatomic variations in the TMJ can be symptomatic
and/or have implications during arthroscopy and surgery.
There can also be several variations in the appearance of
the mandibular condyles including intra-individual variations between the two sides. The disease processes can
be developmental, due to remodeling related to malocclusion, trauma or other secondary developmental abnormalities[3].

IMAGING APPEARANCE OF NORMAL
TMJ
MRI
On MRI, marrow fat in the condyle has a high T1 signal
intensity. The cortical bone and the disk have low signal
intensity on both T1 and T2 weighted images because of
low proton density and short T2[12]. Sometimes high T2
and PD signal intensity can be seen in the central portion of the disk similar to a centrally hydrated vertebral
disk[1,4]. The disk is otherwise homogeneous, hypointense
and biconcave in shape. The center of the posterior band
may be slightly hyperintense due to presence of loose
areolar tissue (Figure 2).
The disk’s posterior attachment has higher signal intensity than muscle on proton density and T1 weighted
images secondary to fatty tissue. The bilaminar zone is
visible as intermediate signal intensity structures.
In closed mouth position, the junction of the posterior band and posterior attachment normally lies above
the condylar head near the 12 o’clock position. The posterior band and retrodiskal tissue are best depicted in the
open mouth position. In open mouth position, the intermediate zone lies between the condyle and the articular
eminence and the posterior band is against the posterior
surface of the condyle[1,9] (Figure 2).
The superior belly of lateral pterygoid attaches to the
anterior band of the disk. The inferior belly of the lateral
pterygoid attaches to the anterior surface of the condylar
neck with a thin linear hypointense fibrous band. This
band is seen just inferior to the position of the disk,
and can sometimes be mistaken for the disk, particularly
when the disk is medially or laterally displaced[22].
In the coronal plane, the disk is crescent shaped and
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Bifid condyle
A bi-lobed or duplicated mandibular head is an infrequently encountered incidental imaging finding. While
the etiology is unknown, theories include reminiscence
of congenital fibrous septum and peripartum or early
childhood trauma. The duplicated heads may lie in either
an antero-posterior or transverse orientation. Dennison et
al[23] have suggested that the term “bifid condyle” should
be reserved for describing multiple condyles in the sagittal plane only. No treatment is required for asymptomatic
patients. However surgery may be performed if there is
displacement of the disc or ankylosis of the joint space
(Figure 3).
Foramen of Huschke
In some individuals there may be persistence of a developmental defect in the tympanic plate. The tympanic
plate is present as an incomplete U-shaped cartilaginous
ring at birth. Over time the ossification proceeds laterally
and posteriorly leaving a defect in the floor of the external meatus, called the foramen tympanicum (foramen of
Huschke). With growth of the mastoid process, this defect changes in position from inferior to anterior and usually closes by the 5th year of life. Rarely, a 3-4 mm defect
persists and is found to be located at the antero-inferior
aspect of the external auditory canal and posteromedial
to the TMJ. These patients can present with a defect or
polyp on the anterior wall of the external auditory canal
(EAC) or with salivary otorrhea during mastication. TMJ
tissue may also herniate into the EAC during mastication[24,25]. During arthroscopy, there can be inadvertent
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secondary to non-development or underdevelopment
of the condyle and can be congenital or acquired. Congenital aplasia or hypoplasia of the mandibular condyles
is a rare anomaly and usually occurs as a part of more
widespread 1st and 2nd branchial arch anomalies (e.g.,
Treacher-Collins syndrome). Acquired condylar hypoplasia may be secondary to local factors (trauma, infection,
radiation) or systemic factors (toxic agents, rheumatoid
arthritis, mucopolysaccharoidosis)[26]. Traumatic vaginal
delivery has been implicated as a cause of hypoplasia[27].
Hypoplasia may involve one or both of the condyles.
Unilateral disease produces mandibular rotation or tilt
and associated facial asymmetry. The diagnosis of bilateral condylar hypoplasia may be delayed secondary
to facial symmetry. Hypoplastic condyles are frequently
complicated with ankylosis[28].

Figure 3 Bifid condyle. Coronal reformatted computed tomography image
through the temporomandibular joint (TMJ) demonstrates bifid left mandibular
condyle. It can be noted that one of the condyles (arrow) is smaller than the
other. Advanced degenerative changes are noted in bilateral TMJ.

Idiopathic condylar resorption
Idiopathic condylar resorption (also known as condylysis
or “cheerleader syndrome”) is primarily a disease of TMJ
affecting teenage girls. There is rapidly progressive condylar erosion resulting in widening of the joint space with
the chin becoming less prominent from retrognathia[29].
Many causes have been hypothesized including estrogen
influence on osteogenesis, avascular necrosis, and TMJ
internal derangement. Orthognathic surgery has been
implicated as a cause of the disease but also is one of the
corrective approaches for idiopathic condylar resorption
(Figure 5).
Condylar hyperplasia
Condylar hyperplasia is a rare disorder characterized
by increased volume of the mandibular condyle, and
is frequently associated with increased volume of the
ramus and mandibular body[30]. Condylar hyperplasia is
usually a unilateral process. This disease presents in the
second and third decades of life during brisk periods of
osteogenesis suggesting a hormonal influence upon the
growth disturbance. Trauma has also been implicated in
asymmetric condylar hyperplasia due to hypervascularity
during healing producing inducing excessive osteogenesis.
The hyperplasia produces facial asymmetry with the chin
rotating away from the affected side[30]. Resection of the
hyperplastic condyle causes the abnormal growth to cease
and restores facial symmetry (Figure 6).

Figure 4 Foramen of Huschke. Sagittal reformatted computed tomography
image through the temporomandibular joint demonstrates a focal defect (arrow)
in the tympanic plate.

Figure 5 Idiopathic condylar resorption. Coronal reformatted computed tomography image through the temporomandibular joint of a young patient demonstrates bilateral severe condylar resorption (arrows) without any evidence of
degenerative changes within the joint.

Extensive pneumatization
Extensive pneumatization of the mastoid bone can involve the glenoid fossa and articular eminence. Knowledge of extensive pneumatization is necessary prior to
surgery to prevent perforations. Complications can occur during TMJ surgery due to forceful flap retraction,
dissection or with placement of screws in cases where
fossa-eminence prostheses are required[31,32]. Pneumatization can also provide a path of minimal resistance and facilitate the spread of pathological tumors, inflammation,
infection or fracture into the joint. For these reasons, a
CT must be performed prior to TMJ surgery when ex

passage into the EAC resulting in otologic complications.
This foramen also can act as a path of communication
between the EAC and TMJ or infratemporal fossa allowing the spread of infection, inflammation or tumor[24,25]
(Figure 4).
Condylar hypoplasia
Aplasia and hypoplasia of the mandibular condyle is
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disc position and form and 93% accuracy in assessing the
osseous changes[38].
Disc displacement
The disc displacement is categorized based on the relation of the displaced disc with mandibular condyle. The
displacement can be anterior, anterolateral, anteromedial,
lateral, medial and posterior[39]. The most common pattern of disc displacement are either anterior and anterolateral accounting for more than 80% of the causes[37].
The disc displacement can be subclassified as anterior
displacement with reduction (ADR) or anterior displacement with no reduction (ADNR) based on restoration of
a normal relationship between the condyle and the disc
on mouth opening (Figures 8 and 9). The disc displacement can be either complete or partial[35]. If the entire
mediolateral dimension of the disc is displaced, it is referred to as complete displacement. On the other hand if
only the medial or lateral portion of the disc is displaced,
it is referred to as partial displacement. Partial disc displacement is commonly seen with ADR. Frequently the
lateral part of the disc is displaced anteriorly while the
medial part of the disc remains in normal position (rotational disk displacement)[40].
In ADR, the anteriorly displaced disc returns to the
normal position on mouth opening producing a “reciprocal click” (Figure 9). In ADNR, there is limited mouth
opening and deviation of the jaw to the affected side
(closed lock). Over time, stretching or perforation of the
retrodiscal tissue causes deformation of the disk leading
to an improvement in jaw excursion and reduced lateral
deviation during mouth opening (Figure 10A). The posterior band of the disc remains anterior to the condyle
even with mouth opening[41]. There is increased association of degenerative changes in the TMJ with the ADNR.
Although TMJ disorder with ADR and normal condylar
cortical bone may be stable for decades, it will eventually
progress to ADNR. In a study with 55 patients, de Leeuw
et al[42] have demonstrated 75% of the patients with long
history (approximately 30 years) of TMJ internal derangement have ADNR.
The exact mechanism for a disc displacement is unknown although trauma with injury to the posterior disc
attachment is considered to be the most likely cause.
Unenhanced MRI is the imaging modality of choice for
evaluation of ID. During the early stage of ID the disc
retains its normal shape, but over time it becomes deformed by thickening of the posterior band and thinning
of the anterior band. This produces in a biconvex, teardrop shaped or a rounded disc. The disc maintains a normal biconcave shape as long as it remains on top of the
condyle during mouth opening[42]. Hence, presence of an
irregular and rounded disc almost always indicates disc
disease[43]. Other MRI findings that suggest disc disease
include disc flattening, decrease in the normal intermediate to high signal intensity of the disc[44] and presence of
tear or perforation in the chronic stage.
Posterior disc displacement is a rare entity and acco

Figure 6 Condylar hyperplasia. Panoramic reformation of the source computed tomography data including both the temporomandibular joints of a young
patient demonstrates hyperplasia of the left condyle (arrowhead) in comparison
to the right side. Associated hypertrophy of the ramus and the neck (arrow) of
the left hemi-mandible is also noted.

Figure 7 Extensive pneumatization. Coronal reformatted computed tomography image through the right temporomandibular joint demonstrates almost
complete pneumatization of the glenoid fossa except the central part.

tensive pneumatization is detected in the panoramic radiographs[31,32] (Figure 7).

INTERNAL DERANGEMENT OF TMJ
Internal derangement (ID) is defined as a mechanical
fault of the joint that interferes with smooth joint function. This is attributed to abnormal interaction of the
articular disc, condyle and articular eminence. Associated clinical features include articular pain and articular
noises[33]. Disc displacement is the most common cause
of ID, though not all displaced discs are associated with
derangement and not all derangements are caused by disc
displacement[34]. Additionally, it is not clear whether the
displaced disk is related to onset, progression or cessation
of the pain. Loose bodies and adhesions in the joint can
also result in derangement. Up to 34% of asymptomatic
volunteers can have anterior disc displacement and 23%
of patients with derangement can have normal disc position[18]. In most large MRI series approximately 80% of
patients referred for diagnostic imaging of the TMJ demonstrate some form of disk displacement[35-37]. MRI is the
imaging modality of choice for the diagnosis of internal
derangement with an accuracy of 95% in assessing the
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Figure 8 Anterior displacement with reduction. A: Sagittal proton density weighted magnetic resonance imaging (MRI) in the closed mouth position demonstrates
anterior displacement of the disk (arrow) in front of the mandibular condyle (the letter, c); B: Sagittal proton density weighted MRI in the open mouth position demonstrates reduction of the disk (arrow) between the articular eminence (the letter, a) and the mandibular condyle (the letter, c).
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c
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Figure 9 Anterior displacement with no reduction. A: Sagittal proton density weighted magnetic resonance imaging (MRI) in the closed mouth position demonstrates anterior displacement of the disk (arrow) related to the articular eminence (the letter, a) and anterior to the mandibular condyle (the letter c); B: Sagittal proton
density weighted MRI in the open mouth position demonstrates no reduction of the disk (arrow) between the articular eminence (the letter, a) and the mandibular condyle (the letter, c).
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Figure 10 Other types of disk displacement. A: Posterior disk displacement. Sagittal proton density weighted magnetic resonance imaging (MRI) in the closed
mouth position demonstrates posterior displacement of the disk (arrow) in relation to the mandibular condyle (the letter, c); B: Lateral disk displacement. Coronal proton density weighted demonstrates lateral displacement of the disk (arrow) in relation to the mandibular condyle (the letter, c); C: Pseudodisk. Sagittal proton density
weighted MRI in the closed mouth position demonstrates anterior displacement of the disk (arrow) in front of the mandibular condyle (the letter, c). The thickening of
the posterior attachments (arrowheads) superior to the mandibular condyle is seen as “pseudodisk”.

unts for only 0.01% to 0.001% of all disc displacements[45].
The major clinical sign is a sudden onset of locked jaw in
open position. MRI is helpful in the diagnosis by demonstrating displacement of the posterior band beyond 1°
clock position[9] (Figure 10A). Review of patient’s clinical
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information is important before image interpretation as
previous posterior disk plication can be mistaken for an
acquired posterior disk displacement.
Anterolateral and antero-medial disk displacements
are grouped under rotational displacements while the
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Figure 11 Stuck disk. A: Sagittal proton density weighted magnetic resonance imaging (MRI) in the closed mouth position demonstrates apparently normal position
of the disk (arrow) in relation to the mandibular condyle (the letter, c). The letter “a” demonstrates the articular eminence; B: Sagittal proton density weighted MRI in
the open mouth position demonstrates no anterior movement of the disk (arrow) with the mandibular condyle (the letter, c), i.e., “stuck” to the glenoid fosssa. The articular eminence is denoted with letter “a”.

pure lateral and medial displacements are grouped under
sideways displacement[46]. Isolated lateral displacement
is rare (Figure 10B). Again these rotational and sideways
displacements can be complete or partial and with or
without disc reduction. Anterolateral displacement is the
most common pattern[37].

helpful in the diagnosis of a disc perforation by demonstrating opacification of both the joint compartments
from a single lower compartment injection. If the disk
perforation is suspected a fat suppressed T2 weighted
MRI can be obtained in sagittal and coronal plane[55].
Absence of stretching/straightening of the posterior
temporal disk attachment on mouth opening also suggests disk perforation.

Pseudodisk
A pseudo-disk is present in some patients with an anteriorly displaced disk. This has been postulated as an adaptive reaction to anterior disk displacement within the posterior disk attachment followed by subsequent connective
tissue hyalinization that[47] appears as a band-like structure
of low signal intensity replacing the normally bright signal
of the posterior disk attachment[8,9,22] (Figure 10C).

Joint effusion
Joint effusion represents an abnormally large accumulation of intra-articular fluid and is commonly seen in
symptomatic patients. A small amount of joint fluid
can be seen in asymptomatic patients[56]. An effusion is
more prevalent in painful than in non-painful joints[16].
Although not all patients with joint pain have effusion,
patients with large effusions commonly experience pain
and disc displacement[57].
T2 weighted MR sequence is the best sequence for
the assessment of joint effusion. An early joint effusion
is commonly seen surrounding the anterior band but
larger effusions can occupy both superior and inferior
joint space. A large effusion may have diagnostic value as
it outlines the disc and sometimes even the disc perforation as well as retrodiscal tissue producing “arthrographic
effect”[57]. Gadolinium enhanced T1 weighted imaging
can be helpful in distinguishing a plain joint effusion
from synovial proliferation. In patients with inflammatory arthropathies with associated synovial proliferation,
the proliferating synovium enhances while the effusion
does not[58].

Stuck disc
The “stuck disc” is a pathologic condition characterized
by an immobile disc in relation to the glenoid fossa and
the articular eminence. This is present in both open and
closed mouth positions[9] and is likely related to the adhesions. It can occur with or without disc displacement and
can be associated with pain and joint dysfunction due to
limitation of condylar translation[48,49]. This diagnosis can
be missed unless the TMJ is imaged in both open and
closed mouth positions (Figure 11). Sagittal oblique cine
imaging is particularly useful in evaluation of stuck disk.
Perforated disc
Disc perforation is reported in 5% to 15% of deranged
joints disc displacements[50]. It is more common in patients with ADNR than in ADR[51,52] and is usually seen
in patients with advanced arthrosis. The prevalence of
a perforated disc is higher in women than in men and
prevalent in individuals over 80 years of age[53]. MRI
findings of disc perforation include disc deformity
(100%), disc displacement (81%), condylar bony changes
(68%), joint effusion (23%) and non-visualization
of temporal posterior attachment (TPA) of the disc
(65%-68%)[54]. Conventional and MR arthrogram can be
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Thickening of lateral pterygoid muscle attachment
(double disk sign)
The exact role of lateral pterygoid muscle (LPM) in the
TMJ function is still controversial although its suggested
role is in generation of side-to-side and protrusive jaw
forces[9]. There are electromyographic studies showing
hyperactivity in the inferior attachment of the LPM in
patients with TMJ internal derangement[59]. Several mor-
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b

ADNR of the TMJ with these morphologic changes having a significant association with the clinical symptoms
of pain or restricted jaw opening[60]. It is suggested that
there is significant association between the anterior disc
displacement and attachment of the superior LPM to the
disc alone and not to the condyle[61]. The interpreting radiologist should be aware of a potential pitfall of mistaking the thickened inferior LPM to an anteriorly displaced
disc (“double disc sign”)[9] (Figure 12).

a

Osteochondritis dissecans and avascular necrosis
Osteochondritis dissecans (OCD) and avascular necrosis
(AVN) of the mandibular condyle are similar pathologic
entities likely represent a spectrum of the same pathophysiology[62]. Common clinical features of OCD/AVN
of the mandibular condyle include pain and joint disability[63]. Pain is commonly over the joint and along the third
division of the trigeminal nerve. Other symptoms include
ipsilateral headache, earache and spasm of masticator
muscles. These can occur with or without limitation of
joint movements[63].
MRI is the modality of choice for assessment of OCD/
AVN of the mandibular condyle[63]. There is decreased
marrow signal on T1 weighted sequences in cases of
AVN. T2 weighted sequences demonstrate variable signal
characteristics with early AVN, healing and OCD. Early
AVN consistently exhibits high signal on T2WI and acute
OCD typically demonstrated a hypointense central fragment surrounded by a zone of higher signal on both
T1W and T2W sequences[63]. Although MRI is 78% sensitive and 84% specific for the diagnosis of AVN, the positive predictive value is only 54% because condylar sclerosis secondary to advanced TMJ degenerative changes
have similar MRI appearances[64]. Radiologic changes of
OCD and AVN of the mandibular condyle are frequently
associated with joint effusion and internal derangement
of the disc[65] (Figure 13).

Figure 12 Double disk sign (thickening of the lateral pterygoid muscle).
Sagittal closed mouth proton density image demonstrates anterior displacement of the disk (arrow head). The thickened lateral pterygoid muscle near the
mandibular condylar (the letter, a) attachment appear as linear hypointense
structure (white arrow) inferior to the disk in the same orientation giving the appearance of “double disk”. The articular eminence is denoted with letter “b”.

Figure 13 Osteochondritis dessicans. Axial computed tomography scan
through the level of the temporomandibular joint demonstrates a tiny bone fragment (arrow) at the anterior aspect of the disk. It can be noted that there are
linear lucency surrounding the bone fragment.

Loose bodies
Loose bodies in a synovial joint can be due to primary
or secondary synovial chondromatosis. The primary type
is associated with spontaneous cartilaginous metaplasia in the synovium, while the secondary type is due to
incorporation of osteocartilaginous loose bodies in the
synovium in the setting of degenerative joint disease[66].
Common clinical symptoms associated with loose bodies
include pain, periauricular swelling, decreased range of
jaw motion, crepitation and unilateral deviation of the
jaw during mouth opening[67].
Panoramic radiographs of the TMJ may or may not
demonstrate loose bodies[68]. High resolution CT[69,70] or
MRI[70] can demonstrate small loose bodies within the
TM joint space (Figure 14).

Figure 14 Loose bodies. Sagittal reformation of the axial dataset demonstrates multiple “loose bodies” in the joint cavities, anteroinferior to the articular
eminence (black arrow) and immediately posterior to the mandibular condyle
(white arrow).

Hypermobility
Patients with a hypermobile TMJ can present with an
inability to close the jaw (open lock) after wide opening
of the jaw. This occurs as a result of translation of the

phologic changes to the superior and inferior bellies of
the LPM on MRI have been described. These include
hypertrophy, atrophy and contractures in patients with
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JIA can be systemic, polyarticular and pauciarticular. The
TMJ is more commonly involved in patients with polyarticular joint involvement[75]. The typical presentation of
TMJ involvement includes pain, joint tenderness, crepitation, stiffness and decreased range of motion. Bony
ankylosis can develop in some patients as a late disease
manifestation.
Orthopantomogram, CT, MRI and ultrasound have
been used to evaluate TMJ JIA. Orthopantomogram and
CT predominantly identify the bony erosions secondary to TMJ involvement. Both these techniques involve
radiation exposure to young patients. MRI and ultrasound have gained popularity in evaluation of the TMJ
in patients with JIA because these techniques have better
soft tissue resolution allowing earlier diagnosis of TMJ
involvement without any ionizing radiation. Acute TMJ
arthritis typically demonstrates joint effusion and synovial
thickening on T2 weighted imaging without any bony
changes[76]. Enhancement of the joint or periarticular
tissue is not a specific sign of acute TMJ arthritis because abnormal joint enhancement can be present even
in healthy patients[76]. Condylar resorption can be better
evaluated on non-fat suppressed T1 weighted sequence
and suggests a more chronic TMJ arthritis[76] (Figure 16).

Figure 15 Ankylosis. Coronal reformation of the axial dataset demonstrates
complete ankylosis of the right temporomandibular joint (TMJ) and near complete ankylosis of the left TMJ with subtle residual joint space at the center (black
arrow).

condyle beyond the margins of the anterior attachment
of the TMJ capsule. Entrapment of the condyle along
the anterior slope of the articular eminence results due to
various biomechanical constraints, particularly masticator
muscle activity[71].
In acute cases, there is little need for imaging studies
as the open lock is clinically evident with a relevant clinical history of wide jaw opening or trauma. In chronic
cases MRI can give information about the height and
steepness of the articular eminences as well as the shape
and position of the disc[72].

Rheumatoid arthritis: Rheumatoid arthritis (RA) is a
chronic inflammatory disorder that predominantly affects
the periarticular tissue such as synovial membrane, joint
capsules, tendon, tendon sheaths and ligaments. Internal
joint components are secondarily involved. The prevalence of RA in the general population is approximately
2%-2.5% with female predominance. The peak onset of
disease is 40-60 years and approximately 50%-75% of
patients with RA have TMJ involvement[77].
RA is a slowly progressive disease of insidious onset
with progressive destruction of the articular/periarticular soft tissue and the adjacent bones resulting in joint
deformity. The TMJ is involved at a later stage of disease. TMJ involvement causes deep, dull aching pain in
the preauricular area, especially during chewing. Limited
range of motion and morning stiffness can be present[78].
The mandibular condyle gradually resorbs as the disease
progresses.
Radiographic features of RA include loss of joint space,
condylar destruction, flattening with anterior positioning
of the condyle. There may be flattening of the articular
eminence and erosion of the glenoid fossa. Synovial proliferation is an early process in RA and can distinguish it
from other types of arthritis[79]. Synovial proliferation is
readily seen on MRI and can be seen in all patients[79]. A
joint effusion is also comparatively more common in RA.

Ankylosis
Ankylosis of the TMJ can be due to fibrous adhesions or
a bony fusion resulting in the restriction of jaw motion.
It can occur as a sequel of previous infection, trauma
surgery[73] and in patients with juvenile idiopathic arthritis
or bifid mandibular condyles. MR arthrography is useful
for the evaluation of fibrous adhesions and three-dimensional CT scan is necessary for surgical planning when
bony fusion is suspected (Figure 15).

TMJ ARTHRITIS
Similar to other synovial joints in body, the TMJ is frequently involved in different inflammatory arthritides.
Degenerative arthritis and arthritis secondary to crystalline deposition disease are also common in TMJ. Arthritis
secondary to infection or trauma can occur at the TMJ.
Arthritis of TMJ is discussed based on the pathophysiologic mechanism.
Inflammatory arthritis
Juvenile idiopathic arthritis: Juvenile idiopathic arthritis (JIA) is the most common rheumatic disease in childhood affecting girls more frequently than boys. The disease predominantly affects synovial joints. There are two
peaks of onset, first being between the ages of 1 and 3
years and the second peak between 8 and 12 years[74]. The
TMJ is involved in 17% to 87% of patients with JIA[74].
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Degenerative (osteo)arthritis
Osteoarthritis (OA) is a chronic degenerative disease that
characteristically affects the articular cartilage of synovial
joints and is associated with simultaneous remodeling
of the underlying subchondral bone with secondary involvement of the synovium. Osteoarthritis is the most
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Figure 16 Juvenile idiopathic arthritis. A: Sagittal proton density weighted magnetic resonance imaging (MRI) in the closed mouth position demonstrates increased
signal at the mandibular condyle (the letter, c), extensive thickening of the synovium (the letter, s) in the retrodiscal regions. It can be noted that the thickening and
increased signal of the synovium at other places (arrowheads); B: Sagittal fat suppressed post contrast T1 weighted MRI in the closed mouth position demonstrates
enhancement of signal at the mandibular condyle (the letter, c), enhancement and extensive thickening of the synovium (the letter, s) in the retrodiscal regions. There
is thickening and enhancement of the synovium at other places (arrowheads).

still no general consensus as to which imaging modality
should be the gold standard[81] (Figure 17).
Metabolic arthritis/crystalline arthropathies
Calcium pyrophosphate dehydrate deposition disease: Calcium pyrophosphate dehydrate deposition disease (CPPD) is a metabolic arthropathy caused by the deposition of calcium pyrophosphate dehydrate crystals in
and around joints, especially within the articular cartilage
and fibrocartilage[82].
The spectrum of TMJ involvement ranges from asymptomatic disk calcification to a marked destruction of
the joint with erosive changes in the mandibular condyle
and the adjacent skull base. Common symptoms include
pain and preauricular swelling with occasional hearing
loss. Chewing can exacerbate the pain. Other less common symptoms include TMJ clicking, tinnitus, and malocclusion.
The radiographic appearance of CPPD is variable.
Computed tomography demonstrates calcium deposition
in the disk or periarticular tissue. On MRI, CPP deposits
typically appear as hypointense material both on T1 and
T2 weighted sequences. CT and MRI show erosions near
both the condyle and fossa with adjacent CPPD deposits[82]. The erosions may extend into the skull base and
into the middle cranial fossa. Involvement of other joints
with chondrocalcinosis is a clue to the diagnosis. The
differential diagnosis includes synovial chondromatosis,
synovial osteochondroma, and osteosarcoma (Figure 18).

a
c

Figure 17 Degenerative changes. Sagittal reformation of the axial dataset
demonstrates deformity of the mandibular condyle (the letter, c), extensive sclerosis of the articular eminence (the letter, a) and severe loss of joint space.

common joint pathology affecting the TMJ[80]. There is
a clear disparity between radiographic evidence of OA
and symptoms. Population based studies demonstrate
that minimal condylar flattening is present in up to 35%
of asymptomatic patients while approximately 11% of
patients have TMJ OA-related symptoms[80].
The most common symptom of TMJ OA is pain during chewing. The pain usually starts in the periarticular
soft tissue and the masticator muscles that are in protective reflex spasm. Fatigue of masticator muscles, trismus,
decreased range of motion, difficulty opening the mouth
and joint crepitations are other common symptoms.
Radiologic hallmarks of TMJ OA are articular surface
cortical bone irregularity, erosion and osteophyte formation[81]. Erosion is radiologically defined as focal area of
decreased density at the cortical margin of the articular
surface of the mandibular condyle and the subchondral
region. Osteophyte formation typically occurs at a later
stage in the disease and can stabilize and broaden the
surface area of the joint in an attempt to better withstand axial loading forces. Different imaging modalities
have been used with varying degree of success. There is
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Infectious arthritis
TMJ infection is usually secondary to direct extension of
infection from the adjacent tissue into the joint. Systemic
infections such as tuberculosis and syphilis can rarely
involve the TMJ. TMJ infection is more common in the
setting of immunosuppression and presence of other
systematic diseases such as diabetes mellitus, rheumatoid
arthritis and intravenous drug use, etc.
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noises. Some patients also report neurologic dysfunction,
such as headache and hearing loss.
The diagnosis of TMJ synovial chondromatosis is
difficult since it is a rare disease and can have similar
findings to more common diseases, such as chondrocalcinosis, osteoarthritis, and chondrosarcoma. The radiologic
findings of SC include calcified loose bodies, soft tissue
swelling, widening of the joint space, irregularities of the
joint surface, and sclerosis of the glenoid fossa and/or
mandibular condyle. CT typically shows calcified nodules
surrounding the mandibular condyle with degenerative
changes of the condyle[83]. MRI typically shows mixed
solid and fluid signal related to the metaplasia of the
synovial tissue and the fluid component of the accumulated synovial secretions. The calcified nodules are T1/T2
hypointense with a surrounding T2 hyperintense effusion
and proliferative synovium, which enhances after contrast
administration. MRI is preferred in evaluation of SC over
CT because of the ability to detect non-calcified loose
bodies, lack of radiation, and visualization of the articular
disc[84] (Figure 19).
Treatment is surgical removal of the loose bodies
and excision of the metaplastic synovium. In end stage
SC without synovial metaplastic activity, the treatment is
often non-surgical with therapy aimed towards symptom
relief.

Figure 18 Calcium pyrophosphate dehydrate deposition disease. Coronal
reformation of the axial dataset demonstrates destruction of the left temporomandibular joint with erosion and deformity of both the mandibular condyle and
the glenoid fossa. There is extensive extensive calcium pyrophosphate dehydrate deposition disease medial to the joint space (arrow).

c

Pigmented villonodular synovitis
Pigmented villonodular synovitis (PVNS) is a benign,
non-neoplastic proliferative disorder of the synovial
membranes of joints, bursae, and tendon sheaths. The
disease is typically monoarticular and can involve any
joint but is most often seen in the knee. Primary PVNS
of the TMJ is rare. There are two forms of PVNS: nodular and diffuse. The most common nodular patterns of
PVNS include giant cell tumor, xanthoma, xanthogranuloma, and myeloplaxoma, which affect a focal part of
the synovium[85]. Diffuse PVNS affects nearly the entire
synovium.
The exact etiology of PVNS is unclear. It was originally postulated to be an inflammatory response to an
unknown stimulus. Other theories attribute it to repetitive intra-articular hemorrhage from trauma, altered lipid
metabolism, or a benign neoplastic proliferation.
PVNS commonly presents as a slowly growing and
non-tender swelling of the affected joint. Patients with
involvement of the TMJ, can present with a preauricular
mass with swelling, pain, tenderness, clicking, otalgia, and
hearing loss.
The most sensitive method for the detection of PV
NS is by MRI demonstrating T1/T2 hypointensity and
blooming on the GRE sequences from paramagnetic
hemosiderin deposition[86]. There may be moderate to
intense inhomogeneous enhancement of the synovium.
CT findings are usually nonspecific with bone erosion,
subchondral cysts, and a soft tissue mass[87]. A joint effusion may be dense from the hemosiderin. The differential
diagnosis of PVNS on MRI includes synovial chondrom-

Figure 19 Synovial chondromatosis. Sagittal reformation of the axial dataset
demonstrates extensive cloud-like calcification (arrows) filling and expanding
the joint space anterior to the mandibular condyle (the letter, c). Calcification is
also present posterior to the mandibular condyle.

TUMORS AND TUMOR-LIKE CONDITIONS
OF THE TMJ
Tumors and tumor-like conditions can affect the TMJ.
These conditions may have similar presentations such as
pain, swelling, and limitation of motion.
Synovial chondromatosis
Synovial chondromatosis (SC) is a benign condition with
chondrometaplasia of the synovial membrane and formation of cartilaginous nodules. These nodules can become detached and form loose bodies which later calcify.
Synovial chondromatosis typically involves large joints,
such as the knee, hip, and elbow. It is uncommon for the
temporomandibular joint to be affected by SC. SC typically involves the superior compartment of TMJ while
involvement of the inferior compartment is rare and
secondary to perforation of the articular disc. Uncommon findings include erosion of the mandibular condylar
head, temporal skull base, and intracranial extension.
Patients typically present with preauricular pain, swelling, inflammation, limitation of motion, and articular
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atosis, rheumatoid arthritis, synovial sarcoma, hemophilia,
and synovial hemangioma.

7

Primary and secondary neoplasms, and other lesions
Osteochondroma is the second most common neoplastic
lesion affecting the TMJ. Osteochondroma, osteoma, and
condylar hyperplasia are often difficult to differentiate
both clinically and on imaging. MR and CT may delineate
the exact extent of the tumor and its relationship to anatomic structures within the TMJ.
Synovial cysts, ganglion cysts and simple bone cysts
may also occur. Many benign primary bone neoplasms,
such as chondroblastoma, osteoma, osteoid osteoma,
osteoblastoma, ossifying fibroma and aneurysmal bone
cyst can also involve the TMJ. Malignant primary bone
neoplasms are extremely rare in TMJ but include chondrosarcoma and osteogenic sarcoma. There also can be
extension of tumors from adjacent structures into the
TMJ. Tumors from the external ear and parotid gland can
extend into the TMJ. Less than 1% of all tumors metastasize into the maxillofacial region. Adenocarcinoma is the
most common metastatic tumor of the jaw, making up
about 70% of cases. Reported metastasis to TMJ includes
breast, renal, lung, colon, prostate, thyroid, and testicular
primary.
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CONCLUSION
Imaging of TMJ should be performed on a case by case
basis depending upon clinical signs and symptoms. MRI
is the diagnostic study of choice for evaluation of disk
position and internal derangement of the joint. CT scan
for evaluation of TMJ is indicated if bony involvement is
suspected and should be judiciously considered because
of radiation risk. Understanding of the TMJ anatomy,
biomechanics, and the imaging manifestations of diseases
is important to accurately recognize and manage these
various pathologies.
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Core tip: In this review we show the main ways neuroimaging techniques contribute to both understanding
the neural correlates of consciousness and detecting
possible consciousness residual in severly traumatic
brain injured patients. In particular, we make reference to the latest research in terms of both improving
the diagnosis of patients with disorder of consciousness, and understanding the brain processes underlining consciousness, such as a broad and more complex
than previously thought alteration of brain connectivity
architecture.
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Abstract
Consciousness is a prismatic and ambiguous concept that still eludes any universal definition. Severe
acquired brain injuries resulting in a disorder of consciousness (DOC) provide a model from which insights
into consciousness can be drawn. A number of recent
studies highlight the difficulty in making a diagnosis in
patients with DOC based only on behavioral assessments. Here we aim to provide an overview of how
neuroimaging techniques can help assess patients with
DOC. Such techniques are expected to facilitate a more
accurate understanding of brain function in states of
unconsciousness and to improve the evaluation of the
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INTRODUCTION
Consciousness is a multifaceted and ambiguous concept,
which is often the focus of passionate multi-disciplinant
debates. Consciousness is thought to represent an emergent property of reciprocal connections between specialized areas of the grey matter within cortical and subcortical networks[1]. To date, there is no universal definition for
consciousness covering all its essential characteristics[2],
making everything particularly tricky and challenging
when facing this specific topic and the related disorders.
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There are, in fact, some exceptional cases in which
these two components are dissociated. On the one hand,
in the rapid eye movement stage of sleep, wakefulness is
impaired while internal awareness is relatively spared. On
the other hand, in vegetative state (VS), now also coined
unresponsive wakefulness syndrome (UWS)[9], in minimally conscious state (MCS) and in some more transient
states such as absence seizures, complex partial seizures or
somnambulism, awareness is impaired while wakefulness
is spared (Figure 1)[10-13]. The interest in understanding the
neuropathology of such latter states, and in particular VS/
UWS, is twofold. Firstly, VS/UWS patients offer a lesion
approach to the study of human consciousness in terms
of identifying the neural correlate of awareness[3]. These
patients represent cases of awareness suppression but,
unlike coma patients, exhibit intact wakefulness. Secondly,
VS/UWS patients represent a clinical challenge, in terms
of both diagnosis,and prognosis.
We aim to review here the knowledge of (un) consciousness obtained by studying disorders of consciousness (DOC) following brain injury (coma, VS/UWS, and
MCS). We will focus mainly on structural and functional
neuroimaging studies and we will pinpoint how developing such techniques could improve both scientific and
clinical perspectives in DOC (Table 1).
We searched the MEDLINE database for Engli
sh‑language reports published between 2002 and April
2014 which used the terms “disorders of consciousness”, “vegetative state”, “minimally conscious state”,
“neuroimaging”, “magnetic resonance imaging (MRI)”,
“positron emission tomography (PET)”, “transcranial
magnetic stimulation (TMS)” and “TMS/electroencephalography (TMS/EEG)”. We reviewed the full text of all
the original articles, reviews, early‑release publications and
associated citations retrieved, and relevant papers found
in the authors’ own files.

Healthy
awake
subject

Sleep stage 1-2
Sleep stage 3-4
REM sleep

General
anesthesia
Coma
Awareness = cortico-thalamo network
External (ECN)
P

F

Internal (DMN)

F

T

P

Figure 1 The two main components of consciousness: wakefulness and
awareness. Correlation between wakefulness, related to the brainstem, and
awareness, related to the cortico-thalamic network. In most pathological and
physiological states, the two components are linearly correlated along the spectrum of consciousness. However, they are dissociated in some cases. Vegetative state/unresponsive wakefulness syndrome (VS/UWS); minimally conscious
state (MCS); emergence of MCS, EMCS. Adapted from ref. [3,4]. EMCS:
Emerge from minimally conscious state; ECN: Executive control network; DMN:
Default mode network; REM: Rapid eyes movement.

We here adopt a perspective where consciousness is
clinically defined as having two components: awareness
and arousal[3]. Arousal, also called wakefulness, refers to
the level of alertness (clinically determined by eye opening), whereas awareness refers to the content of consciousness (clinically determined by command following
or non-reflex motor behaviour such as eye tracking or
localized responses to pain)[3]. Arousal is anatomically
related to structures in the brain and specifically in the
brainstem and hypothalamus, whereas awareness has
been shown to be related to a wide fronto-parietal network encompassing associative cortices and, more specifically, to the intrinsic connectivity of this network and
the connectivity between the fronto-parietal associative
cortices and the thalamus[4,5]. In physiological states, there
is an intimate positive correlation between arousal and
awareness. Sleep is the best way to describe the relationship between these two components: the less awake we
become as we move towards deep sleep, the less aware we
become of our surroundings and ourselves[3]. Based on
this, subjects in pathological and pharmacological coma
(i.e., anesthesia) are not conscious because they cannot be
awakened, even after noxious stimulation[3]. Similarly, under sedation (a drug-dose dependent impairment of consciousness) and in hypnotic state (a suggestion-dependent
alteration of conscious experience), subjects report an
altered state of awareness as they move towards lower
levels of arousal[6-8]. Hence, arousal seems to be essential
for awareness to emerge, i.e., one needs to be awake in
order to be aware. However, being awake is not sufficient
in order to be aware.
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CLINICAL ENTITIES OF DISORDERS OF
CONSCIOUSNESS
Disorders of consciousness are characterized by a prolonged impaired unconsciousness following an acquired
severe brain injury. These conditions are more and more
frequent in the clinical setting due to progress in emergency medicine and lifesaving technologies which have
led to a better survival rate after severe brain damage[14].
Patients surviving severe brain damage may end up
in a coma. This state may arise following structural or
metabolic lesions to the brainstem reticular system or
due to widespread bilateral cerebral damage[1]. Patients in
coma show continuous absence of eye opening and any
spontaneous or stimulus induced arousal or voluntary
behavioural responses. Hence, they are neither awake
nor aware. Coma is a time-limited condition (it usually
does not last longer than a few weeks) leading either to
brain death (i.e., permanent loss of brainstem functions),
a VS/UWS or the recovery of consciousness. Patients in
a VS/UWS have recovered wakefulness (as evinced by
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Table 1 Key points of the review
Novel neuroimaging techniques in patients with DOC give important key insights into both the understanding of consciousness and the differential diagnosis of clinical DOC entities, given that behavioural assessment alone can sometimes be incorrect and imprecise
Conventional MRI and DTI investigates the structural properties of the brain and the white matter integrity. These studies showed mainly a predictive
rather than diagnostic value
PET activations show a critical role of a wide frontoparietal associative network for the emergence of consciousness
fMRI employing active paradigm detects covert awareness in approximately 17% of unresponsive patients at bedside. However, there is a high risk of
false negative. fMRI employing passive paradigm shows also a prognostic value. fMRI during resting state shows a broad alteration of brain connectivity, implying both decreased and increased connectivity in patients with DOC
TMS-EEG shows a high diagnostic value even at single subject level
DOC: Disorders of consciousness; MRI: Magnetic resonance imaging; DTI: Diffusion tensor imaging; PET: Positron emission tomography; fMRI: Functional
magnetic resonance imaging; TMS-EEG: Transcranial magnetic stimulation coupled with electroencephalography.

eye opening) but their motor responses are only reflexive
and, therefore, do not indicate conscious awareness[15].
VS/UWS has been said to be permanent 12 mo after
traumatic brain injury and 3 mo following non-traumatic
brain damage, making chances of recovery very low[16].
However, this has recently been challenged[9]. It is now
suggested that one substitute the term “permanent” with
the association of the injury etiology (traumatic vs non
traumatic) and the length of time since onset, as these
factors appear to influence outcome. Non traumatic patients generally have the worst outcome. From VS/UWS,
patients may progress into a MCS. This may either be the
endpoint of their improvement or a provisional stage on
the way to further recovery of consciousness[17]. MCS is
a condition of severely altered consciousness characterized by minimal, inconstant yet definite behavioural signs
of awareness of self and the surroundings. Based on the
level of their purposeful behavioural signs, MCS patients
were recently subcategorized as MCS plus (showing command following, intelligible verbalizations or non-functional communication) and MCS minus (showing visual
pursuit, localization of noxious stimulation or contingent
behaviour such as appropriate smiling or crying to emotional stimuli)[18]. Patients may emerge from MCS once
they regain the ability to reliably communicate and/or use
objects in a functional manner[17]. Although there is some
evidence suggesting that patients in a MCS have better
chances of recovery than patients in a VS/UWS, at present, we are not in a position to refer to possible temporal
boundaries of irreversible MCS[19].
DOC must be differentiated from locked in syndrome
(LIS). This is a rare state which usually follows a brain
stem lesion with massive damage to the cortico-spinal
and cortico-bulbar pathways, and classically results in loss
of control of all voluntary muscles except for extrinsic
eye muscles, making it possible for them only to communicate with small eyelid movements[20,21].
Differential diagnosis of the above mentioned clinical DOC entities raises important ethical and medical
questions such as end-of-life decision and pain treatment[14,22,23]. Nowadays, the gold standard for assessing
the level of consciousness is the clinical assessment of
patients’ behavioural responsiveness. Since responsiveness is only indirect proof of consciousness (lack of
responsiveness does not necessarily imply lack of con-
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sciousness), reliance on these behavioural markers entails
significant challenges and may lead to misdiagnoses. Clinical studies have shown that up to 40% of patients with
a diagnosis of VS/UWS may in fact retain some level of
awareness[24-26], and the main causes of misdiagnosis are
associated with patient’s disabilities, such as paralysis and
aphasia, fluctuation in arousal level, difficulty differentiating between reflexive and involuntary movements and
the non-use of standardized and sensitive clinical scales
such as the Coma Recovery Scale-Revised (CRS-R)[27].
Furthermore, conventional brain structural imaging studies have shown highly variable and heterogeneous results
in patients with DOC, suggesting that a specific brain region cannot be unequivocally related to awareness[28]. This
knowledge has lead to the search for other non-clinical
assessment techniques which can enable us to better understand brain function in these patients and to overcome
the limits of behavioural assessment in the detection of
possible retained consciousness in unresponsive patients.

NEUROIMAGING STUDIES IN DOC
Functional neuroimaging methods have made it possible
to objectively study cognitive processing in the absence
of behavioural reports. PET measures different aspects
of metabolic function according to the type of administered radioactive tracer. Structural conventional MRI
and diffusion tensor imaging (DTI) reveal the structural
properties of the brain and the white matter integrity respectively. Functional MRI (fMRI) quantifies brain function derived from blood-oxygen-level dependent (BOLD)
changes. TMS/EEG allows us to non-invasively stimulate
a subset of cortical neurons and to measure the effects
of this perturbation on the rest of the brain[29-33] (Table 2).
Below we will refer to the neuroimaging studies that
have been most frequently adopted to infer covert cognitive abilities in behaviourally non responsive DOC patients.
PET
18
Fluorodesoxyglucose-PET (FDG-PET) studies were
the first to demonstrate massive decrease in brain metabolism in patients with DOC. Using PET in resting
state conditions, it was shown that patients in VS/UWS
exhibit a decrease in brain metabolism of up to 40%
of the normal value[3]. Nevertheless, recovery from the
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Table 2 Main strength and limits of the different techniques
Technique
PET
MRI

TMS-EEG

Strenght
Relatively direct measure of brain activity
No use of ionizing. Permits both high resolution study of
structural brain (DTI) and fMRI employing active, passive
and resting state paradigms
Practical (no important contraindications) gives information
at single subject level

Limits
Ionizing, radioactive tracer, low spatial and temporal resolution expensive
Indirect measure of brain activity (functional)
Sensitive to movement and artifacts, impractical (application precluded in
patients with contraindication), expensive
Sensitive to muscle artifacts

PET: Positron emission tomography; MRI: Magnetic resonance imaging; TMS-EEG: Transcranial magnetic stimulation coupled with electroencephalography; DTI: Diffusion tensor imaging; fMRI: Functional magnetic resonance imaging.

and the extrinsic awareness network [executive control
network (ECN)]. The extrinsic awareness network encompasses the lateral fronto-parietal brain regions and is
related to sensory awareness or awareness of the environment. The intrinsic awareness network (most widely
known as the DMN) encompasses mainly the medial
prefrontal cortex and the precuneus and bilateral posterior parietal cortices and is related to internal awareness
or self-related processes, such as mind-wandering and
autobiographical thinking[39-41]. More recently, it has been
demonstrated that patients in MCS retain metabolism in
the lateral fronto-parietal areas whilst midline regions are
highly dysfunctional[42]. As such, this data suggests that,
at group level, patients in MCS display altered self-awareness besides their abilities to, at least to a certain extent,
interact (but not communicate) with their surroundings.
Furthermore, patients who are considered to be in MCS
minus showed impairment of the left dominant hemisphere, possibly correlated to aphasia, consistent with
their command-following impairment[18].
15
H2O-PET studies using passive auditory and noxious
stimulation[43,44], have furthermore highlighted a peculiar
disconnection in VS/UWS patients between the primary
sensory areas and these large-scale associative frontoparietal cortices, which are thought to be essential for
conscious perception[3]. In contrast, patients in MCS show
a partial preservation of this large-scale associative frontoparietal network[45]. Furthermore, PET studies employing
nociceptive stimuli have highlighted an activation of the
pain matrix in MCS patients similar to that observed in
healthy controls, suggesting a possible perception of pain
in this patient category. By contrast, activation in VS/
UWS was limited to the primary sensory areas[46].

Figure 2 Brain areas where metabolism is impaired in vegetative state/unresponsive wakefulness syndrome patients compared to controls (areas
in red), superimposed in a structural 3D image. P < 0.05, family wise error
corrected.

VS/UWS does not coincide with the recovery of global
metabolic levels. Instead it seems that some areas are
more important to consciousness than others. In fact, patients suffering from DOC show decreased metabolism
in a widespread network encompassing frontoparietal areas, such as in the lateral prefrontal and posterior parietal
regions as well as midline anterior cingulate/mesiofrontal
and posterior cingulate/precuneal associative cortices
(Figure 2)[34,35]. Importantly, recovery from the VS/UWS
parallels connectivity restoration in these areas (corticocortical) and between these regions and the thalamus
(thalamo-cortical)[36].
FDG-PET cannot yet disentangle between VS/UWS
and MCS at the single subject. However, it has shown to
be highly sensitive in identifying patients in MCS[37] and
displaying a correlation between metabolism in the above
mentioned awareness network and the CRS-R score of
the patients[38].
There is now growing evidence suggesting that this
awareness network can be subdivided into two different
networks: the intrinsic [default mode network (DMN)]
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Structural MRI
MRI with conventional sequences (T1-TSE, T2-TSE,
FLAIR) is the method of choice to detect brain edema,
contusion, hematomas, herniation, hemorrhage, hydrocephalus, or hemorrhagic shearing lesion due to diffuse
axonal injuries common in post-traumatic patients (T2*
sequences). Nevertheless, in an emergency setting, the
computed tomography scan is preferable in some cases
due to its accessibility, speed of acquisition, and sensitivity to acute hemorrhagic lesions that require a surgical
approach[38,47].
Some studies have highlighted the predictive value
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of patients in VS/UWS with high level cortical activation
often showed signs of recovery on the long term follow
up[55,56]. Besides the prognostic value of this technique,
active fMRI paradigms have recently been performed to
detect covert awareness in patients who are behaviourally
unresponsive by investigating signs which are independent from motor command following, and in some cases
even establishing yes-no communication[57-59].
For instance, a recent fMRI study using mental imagery tasks (imagining playing tennis vs spatial navigation
around one’s house) showed that in a large cohort of
54 patients with DOC, 5 were able to willfully modulate
their brain activity. Furthermore, one behaviourally VS/
UWS patient was able to use this technique to correctly
respond with yes (by imagining playing tennis) or no (by
imagining visiting the rooms of his house) to autobiographical questions during the fMRI scanning[57]. Approximately 17% of patients diagnosed as in VS/UWS
following behavioural assessment seem to be able to follow commands when the commands involve a change in
blood oxygenation level dependent response, rather than
overt motoric behaviour. Similarly, a further study using
selective auditory attention showed that 3 patients (2 in
MCS and 1 in VS/UWS) were able to convey their ability
to follow commands, and the one in VS/UWS was even
able to correctly communicate answers to several autobiographic binary questions[60].
Despite their potential diagnostic and prognostic
value, active fMRI paradigm in terms of detecting covert
awareness has remained mostly controversial. Indeed,
without a comprehensive understanding of the neural
correlates of awareness, the absence of cortical activation to external stimuli does not necessarily coincide with
absence of awareness. Indeed, out of 31 MCS patients
described in the study by Monti et al[57], only one was able
to willfully modulate his brain activity. This could be due
to the fact that patients may be asleep during the scan, or
due to patients’ disabilities, such as aphasia (patients cannot understand the task), etc[57].
In this context, the other fMRI paradigms commonly
performed which partially overcome this latter limit are
passive, measuring brain responses to external sensory
stimulation (e.g., auditory, somatosensory and visual) whilst
the subject is not performing any mental task. An example
is the brain activation elicited by the patient’s own name
spoken by a familiar voice. This is a salient auditory stimulus which has been preferred due to its attention-grabbing
properties. For example, using the own-name paradigm,
it was shown that 2 out of 7 patients in VS/UWS and
all 4 patients in MCS not only showed activation in the
primary auditory cortex, but also in higher order associative temporal areas, which are thought to be implicated
in the conscious processing of the incoming stimuli[55].
Interestingly, these 2 patients in VS/UWS subsequently
recovered to MCS. The absence of higher activation did
not unequivocally coincide with the absence of awareness
as sensory deficits, such as deafness, could have led to a
false negative.

of the classical conventional sequences. For example,
the number of lesions detected by FLAIR and T2* sequences has been shown to be inversely correlated with
the Glasgow Coma Scale (GCS) of traumatic patients in
a coma. The presence of lesions in the corpus callosum
and the dorsal midbrain has been shown to be correlated
with lack of recovery at group level in coma patients[47,48].
However, these methods have failed to explain why some
patients in a VS/UWS and/or in a MCS have no or minimal brain lesions. This highlights the lack of specificity
and sensitivity of conventional MRI in DOC, which
alone cannot be considered a reliable tool for assessing
this patient category.
Recently developed DTI techniques can reveal structural damage in tissue that appears normal in conventional-MRI.
These techniques have been able to predict scores
on the GCS and successfully classify VS/UWS and MCS
patients into their appropriate diagnostic categories with
an accuracy of 95%[49]. Furthermore, recent multicentric
studies have demonstrated that DTI is better at predicting
outcome for both traumatic and anoxic patients at 1 year
follow up from injury than structural and clinical assessment[50,51]. An other study evaluated the combination of
DTI and MR-spectroscopy as a tool for predicting longterm outcome of traumatic patients[52], showing that a
prediction of non-recovery after 1 year could be calculated
with up to 86% sensitivity and 97% specificity when taking
into account both DTI and MR-spectroscopy values.
With regards to diagnostic accuracy, a recent study
used DTI to assess the neuropathology of patients in
VS/UWS and MCS in vivo and to identify measurements
that could potentially distinguish the patients in these
two groups[49]. The MCS and VS/UWS patients appeared
to differ significantly in subcortical white matter and
thalamic regions (measured using diffusivity maps) but
appeared not to differ in the brainstem. DTI results predicted scores on the GCS and successfully classified the
patients into their appropriate diagnostic categories with
an accuracy of 95%[49]. Furthermore, DTI proved to be
helpful for characterizing etiologic differences in patients
in VS/UWS, demonstrating that DTI abnormalities in
the brainstem were confined to the traumatic brain injured group[53].
These studies suggest that DTI-MRI techniques can
quantify white matter integrity and support the possible
benefit of using these methods for an early classification
of this patient population.
fMRI
In the last few years PET activation studies have been
largely replaced by fMRI non-ionizing techniques. Activation studies using visual, auditory and somatosensory
stimuli have revealed high level cortical activation encompassing the associative cortices in patients in MCS, similar
to that observed in healthy controls[54,55]. In contrast,
only low level cortical activation, limited to the primary
sensory areas, was detected in VS/UWS. The minority
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Control
q(FDR) < 0.05

ACC

MCS

VS/UWS

8.00

PCC

the ECN (linked to “external” or environmental awareness[66,67]; when one shows activation, the other does not
and vice-versa. More recently, it was found that such
spontaneous anticorrelated patterns are closely related
to mentation and behavioral status. This means that
DMN activity is linked to behaviorally report of internal
awareness whereas ECN activity is related to behavioural
ratings for external awareness[39]. The decrease in anticorrelated pattern in disordered consciousness supports the
functional relevance of anticorrelated patterns to the
phenomenological complexity of consciousness[29].
Alongside the investigation of reduced connectivity is the presence of hyper-connectivity patterns, which
might also be indicative of brain function. In fact, it has
recently been demonstrated that, together with DMN
hypoconnectivity, the subcortical limbic system (including
the orbitofrontal cortex, insula and hypothalamus) exhibits paradoxically increased fMRI connectivity in patients
with DOC when compared to healthy controls[68] (Figure
3). This could point to a more complex scenario of brain
connectivity architecture in the emergence of consciousness, where hypoconnectivity may only represent a single
aspect.

8.00
(28) P < 0.01

Figure 3 Default mode network in vegetative state/unresponsive wakefulness syndrome, minimally conscious state, healthy controls-sagittal
view[68]. In vegetative state/unresponsive wakefulness syndrome (VS/UWS),
the anterior cingulate cortex (ACC) and posterior cingulate cortex (PCC) are
hypoconnected to the default mode network (in blue) and hyperconnected to
the fronto-insular cortex (in red), axial view. Correlation from random effect (P <
0.01) and clustered corrected (P < 0.05) results based on general linear model
maps with seed region of interest comparing VS/UWS to healthy controls[60].
MCS: Minimally conscious state.

TMS-EEG
Unfortunately, fMRI-based techniques are impractical.
The fact that a scanner is needed limits its use to hospital
settings and precludes use in patients with pace makers,
metal implants or those in a critical condition in intensive
care units.
In this context, EEG recording associated with TMS
is a promising way to assess cerebral connectivity and it
may be especially useful for assessing the level of consciousness in patients with DOC as it does not require a
scanner and it does not rely on the subject’s ability to process sensory stimuli, to understand and follow instructions
or to communicate. In addition, this technique permits
consciousness assessment at single subject level, unlike the
majority of fMRI and PET studies[33,69].
TMS-EEG can measure brain complexity by non-invasively stimulating a subset of cortical neurons (through
TMS) and can immediately measure the effects of this
perturbation on the rest of the brain (through high density EEG)[32,33].
Based on the level of consciousness, the perturbation
will show either cortical interaction related to preservation or loss of information and/or integration. For example, in patients in VS/UWS, when stimulating a superficial region of the cerebral cortex, TMS either induced
no response or triggered a simple, local EEG response,
indicating a breakdown of effective connectivity (i.e., of
the influence that one brain region exerts on another[70,71],
similar to that observed in deep sleep and anesthesia[33,72]).
In contrast, for patients in MCS, TMS triggered complex
EEG activations which sequentially involved distant
cortical areas, similar to activations recorded in patients
in LIS and healthy awake subjects. Recently, these TMSEEG responses have been practically quantified by the

Resting-state fMRI is a non invasive technique used
to investigate the spontaneous temporal coherence in
BOLD fluctuations related to the amount of synchronized neural activity (i.e., functional connectivity) between
distinct brain locations, in the absence of input or output
tasks[61]. This technique has been increasingly used in the
analysis of patients with DOC, mainly because it is not
invasive and it surpasses the requirement for motor output or language comprehension. Among the several functional networks that have been detected so far[62], DMN
has been the first to attract scientific attention. To date,
resting state fMRI studies suggest that activity of this network is generally lower as a function of the level of consciousness. It has been demonstrated, for example, that
the connectivity of this network is correlated to the level
of consciousness, ranging from patients in VS/UWS (low
connectivity) to patients in MCS and to healthy controls
(higher connectivity)[63] (Figure 3). In addition, DMN
connectivity could not be found in a brain dead patient,
which highlights the neural origin of these MRI signals[64]. Recently, more networks at resting state have been
investigated in DOC, such as the bilateral fronto-parietal
or executive control networks, salience, sensorimotor, auditory, visual systems, and the cerebellar network. It was
found that, besides DMN, the bilateral executive control
networks and the auditory system were also significantly
less identifiable (in terms of spatial and neural properties)
in patients with DOC compared to healthy controls, and
showed consciousness-level dependent decreases in functional connectivity across the spectrum of DOC[65].
Interestingly, it has been found that the resting brain
is characterized by a switch between the dominance of
the DMN (linked to “internal” or self-awareness) and
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perturbational complexity index (PCI)[32]. This index has
demonstrated its potential as a unified measurement scale
to grade the level of consciousness. The PCI, in fact, estimates the amount of information contained in the integrated response of the thalamo-cortical system to a direct
TMS perturbation[32]. Empirically, it showed to provide
a data-driven metric that can discriminate level of consciousness in single subjects under different conditions:
below 0.31 for unconsciousness, above 0.51 for healthy
consciousness and in the between for MCS.

7

8

9

CONCLUSION

10

In the last decade we have witnessed the development
and the validation of standardized behavioural scales,
together with neuroimaging and neurophysiological
techniques to better understand the variable conditions
of patients with DOC. The need to objectively measure
phenomena associated with consciousness has promoted
an increased use of these neuroimaging and neurophysiological tools in this patient population. Here we have
reviewed the basic principles of how the main neuroimaging techniques (PET, structural MRI, fMRI and TMSEEG), provide us with important insights into brain
function in DOC patients. Since every single technique
gives us specific and different information, we support
the integration of structural and functional neuroimaging techniques, in order to have a broader and more
holistic vision of both the disease and the single patient
under our care. Furthermore, we expect that in the near
future, with a wider use of standardized behavioural
scales and the development of multimodal neuroimaging techniques, there will be a drop in diagnosis-error.
Finally, the application of these methodologies at the
single subject level, as clinical reality requires, is one of
the next challenges.
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Core tip:Transcranial sonography (TCS) is an ultrasound-based imaging technique, which allows the identification of several structures within the brain parenchyma, not only in neonates, but also in adult patients.
It can be used to diagnose intracranial space occupying
lesions of various origins, intracranial hemorrhage, hydrocephalus and midline shift. In comparison with computed tomography scan, TCS has the advantages of
low costs, short investigation times, repeatability, and
bedside availability. These noninvasive characteristics,
together with the possibility of offering a continuous
patient neuro-monitoring system, determine its applicability in multiple emergency settings.

Abstract
Transcranial sonography (TCS) is an ultrasound-based
imaging technique, which allows the identification of
several structures within the brain parenchyma. In
the past it has been applied for bedside assessment
of different intracranial pathologies in children. Presently, TCS is also used on adult patients to diagnose
intracranial space occupying lesions of various origins,
intracranial hemorrhage, hydrocephalus, midline shift
and neurodegenerative movement disorders, in both
acute and chronic clinical settings. In comparison with
conventional neuroimaging methods (such as computed tomography or magnetic resonance), TCS has
the advantages of low costs, short investigation times,
repeatability, and bedside availability. These noninvasive characteristics, together with the possibility of offering a continuous patient neuro-monitoring system,
determine its applicability in the monitoring of multiple
emergency and non-emergency settings. Currently, TCS
is a still underestimated imaging modality that requires
a wider diffusion and a qualified training process. In
this review we focused on the main indications of TCS
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INTRODUCTION
Definitions
In the last years, due to new ultrasounds technology,
echographic imaging of the brain parenchyma has been
obtained not only in children, but also in adults. Several
authors have found a good visualization of cerebral structures using transcranial B-mode ultrasounds through a
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Figure 1 Midbrain transverse scan. The butterfly-shaped mesencephalic
brainstem surrounded by the echogenic basal cisterns is shown in the circle.

Figure 2 Diencephalic transverse scan. The third ventricle can be visualized
as a highly echogenic double-line image (arrow head on the left). Mesencephalon is indicated by the arrow head on the right. T: Thalamus.

transtemporal approach [transcranial sonography (TCS)].
In the past, the skull was considered unsuitable for
sonographic examination because of its thick structure.
Aaslid et al[1] described a “temporal window”, the thinner
part of the temporal bone located just above the zygomatic arch, and observed that low-frequency ultrasounds
may well penetrate inside the skull in this zone. Since
then, TCS has been proposed for bedside identification
of many different intracranial pathologies, in both acute
and chronic settings, such as intracranial space occupying
lesions of various origins (intracranial hemorrhage), hydrocephalus, midline shift and neurodegenerative movement disorders. In comparison with conventional neuroimaging methods such as computed tomography (CT)
and Magnetic Resonance, TCS has the advantages of low
costs, short investigation times, repeatability, and bedside
availability. These noninvasive characteristics, together
with the possibility of offering a continuous patient neuro-monitoring system, determine its wide applicability in
the monitoring of multiple emergency settings including
Intensive Care Units, trauma centers and the context of
emergency transportations (i.e., aeromedical flights, helicopter transfers, etc.)[2,3].
The main limitation of TCS is its dependence to an
adequate temporal acoustic window. In fact, between
5%-18% of patients the exam is not feasible due to a
particularly thick structure of the temporal bone[4]. Higher percentage of failure rate was described in people of
Asian ethnic origin[5].
In this context, patients with skull defects, such as
those who underwent decompressive craniectomy, allow a
very accurate assessment of brain parenchyma by TCS[2].
In this review, we summarize the usefulness of this
technique for the assessment of acute neurological disorders in the intensive care unit, describing proposed indications, technical considerations, main advantages and
limitations.

The location of the acoustic window may be variable. In
fact, it can be either located in the anterior part of the
temporal bone, close to the vertical portion of the zygomatic bone, or, more frequently, posteriorly and close to
the pinna of the ear. A low-frequency probe with a 2.0-2.5
MHz phased array transducers is appropriate to insonate
the brain through the intact skull. In case of decompressive craniectomy, a standard abdominal convex phasedarray probe with a mean central frequency of 4 MHz and
an abdominal setting can be used.
Usually, the examination starts with the identification
of the mesencephalic brainstem in the axial plane parallel
to the “orbitomeatal line”, so to obtain CT-like images
(Midbrain transverse scan; Figures 1 and 2). The butterfly-shaped mesencephalic brainstem surrounded by the
echogenic basal cisterns is the “landmark” of this scan,
and can be observed in 90%-95% of the patients.
Tilting the probe about 10° upwards, a diencephalic
transverse scan may be obtained. In this section, the third
ventricle can be visualized as a highly echogenic doubleline image, due to ipsilateral and controlateral inner layer
of the hyperechogenic ependima (Figures 2-4).
Just posteriorly, thalami are depicted as hypoecogen/
hysoecogen structures surrounding the third ventricle
(Figure 2). Anteriorly, the frontal horn of the contralateral lateral ventricle is visualized as hypoechogenic structure,
well visible between two parallel lines corresponding to
the medial and lateral layer of the ependima (Figure 4).
At this plane, the largest transverse diameters of the third
ventricle and of the frontal horns of the contralateral
lateral ventricle may be measured[6,7]. It may be useful to
pay attention that image is generated by a sectorial probe,
and the proportions are different in the central and in the
lateral part of the image. Thus, lateral ventricle ipsilateral
to the probe is often depicted at the same depth of the
third ventricle.
The insonation planes are usually the midbrain and
diencephalic transverse ones, even though the coronal
orientation has been described. A free hand multiplanar
approach has been observed, especially on surgically
decompressed patients[2], and attempts of standardized

TCS technique
The patient lies in a supine position, and the examiner
usually sits at the head of the examination table, firmly
positioning the ultrasound probe on the temporal zone.

WCR|www.wjgnet.com

467

March 28, 2015|First Edition|

Caricato A et al . Echography in brain imaging

A

B

A

B

Figure 3 Third ventricle. A: Diencephalic transverse
scan. A small enlargement (12 mm) of third ventricle is
shown (arrow); B: Third ventricle in computed tomography (CT). CT scan correspondent of Figure 3A is
shown.

Figure 4 Lateral ventricles. A: Lateral ventricles in echography. Frontal horns of lateral ventricles are visualized as hypoechogenic structure, well visible between two
parallel lines corresponding to the medial and lateral layer of the ependima. The three parallel lines correspond to lateral layers of ependima and septum pellucidum. The
image is generated by a sectorial probe, and lateral ventricle ipsilateral to the probe is depicted at the same depth of the third ventricle. Arrow shows third ventricle, Small
arrow heads on the left show frontal horns of lateral ventricles; B: Lateral ventricles in computed tomography (CT). CT scan of lateral ventricles correspondent of Figure 4A
is shown.

approaches have been reported[8]. A standardization of
insonation planes would be very useful for comparison
and follow-up of sonographic findings.
With the blind technique, landmarks regularly visualized, even in moderate sonographic conditions (identification rates of > 75%) are mesencephalon, pons, third
ventricle, lateral ventricles, falx, thalamus, basal ganglia,
pineal gland and temporal lobe[7]. Moreover, ultrasound
(US) perfusion imaging can be enhanced by the application of echo-contrast harmonic imaging modalities[9,10].

the surrounding brain tissue.
Several authors studied the correlation between CT
and TCS in cerebral hemorrhage. Seidel confirmed CT
diagnosis by TCS in 18/23 cases (78%)[9]. Mäurer et al[13]
published a study on TCS in 151 stroke patients correctly
differentiating between ischemia and hemorrhage in 95%.
12% had an insufficient temporal bone window for transcranial insonation.
Perez et al[14] prospectively studied 46 patients with
supratentorial ICH evaluated within 3 h of onset. In 8
cases ICH was not observed by TCS: 5 patients showed
a small-sized ICH on CT, and in 3 cases hematoma was
located in brainstem or in cerebellum. In the remaining
patients a very good correlation was observed for each
diameter of the mass and for total hematoma volume (r
= 0.82, P < 0.001).
TCS was also evaluated to detect hemorrhagic transformation in the early phase of ischemic stroke. Seidel
et al[15] found an excellent correlation between TCS and
CT on 20 patients with hemorrhagic transformation; in 2
cases small cortical hematoma was not diagnosed.
From these data, TCS seems an interesting option for
ICH monitoring; actually, its accuracy appears insufficient
to support therapeutic decisions in the acute setting.
Recent studies evaluated the impact of echo contrast
agents on visualization of ICH by TCS. By using ultra-

CLINICAL APPLICATION
Intracranial hemorrhage
In spontaneous or traumatic cerebral hemorrhage (ICH),
hematoma enlargement is the most important modifiable
prognostic factor; thus, monitoring of the volume of the
hemorrhage is the first priority in the acute phase[11,12].
CT’s widespread acute availability makes it the primary diagnostic modality for ICH. However, in the first
hours after the diagnosis, TCS may be very useful to
monitor an early ICH enlargement. In fact, TCS allows
the visualization of acute ICH, as an hyperechoic sharply
demarcated mass within the brain parenchyma. The accuracy is limited to the first 4-6 d after the onset of the
ICH, when the hematoma remains more echogenic than
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Figure 5 Epidural hematoma in echography. A: Epidural hematoma. A small epidural hematoma (arrow on the right) is shown as an hyperechogenic image just inside
the skull. Arrow on the left indicates mesencephalon; B: Epidural hematoma. The same epidural hematoma of Figure A (arrow) 1 h later. White arrow indicates mesencephalon.

as an hyperechogenic image just inside the skull (Figures
5-7). Prospective data on usefulness of this technique for
EDH detection are lacking and should be encouraged.
The extent of SDH has also been diagnosed and
monitored by TCS [20]. In particular, SDH has been quantified by measuring the distance between the skull and the
dural border of the arachnoid, described as a highly echogenic membrane. In this context, Niesen et al[20] reliably
detected SDH in 22 of the 25 patients with confirmed
SDH (88%). In the remaining 3 patients, the temporal
bone window was insufficient for TGS investigation.
Extent of SDH measured by CT and TCS correlated linearly (r = 0.849)[20].
In conclusion, TCS, when performed by a trained sonographer, may represent a possible method for noninvasively monitoring early hematoma growth at the bedside
of patients with or without skull defects, with the role of
complementing the CT scan diagnostic technique.

Figure 6 Epidural hematoma in decompressive craniectomy. A small acute
epidural hematoma is shown as a hyperechogenic mass lesion controlateral to
decompressive craniectomy.

sound perfusion imaging, Kern et al[16] observed a reduction in contrast agent arrival in the ICH core, which led
to better delineation of the lesion borders from adjacent
tissue. Correlation with CT was very good (r = 0.94,
95%CI: 0.81-0.98, P < 0.001). Similar results were reported by Vicenzini et al[17] and Kern et al[18].
US perfusion imaging has a wide diffusion in myocardial, renal and musculoskeletal tissue, and might be an
option even for brain under difficult insonation conditions; actually, the real advantage of this technique on
TCS is still unknown.

Midline shift
In the diencephalic transverse scan, midline dislocation
(MLD) and hydrocephalus can be diagnosed through
TCS scanning. The MLD can be observed and measured
through two different methods.
According to the method described by Seidel et al[7],
the third ventricle should be considered as a marker of
the midline. The distance between third ventricle and
external side of the temporal bone (A), needs to be measured. The same calculation can be repeated for the contralateral side (B). A MLD of the third ventricle is then
estimated according to the formula MLD = (A - B)/2.
In that study, a reproducibility of sonographic MLD
measurements corresponding to 0.3 ± 0.2 mm was
reached in 10 healthy volunteers. This technique has been
widely investigated by several studies in patients with
acute cerebrovascular disease and after traumatic brain
injury, and a very good correlation between sonographic
and CT measurement of MLD are reported[21-23].
After decompressive craniectomy this method may
be difficult. Bone defects, temporal cephalhematomas,
or changes in intracranial anatomy secondary to trauma

Epidural and Subdural hemorrhage
Epidural and subdural hematoma (EDH, SDH) are potentially life-threatening complications after severe, moderate and mild traumatic brain injury. If undetected and
untreated, they may lead to progressive transtentorial herniation with loss of consciousness, pupillary dilation, and
further neurologic deficits. In EDH-patients, the CT scan
remains the diagnostic gold standard, but early bedside
detection of acute EDH by TCS has been described[19].
By using a midbrain transverse scan, contralateral skull
became well visible even in absence of decompressive
craniectomy, and an epidural hematoma can be observed
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A

B
Midline shift

Catheter tip

Figure 7 Midline shift in decompressive craniectomy. Images obtained through decompressive craniectomy. Midline was identified with the interventricular line.
The distance between the extension of falx and the interventricular line was measured as midline shift (MLS). In the case on the left (A), the extension of the falx exactly overlaps with the interventricular line (dark line). On the right (B), MLS caused by a temporal hematoma is shown.

In this context, TCS may be an useful option. In
fact, previous studies compared sonographic and CT
measurements of ventricular diameters, founding a good
agreement. This was observed in particular for the measurement of third ventricle, that is depicted in a plane
orthogonal to the probe, and doesn’t need angle correction. As we reported above, direct measurement of
lateral ventricles is more difficult since its angle with the
probe, and a generally moderate correlation with CT scan
is reported. Actually, Kiphuth et al[21] observed that TCS
was a reliable technique to predict the need of cerebrospinal fluid drainage. In patients with external ventricular
drainage (EVD), they estimated that a cut-off value of an
increase of 5.5 mm in ventricle width after clamping had
an high sensitivity (100%) and negative predictive value
(100%). They suggested that an increase in ventricular
width lower than the cut-off was an indication for a safe
removal of EVD.
In conclusion, even if the technique still requires a
wide validation, it seems to be an interesting option when
repetitive CT measurement have to be performed to
monitor obstructive hydrocephalus in intensive care Unit.

Figure 8 Optic nerve sheath diameter. Using a 7.5-MHz linear probe on
the closed upper eyelid, the optic nerve was visualized as a linear hypoechoic
structure with clearly defined margins posterior to the globe. Sheath diameter
was measured 3 mm behind the globe. ONSD: Optic nerve sheath diameter.

may all induce bias in the measure. In such a condition,
Caricato et al[2] described a further method to visualize the
MLD. This technique has shown an excellent agreement
with CT scan measurements. In an axial plane, the midline, defined as the line between the two lateral ventricles,
is measured by a convex probe with an abdominal preset.
After localizing the falx cerebri, both on frontal and occipital sides, the distance between the extension of falx
and the interventricular line is assessed; the present measurement is the MLD (Figure 8). The last method, which
is still to be externally validated, seems rather simple and
accurate because measurements are obtained on direct
observation of the images and not by indirect mathematical calculations.

Evaluation of intracranial hypertension
Optic nerve sheath diameter: Measurement of optic
nerve sheath diameter has been proposed as a measure of
increased intracranial pressure in a variety of settings[24-26].
In fact, the sheath around the optic nerve is a continuation of the dura; thus, a rise in ICP is transmitted to the
optic nerve, eventually resulting in swelling of the optic
disc and in a sheath diameter grater than the normal. The
technique is easy and a quick learning curve is described.
According with Cennamo et al[27], patients were examined
in the supine position. Using a 7.5-MHz linear probe on
the closed upper eyelid, the optic nerve was visualized as
a linear hypoechoic structure with clearly defined margins
posterior to the globe. Sheath diameter was measured 3.00
mm behind the globe, and a value greater than 5.00 mm
was considered abnormal.
The technique has been described more than 20 years
ago; even if some criticism should be considered[28], it is

Hydrocephalus
Posthemorrhagic hydrocephalus is a frequent complication after subarachnoid hemorrhage or parenchymal
hemorrhage; furthermore external ventricular drainage
may be necessary after severe traumatic injury to control
intracranial hypertension. In these conditions, direct visualization of cerebral ventricles may be required, and critical patients have to be moved to radiology for CT scan.

WCR|www.wjgnet.com

470

March 28, 2015|First Edition|

Caricato A et al . Echography in brain imaging

proposed as screening test to rule out intracranial hypertension noninvasively at the bedside.

9

CONCLUSION

10

In neurointensive care transcranial Doppler is often used
for the evaluation of the cerebral blood flow, diagnosis
and monitoring of vasospasm, and autoregulation in
patients with different types of brain injury. Beyond the
classic indications of transcranial doppler, B-mode ultrasounds can be used as imaging technique to monitor patients in ICU, and may often reduce the indication to CT
scan. In this review we summarized the main indications
for TCS in intensive care unit. In our opinion, it is a still
underestimated imaging modality that requires a wider
diffusion. As for any other sonographic assessment,
TCS is a highly user-dependent technique, and requires
expertise to perform accurate evaluation. In this context,
physicians working in neurologic intensive care medicine
should be trained not only to apply Doppler methods for
investigation of cerebral vessels but also in transcranial
B-mode sonography; further studies should be encouraged for a better comprehension of usefulness and limits
of this technique as option to brain CT.
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Core tip: The plethora of magnetic resonance sequences available with the radiologist today provides a wealth
of information about anatomical, pathological, physiological, functional and molecular aspects of the brain.
While this provides an opportunity to transform patient
management, the vast number of possibilities can be
bewildering, particularly for the radiologist in-training.
It is often easy to get lost in the details while forgetting
the larger picture. In this article we first classify the infections into broad imaging patterns, and subsequently
sub-classify them based on more advanced sequences
(molecular and functional imaging). The flow-charts in
the article are intended as a source of quick reference
to the radiologist when faced with a clinical challenge.

Abstract
Recognition and characterization of central nervous
system infections poses a formidable challenge to the
neuro-radiologist. Imaging plays a vital role, the lesions
typically being relatively inaccessible to tisue sampling.
The results of an accurate diagnosis are endlessly rewarding, given the availability of excellent pharmacological regimen. The availability of numerous magnetic
resonance (MR) sequences which provide functional
and molecular information is a powerful tool in the
hands of the radiologist. However, the plethora of sequences and the possibilities on each sequence is also
intimidating, and often confusing as well as time consuming. While a large number of reviews have already
described in detail the possible imaging findings in each
infection, we intend to classify infections based on their
imaging characteristics. In this review we describe an
algorithm for first classifying the imaging findings into
patterns based on basic MR sequences (T1, T2 and
enhancement pattern with Gadolinium), and then subclassify them based on more advanced molecular and
functional sequences (Diffusion, Perfusion, Susceptibility imaging, MR Spectroscopy). This patterned approach
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INTRODUCTION
Central nervous system (CNS) infections are a significant
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Figure 1 Classification of abnormalities on conventional
magnetic resonance imaging sequences in suspected
central nervous system infections.

Conventional MRI
(T1, T2, T1
postcontrast)

Ring enhancing
lesion

A

Basal ganglia solr

B

White matter T2
hyperintensity

Grey matter T2
hyperintensity

C

Figure 2 Ring enhancing lesions. T1 (A), T2 (B) and T1 (C) post gadolinium images from the magnetic resonance of an acutely ill child with fever. A ring enhancing
lesion is seen in the right frontal lobe. This patient had a bacterial brain abscess. The differential diagnosis of this appearance would include a brain abscess of any
etiology.

cause of mortality and morbidity world-wide. This is particularly true owing to its association with conditions of
immunological compromise and the increasing incidence
of human immunodeficiency virus (HIV) infection is further adding to the problem[1]. Today with the availability
of excellent antimicrobials, many of these disorders are
potentially treatable, making early recognition imperative.
Like in other disorders of the CNS, non-invasive imaging
based diagnosis is the key as possibility of a tissue diagnosis by means of fine needle aspiration cytology (FNAC)
or biopsy is difficult. Early diagnosis will also help to
minimize long term complications related to the disease
and its treatment.
The primary imaging modality, like in most CNS disorders is magnetic resonance imaging (MRI)[2]. Coming to an
exact etiological agent on the basis of conventional MRI
sequences with Gadolinium enhancement is always difficult
due to overlapping imaging characteristics. With the possibility of molecular and functional imaging with newer MRI
techniques however, the radiologist today is better equipped
to handle this dilemma. Though the use of such multiple
MRI sequences adds lots of information to narrow the
differential possibilities, this vast information is difficult to
recall when faced with a clinical problem.
The purpose of this review is to provide a rational
MRI approach to narrow the list of differentials, to
quickly classify and characterize CNS infections. The
flow-charts presented in this review guides the radiologist to first recognize the pattern of findings on routine
MRI sequences and subsequently narrow the differential
diagnosis based on the addition of other MR parameters
such as diffusion weighted imaging (DWI) and MR spec-
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troscopy (MRS).

CLASSIFICATION
Most infections in the CNS may be classified in one of
the following categories based on their T1, T2 and contrast enhancement characteristics (Figure 1) as follows (an
image demonstrating a typical lesion in each category has
been provided in Figures 2-5): Ring enhancing lesions
(Figure 2), Basal ganglia space occupying lesions (Figure
3), Grey matter hyperintensities (Figure 4), White matter
hyperintensities (Figure 5).

RING ENHANCING LESIONS
Peripheral ring-like enhancement is a common finding in
CNS imaging. Ring enhancing lesions on conventional
MRI sequences have a long list of differentials ranging
from infectious processes to high grade necrotic neoplasm. Glioblastoma multiforme represents the most important condition. Abscesses are usually associated with
a thin smooth rim, in contrast to the nodular irregular
rim seen in Glioblastoma multiforme. Satellite lesions are
commonly seen in abscesses, unlike necrotic neoplasm[1].
Recent work by some investigators has suggested a role
for susceptibility weighted imaging (SWI) in this differentiation. They found that a smooth, complete rim of susceptibility is seen in abscesses in contrast to incomplete
irregular rims seen in necrotic neoplasm[3].
All mature abscesses whether bacterial, fungal or
pyogenic are hypointense on T1, hyperintense on T2 and
show ring enhancement following intravenous Gado-

474

March 28, 2015|First Edition|

Rangarajan K et al . Patterned approach to CNS infections

A

B

C

Figure 4 Fluid Attenuated Inversion Recovery Sequence in a patient with
fever and altered sensorium shows hyperintensity predominantly in the
grey matter of both temporal lobes and also in cerebellum. This patient was
diagnosed with Japanese B Encephalitis. A similar picture may be seen in other
viral encephalitis including herpes encephalitis.

Figure 5 Fluid Attenuated Inversion Recovery Sequence image of a human immunodeficiency virus-positive patient shows hyperintensity predominantly involving the occipital white matter and splenium. The differential diagnosis for such an appearance would include human immunodeficiency
virus encephalopathy, progressive multifocal leukoencephalopathy (PML) as
well as other demyelinating conditions. This patient had PML.

linium injection. Further differentiation of abscesses for
possible etiological cause may be made as follows.

MR SPECTROSCOPY
Spectroscopy provides information about metabolic
alterations within a voxel by exploiting changes in the microenvironment produced by unique chemical characteristics of specific metabolites. Thus using this technique
it is possible to infer the presence of a microorganism,
based on the expected products of the microorganisms
metabolism reflected in the metabolic signature.
The characteristic of the spectrum in bacterial abscesses is the presence of amino acid peak at 0.9 parts
per million (ppm) [inverted peak at an time of echo (TE)
136 ms] representing valine, leucine and isoleucine (Figure
8)[2]. The detection of succinate (2.4 ppm) and acetate
(1.92 ppm) is proposed to indicate anaerobic organisms[2].
Tuberculosis is characterised by lipid peaks at 0.9, 1.3,
2.0 and 2.8 ppm. The presence of lipids in the absence
of other amino acids, lactate and succinate is strongly
suggestive of tubercular abscess (Figure 9)[5,8]. 0.9, 1.3, 2.0,
2.8, and 3.7 peaks correspond to specific chemical groups
within metabolites found in these infections- 0.9 corresponds to a terminal methyl group, 1.3 to a methylene
group, 2.0 and 2.8 to specific groups in fatty acyl chains
and 3.7 to phosphoserine.
While lactate, acetate and succinate can all be seen

DIFFUSSION WEIGHTED IMAGING
DWI explores the molecular characteristic of diffusivity
of particles within a region. It is based on the application
of two gradients at a set interval of time, in such a way
that only a molecule that experiences both gradients at
the same position (does not exhibit motion between the
two gradients) produces signal. Therefore regions of the
brain that show “restricted diffusion” are hyperintense
on DWI. This restricted diffusion appears as hyperintense area on DWI and needs to be corroborated with
computer generated apparent diffusion coefficient (ADC)
maps which show corresponding hypointense area. This
corroboration rules out T2-shine through effect. Bacterial as well as tubercular abscesses show central diffusion
restriction[4,5] due to highly viscous necrotic tissue within
(Figure 6). Fungal abscesses show intracavitary projections. The wall of abscess and the projections may demonstrate diffusion restriction[5,6], though no restriction is
seen in the abscess core (Figure 7).
DWI plays an important role in the differentiation of
these abscesses from necrotic neoplasms, which usually
demonstrate high ADC values within the core[7].

WCR|www.wjgnet.com

Figure 3 T1 (A), T2 (B) and Post gadolinium T1 (C) weighted images in an human
immunodeficiency virus-positive patient
with space occupying lesions in bilateral
basal ganglia. Differentials for this appearance in such a patient would include Toxoplasmosis, Cryptococcosis as well as central
nervous system (CNS) lymphoma. This patient
had CNS lymphoma.
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A

Figure 6 Diffusion weighted images show central restriction of
diffusion in bacterial abscess (A) and tuberculomas (B) arrow.

B

Acetate

4.0

3.0

2.0

1.0

0.0

Lactate
Amino acids

Figure 7 Diffusion weighted image in a diabetic patient shows diffusion
restriction in the wall and intra-cavitary projection (arrow) in the centre of
a fungal abscess.

in fungal abscesses, the presence of multiple signals between 3.6 and 3.8 ppm (representing Trehalose) has been
seen in some forms of fungal abscesses (Figure 10)[5].
The absence of choline peak on MRS provides important
supportive evidence for an infective etiology as compared
to neoplasms which show increased choline[7,9].
Figure 8 Representation of spectrum of metabolites in a bacterial abscess. Proton magnetic resonance spectroscopy obtained at a time of echo of
30 milliseconds shows the presence of amino acids. Succinate and acetate are
seen in anaerobic abscesses.

MR ANGIOGRAPHY
Tubercular vasculitis results in extensive infarction due
to inflammation of vessels coursing through the basal
exudates (Figure 11)[10]. Vascular involvement with formation of aneurysms is seen in fungal infections. These
aneurysms are seen as irregular dilatation of vessel wall
on MRA.

infection (Figure 12) due to its angioinvasive nature [11].
The presence of a complete, smooth hypointense
rim on SWI favours a diagnosis of an abscess against a
necrotic neoplasm. A brief summary of approach to a
peripherally enhancing lesion is presented as a flowchart
(Figure 13).

SUSCEPTIBILITY WEIGHTED IMAGING
The principle underlying SWI is the alteration of local
magnetic field by substances that show paramagnetic
properties. This is a gradient sequence, so molecules in
the vicinity of a paramagnetic substance dephase rapidly,
thus do not contribute to signal production. Voxels containing molecules with different magnetic susceptibilities
are imaged when they are exactly out-of-phase, such that
the whole voxel appears to be of low signal intensity[2].
This is seen as an area of “blooming”. The presence of
haemorrhage is often a clue to underlying fungal cause of

WCR|www.wjgnet.com

BASAL GANGLIA SPACE OCCUPYING
LESIONS
A number of CNS lesions are seen characteristically
involving the region of basal ganglia. The differential
diagnosis in this category includes cryptococcosis, toxoplasmosis and primary CNS lymphoma. Cryptococcosis
usually does not show enhancement after gadolinium injection.Further characterisation often requires additional
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Figure 9 Proton spectroscopy at echo time of 135 ms from a tuberculoma shows a lipid peak at 1.3 ppm.
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Figure 10 Proton magnetic resonance spectroscopy at time of echo of 30 ms shows multiple peaks between 3.6 and 3.8 ppm in the spectrum obtained
from a cryptococcoma (fungus) representative of trehalose peak (arrow).

Figure 11 Time of Flight magnetic resonance angiography in a patient
with tubercular meningitis. Bilateral anterior cerebral arteries are not seen
whereas bilateral middle cerebral arteries are markedly attenuated suggesting
vasculitis. The patient presented with extensive cerebral infarction.

Figure 12 Foci of blooming (arrow) noted within the abscess is suggestive
of haemorrhage and points to a fungal cause.

the lack of viscous contents within these lesions. Peripheral areas may show hyperintensity due to the presence
of haemorrhage[13]. Lymphoma which usually are highly
cellular, shows restricted diffusion[2,12], helping differentiation from toxoplasmosis (Figure 14). The paucity of
intercellular spaces results in a decreased diffusivity of
water molecules within these lesions. Cryptococcosis is
also known to show restricted diffusion within the pseu-

sequences.
DWI
Toxoplasmosis does not usually show significant restriction of diffusion, though a wide range of ADC value
have been encountered[2,12]. A proposed explanation is
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Figure 13 Approach to ring enhancing lesions.

Figure 14 Diffusion weighted image from the Brain magnetic resonance imaging of an human immunodeficiency virus-positive patient with lymphoma
shows restriction in the right lentiform nucleus and the thalamus (arrow).

Figure 15 Apparent diffusion coefficient map showing free diffusion within a cryptococcoma (arrow) in a human immunodeficiency virus-positive
patient.

docysts[2] owing to the viscosity of gelatinous material.
Cryptococcomas have been shown to exhibit peripheral
diffusion restriction akin to a necrotic brain tumour[14],
though often they may not show any restricted diffusion[12] (Figure 15).

hand shows elevated CBV[12].
SWI
Presence of hemorrhage (blooming on gradient echo sequences) points towards toxoplasmosis, as lymphoma rarely
show hemorrhage before treatment[12,15] (Figure 18). A brief
summary of the approach to space occupying lesions in the
basal ganglia is presented as a flowchart in Figure 19.

MRS
Presence of peak between 3.6 to 3.8 ppm (trehalose) has
been observed in cryptococcosis (which is a fungus)[5]
(Figure 10). Toxoplasma lesions (Figure 16) show markedly elevated lipid and lactate with diminished levels of
all other metabolites[2]. Lymphoma (Figure 17) shows
mild to moderate increase in lipid and lactate with markedly elevated choline peak[2].

GREY MATTER HYPERINTENSITY
T2/ FLAIR hyperintensity involving the grey matter may
be seen in encephalitis as well as infarction. This differentiation is aided by diffusion and perfusion sequences
(Table 1).

MR perfusion
Toxoplasmosis shows normal or decreased cerebral blood
volume (CBV). Primary CNS lymphoma on the other

WCR|www.wjgnet.com

Diffusion and perfusion
Reduced diffusion with increased perfusion points to an
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Figure 16 Proton magnetic resonance spectroscopy at echo time of 30 ms in a patient with toxoplasmosis shows a lipid lactate peak with diminished levels of all other metabolites (arrow).
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Figure 17 Proton magnetic resonance spectroscopy at echo time of 135 ms in a patient with primary central nervous system Lymphoma of basal ganglia
showing elevated lipid, lactate (white arrow) and choline (open arrow).

Table 1 This differentiation is aided by diffusion and
perfusion sequences

Infection
Infarction

Perfusion

Restricted
Restricted

Increased
Decreased

rus has been reported to show imaging features similar
to Japanese encephalitis[17] in regions where this virus is
common. Cytomegalovirus can also show non-specific
manifestations, though the predominant involvement of
grey matter (more than white matter) is an important differentiating feature[1]. The presence of a pencil-thin rim
of enhancement in the subependymal region is considered to be a specific finding[1]. Approach to lesions presenting with hyperintensity predominantly involving the
Grey matteris presented as a flowchart in Figure 21.

Figure 18 Gradient echo image in a patient with toxoplasmosis shows
foci of blooming (arrow) suggestive of haemorrhage.

infective etiology. Reduced diffusion with decreased perfusion characterizes ischemic events. The further characterization of infection is typically based on characteristic
neuro-anatomic location of the lesion on T2/FLAIR/
DWI (Figure 20)[2,16]. Prion disease can also show similar
imaging manifestation. The imaging appearance of these
encephalitis may be fairly non-specific. The dengue vi-
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Diffusion

WHITE MATTER HYPERINTENSITIES
The major diagnostic considerations are HIV encephalopathy (HIVE) and progressive multifocal leukoen-
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Figure 19 Approach to space occupying lesions in the basal ganglia.

Table 2 Role of additional sequences
T1
HIV Encephalopathy Isointense
PML
Hypointense

T2

T1 + contrast

Bilaterally symmetrical periventricular white matter hyperintensities
Asymmetrical lesions involving subcortical and periventricular white
matter

No enhancement
Faint peripheral areas of enhancement
may sometimes be seen

HIV: Human immunodeficiency virus; PML: Progressive multifocal leukoencephalopathy.

A

B

Grey matter
hyperintensity

Diffusion
restriction

Perfusion

Figure 20 Fluid Attenuated Inversion Recovery Sequence hyperintensity
(A) involving right temporal lobe (black arrow) in a patient with Herpes
simplex virus encephalitis, diffusion weighted imaging (B) in a patient
with Japanese encephalitis showing restricted diffusion in bilateral basal
ganglia.

cephalopathy (PML) (Figure 22). Though both entities
have characteristic imaging features on conventional MR
sequences (Table 2), they may be difficult to differentiate
due to overlapping features.
Magnetization transfer
Magnetization transfer (MT) reduction is seen in both
PML and HIVE. In PML, it is due to demyelination
whereas in HIVE it is primarily related to gliosis. Thus
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Figure 21 Approach to lesions presenting with hyperintensity predominantly involving the Grey matter.
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A

B

Figure 22 Fluid Attenuated Inversion Recovery Sequence image of a
patient with (A) human immunodeficiency virus encephalopathy showing
symmetrical periventricular white matter hyperintensity and (B) progressive multifocal leukoencephalopathy showing asymmetrical involvement
of white matter, predominantly posterior subcortical white matter, with
extension into the periventricular region.

Figure 23 Diffusion weighted image in a patient with progressive multifocal leukoencephalopathy showing peripheral diffusion restriction.

White matter
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Location of T2/flair
hyperintensity

Symmetrical periventricular,
subcortical sparing

Magnetization
transfer

Assymetrical, posterior
location, subcortical
involvement

HIV

Severe reduction

PML

PML

Mild-moderate rediction

HIV

Figure 24 Approach to lesions presenting with hyperintensity predominantly involving the white matter. PML: Progressive multifocal leukoencephalopathy;
HIV: Human immunodeficiency virus.

larger reduction in MT has been observed in PML as
compared to HIVE[18]. The major role of MT sequence
in this setting is in early detection of disease.

fore the onset of symptoms. Raised choline and myoinositol is also seen in the spectra. A summary of suggested
approach to these white matter lesions is presented as a
flowchart in Figure 24.

Diffusion and diffusion tensor imaging
Fractional anisotropy is seen to be reduced in HIVE and
PML before the morphologic changes in conventional sequences[19]. Reduced diffusion is seen in the periphery and
free diffusion in the centre of PML lesions[12] (Figure 23).

CONCLUSION
Imaging features of CNS infections constitute a complex
myriad. Their classification based on conventional MRI
sequences, may provide a quick guide to narrowing the
differential diagnosis followed by further sub-differentiation into single etiology using advanced MRI sequences

MRS
Reduction of N-acetylaspartate is seen in HIVE even be-
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and techniques.
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Low dose four-dimensional computerized tomography
with volume rendering reconstruction for primary
hyperparathyroidism: How I do it?
Timothy A Platz, Moshim Kukar, Rania Elmarzouky, William Cance, Ahmed Abdelhalim
and experience in the hope of improved utilization of
this modality. With this technique, our results are comparable to those published in the literature for diagnostic accuracy regarding correlation to intraoperative
pathology. The 3D Volume rendering reconstruction
of the parathyroid pathology shown in relation to the
clavicle, thyroid gland, and skin provide superior surgical guidance and an essentially “cut here” approach for
directed parathyroidectomy.
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Abstract
Modification of 4-dimensional computed tomography
(4D-CT) technique with volume rendering reconstructions and significant dose reduction is a safe and accurate method of pre-operative localization for primary
hyperparathyroidism. Modified low dose 4D-CT with
volume rendering reconstructions provides precise
preoperative localization and is associated with a significant reduction in radiation exposure compared to
classic preoperative localizing techniques. It should be
considered the preoperative localization study of choice
for primary hyperparathyroidism.

INTRODUCTION
Improvements in imaging techniques for primary hyperparathyroidism have been critical in the ability to
transition from formal cervical four-gland exploration to
minimally invasive/directed parathyroidectomy. A precise anatomic localization study is the key to the success
of minimally invasive parathyroidectomy. Traditionally,
sestamibi single photon emission computed tomography
(SPECT) and ultrasound (US) have been used with varying success rates from 29%-79%[1-10]. With advent of 4-dimensional computed tomography (4D-CT) technology,
there is improved sensitivity and a higher intraoperative
correlation rate ranging from 70%-89% demonstrated by
multiple institutions[1-5,11-15]. Despite this clear advantage,
the use of 4D-CT has been limited. Numerous factors
including the concern of higher cost, increased radiation
exposure and a lack of expertise/knowledge have been

© 2015 Baishideng Publishing Group Inc. All rights reserved.

Key words: Radiology; Nuclear medicine; Medical imaging
Core tip: To our knowledge, this is the first paper detailing the technical aspects of a low dose 4-dimensional
computed tomography with volume rendering reconstruction. It is our aim to share our institute’s technique
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Figure 1 Position of patient for 4-dimensional computed tomography utilizing manufacture shoulder
straps.

proposed. At our institution we have modified our technique to address some of these concerns. In this manuscript, we detail our modified 4D-CT technique providing
an in-depth review of technical aspects, image processing
and adaptations to decrease the effective radiation exposure. The term 4D is used to describe the combination
of cross-sectional imaging and basic functional analysis
through perfusion information of parathyroid adenomas.
The first three dimensions refer to multiplanar CT: axial
acquisitions, sagittal and coronal reformatted images. The
fourth dimension is the change in enhancement overtime
from non-contrast images to arterial and delayed phase
imaging.

120 peak kilovolts (kVp), 200 milliamperes (mA) for the
pre-contrast and delayed post-contrast phases (venous),
400 mA for the early post contrast phase (arterial), pitch
of 1, and a rotation time of 0.7 s. A 64 mm × 0.625 mm
detector configuration with a 10-mm beam width and a
table speed of 39.37 cm per gantry rotation is utilized.
Imaging is initiated with the non-contrast phase with the
anticipation of the normal thyroid tissue being brighter
than any parathyroid tissues due to the fact of its increased iodine concentration. The non-contrast phase is
followed by intra-venous injection of 90 mL (4 mL/s)
of non-ionic contrast medium (iohexol 350, 350 mg of
iodine per milliliter; GE health care; Princeton, NJ). A 25
s delay is followed by repeat imaging which constitutes
the arterial phase. A delay of 25 s is chosen to coincide
with peak enhancement of the parathyroid adenoma as
compared to enhancement of the thyroid gland and any
regional lymph nodes. A higher mA (400 mA) is used in
this phase to facilitate detection of small adenomas including possible multiple gland disease. Approximately 90
s after the injection, a delayed phase scan is performed.
This final phase is utilized to confirm the presence of
the parathyroid adenoma as it rapidly washes out the IV
contrast material compared to the adjacent thyroid tissue.
The duration of each phase is dependent on the distance
between the hard palate and the carina as well as the table
speed. Each phase takes approximately 15-17 s to complete based on the patient’s body habitus.

RESEARCH
Workup
At our institution all patients diagnosed with primary hyperparathyroidism undergo low dose 4D-CT with volume
rendering reconstructions. Additional workup includes
history/physical, laboratories (serum calcium, intact parathyroid hormone level, 24-h urine calcium, vitamin D),
and review of existing imaging modalities if performed
(United States, sestamibi SPECT). After confirmation
with localization studies, parathyroidectomy is performed
via standard minimally invasive/directed technique or
formal four-gland exploration.

TECHNIQUE DESCRIPTION

Radiation exposure
A major dose reduction is achieved by reducing the tube
current to 200 mA in precontrast and delayed phases.
This allows us to detect attenuation differences in lesions
adjacent to thyroid gland without compromising imaging quality while achieving significant dose reduction.
The effective radiation dose administered utilizing this
modification was 11-13 millisieverts (mSv). This dose
was calculated from the dose-length product provided
by the scanner at the end of each exam[16]. Confirmatory CT dose index measurements using standard 16 cm
head phantom and standard CT ionization chamber were
also performed yielding the same numbers. Recently, our
institution has implemented ASIR technology (Adaptive
Statistical Iterative Reconstruction), which incorporates a
new reconstructive CT algorithm with an average effec-

CT technique
All imaging is performed on a 64 multi-slice CT scanner
(VCT 64; GE Medical Systems, Milwaukee, Wis). The
patient is positioned supine in the CT scanner. The patient enters head first with the upper extremities at their
side. The manufacturer-supplied head holder is used for
all scans. The patient’s arms are pulled caudally to minimize shoulder artifact using the manufacturer-supplied
shoulder straps (Figure 1). This is very well tolerated by
most patients. Ⅳ access is obtained in the right or left
antecubital vein with an 18-gauge cannula and flushed
with heparinized saline. The scanning protocol consists
of three phases of CT imaging performed from the hard
palate to the level of the carina in all phases using a 0.625
mm slice width. Scanning parameters include a voltage of
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A

B

C

Figure 2 Four-dimensional computed tomography. Axial noncontrast (A), axial arterial phase post contrast (B) and axial delayed phase post contrast (C) images
show a hypodense nodule contiguous with the right thyroid gland, which demonstrates avid early contrast enhancement and rapid washout.

A

B

C

Figure 3 Three-dimensional volume rendering images in 3 different thresholds showing the presumed adenoma in relation to thyroid gland (A), bony landmarks (B) and skin (C).

tive radiation dose of 9-10 mSv.

shown excellent diagnostic accuracy of 4D-CT as a preoperative localization study for primary hyperparathyroidism ranging from 70%-89%[1-5,11-13]. Despite these promising results, many institutions continue to utilize sestamibi
SPECT and US as the primary modalities for preoperative localization for directed parathyroidectomy. Despite
superiority, 4D-CT has not gained widespread acceptance
for reasons unclear to us. Plausible explanations include
technical challenges, fear of increased radiation exposure
and added costs.
We have utilized this technique in 150 consecutive
patients undergoing parathyroidectomy for primary hyperparathyroidism. The true positive rate for modified
4D-CT with volume rendering for this cohort was 133
(89%) of 150 with a false negative (FN) of 17 (11%) of
150. In addition, utilizing our technique, the effective radiation exposure dose is 11-13 mSv. This essentially is an
equivalent radiation exposure dose to that of sestamibi
SPECT (9-11 mSv) but lower than that previously published for 4D-CT (27 mSv)[17]. To put this in perspective,
radiation exposure from some commonly performed
procedures such as CT scan of abdomen and pelvis is 14
mSv or CT angiogram is 15 mSv. This reduced effective
radiation exposure of our technique is most likely due
to the fact that we utilize a lower tube current for noncontrast and delayed images. The most recent implementation of ASIR technology has further reduced the radia-

Image processing
Standard post processing of imaging is performed by a
fellowship-trained neuroradiologist on a separate workstation (Advantage Windows Workstation, version 4.5;
GE Medical Systems). Two-dimensional sagittal, coronal and oblique multi-planar reformations are obtained
from the arterial phase images. This is followed by 3-D
reconstruction with volume rendering. The parathyroid
adenoma is segmented from the axial images creating
a 3-D volume of the adenoma that is merged with the
original 3-D volume of the arterial phase of the study.
The adenoma is assigned a different color and is shown
against the original 3-D volume in three different thresholds and shown in relation to the thyroid gland, skin,
and bony landmarks. Measurements are performed from
the presumed parathyroid abnormality to the clavicular
head and the overlying skin to aid the surgeon in operative guidance (Figures 2 and 3). Images processed on the
workstation take an average of 8-10 min. The resulting
images are interpreted by the attending neuroradiologist
on a PACS workstation and a formal report is issued.

DISCUSSION
Multiple studies including our institute’s experience have
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tion exposure from 4D-CT to essentially equivalent levels
to that of sestamibi SPECT.
4D CT is especially useful to identify parathyroid
glands in ectopic locations as the axial imaging extends
from the hard palate to the level of the pulmonary artery.
It is also very useful in recurrent/persistent hyperparathyroidism and improves the success rate of minimally
invasive parathyroidectomy in the reoperative setting. Despite these advantages it has some limitations especially
in patients with short obese necks, multinodular goiters
and multiple exophytic nodules. Another limitation is the
observer experience with post image processing and reconstructing 3D images.
To our knowledge, this is the first paper detailing the
technical aspects of a low dose 4D-CT with volume rendering reconstruction. It is our aim to share our institute’s technique and experience in the hope of improved utilization
of this modality. With this technique, our results are
comparable to those published in the literature for diagnostic accuracy regarding correlation to intraoperative pathology. The 3D volume rendering reconstruction of the
parathyroid pathology shown in relation to the clavicle,
thyroid gland, and skin provide superior surgical guidance
and an essentially “cut here” approach for directed parathyroidectomy.
In conclusion, low dose 4D-CT with volume rendering
reconstruction provides superior quality images while minimizing radiation exposure. The technique is easily reproducible and in our opinion should be the diagnostic modality
of choice in patients with primary hyperparathyroidism.
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Role of functional imaging in the development and
refinement of invasive neuromodulation for psychiatric
disorders
Nolan R Williams, Joseph J Taylor, Kayla Lamb, Colleen A Hanlon, E Baron Short, Mark S George
ity in a distributed neural network. These investigations
are critical for advancing the field of invasive neuromodulation in a safe and effective manner, particularly
in terms of defining the neuroanatomical targets and
refining the stimulation protocols. The purpose of this
review is to summarize the current functional neuroimaging findings from neuropsychiatric DBS implantation
for three disorders: treatment-resistant depression,
obsessive-compulsive disorder, and Tourette syndrome.
All of the major targets will be discussed (Nucleus accumbens, anterior limb of internal capsule, subcallosal
cingulate, Subthalamic nucleus, Centromedial nucleus
of the thalamus-Parafasicular complex, frontal pole,
and dorsolateral prefrontal cortex). We will also address
some apparent inconsistencies within this literature,
and suggest potential future directions for this promising area.
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Abstract
Deep brain stimulation (DBS) is emerging as a powerful tool for the alleviation of targeted symptoms in
treatment-resistant neuropsychiatric disorders. Despite
the expanding use of neuropsychiatric DBS, the mechanisms responsible for its effects are only starting to be
elucidated. Several modalities such as quantitative electroencephalography as well a intraoperative recordings
have been utilized to attempt to understand the underpinnings of this new treatment modality, but functional
imaging appears to offer several unique advantages.
Functional imaging techniques like positron emission
tomography, single photon emission computed tomography and functional magnetic resonance imaging have
been used to examine the effects of focal DBS on activ-
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Core tip: Deep brain stimulation (DBS) is emerging as a
powerful tool for the alleviation of targeted symptoms
in treatment-resistant neuropsychiatric disorders. Most
recently, functional magnetic resonance imaging has
been used to examine the effects of focal DBS on activity in a distributed neural network. The purpose of this
review is to summarize the current functional neuroimaging findings from neuropsychiatric DBS implantation
and to discuss some apparent inconsistencies within
this literature, and to suggest potential future directions
for this promising area.
Original sources: Williams NR, Taylor JJ, Lamb K, Hanlon CA,

487

March 28, 2015|First Edition|

Williams NR et al . Imaging in DBS for neuropsychiatric disorders

Thereafter the three neuropsychiatric syndromes of interest will be introduced and their DBS targets briefly identified. The subsequent sections describe the cortical and
subcortical targets for each disorder in further detail, as
well as discuss their imaging results and relevance to neuropsychiatric symptoms. Table 1 summarizes advantages,
disadvantages and cautions for each imaging method.
Tables 2-5 and Figures 1-4 are categorized by neuropsychiatric disease and illustrate the effect each DBS target
has on downstream nodes.

Short EB, George MS. Role of functional imaging in the development and refinement of invasive neuromodulation for psychiatric
disorders. World J Radiol 2014; 6(10): 756-778 Available from:
URL: http://www.wjgnet.com/1949-8470/full/v6/i10/756.htm
DOI: http://dx.doi.org/10.4329/wjr.v6.i10.756

INTRODUCTION
Deep brain stimulation (DBS) is a form of invasive neuromodulation in which electrodes are implanted into a
neuroanatomical target (nucleus or fiber tract) in an effort to modulate activity throughout a neural network[1].
Neuropsychiatric disorders can also be modulated
through stimulation of cortical nodes in a neural network
with similar efficacy and reduced risk[2,3]. The cortex can
be stimulated either non-invasively from outside the skull
with techniques like transcranial magnetic stimulation
(TMS), or by placing stimulation paddles close to the surface of the brain under the skull but outside of the dura
(epidural). For the purpose of this review, these cortical
stimulation studies with invasive stimulation paddles and
external generators are also labeled DBS, even though
the electrodes are not deep. The imaging issues with
these invasive cortical stimulation methods are the same
as for traditionally defined DBS. These network modulations are driven by stimulation parameters that can be
optimized for maximal therapeutic benefits. DBS was
first developed for movement disorders wherein high
frequency electrical stimulation of the thalamus has the
capacity to reduce tremors[4]. Since that time, DBS has
been investigated for treatment-resistant neuropsychiatric disorders[5,6]. In this context, high frequency electrical
stimulation of limbic system targets has the capacity to
alter mood and alleviate affective symptoms. Similar to
DBS for movement disorders[7], invasive neuromodulation for neuropsychiatric disorders has similar reported
open-label efficacy rates as lesion surgeries (although
never directly compared) but unlike lesion surgery offers
reversibility and fewer side-effects[8,9].
Neuropsychiatric disorders are beginning to be classified based on limbic, cognitive, and motoric[10,11] circuit
dysfunction[12]. DBS likely exerts its effects by directly
modulating the target node(s) and indirectly modulating the regions connected to that node[1,13]. Functional
neuroimaging studies have attempted to capture these
downstream network effects induced by DBS[13]. While
traditional nuclear medicine techniques such as positron
emission tomography (PET) imaging have successfully
captured gross DBS-induced changes in neural networks,
functional magnetic resonance imaging (fMRI) is poised
to offer more refined insights[14]. Additionally, basic science techniques like optogenetics are now being used to
explore the precise neural changes associated with DBS
in animal models of disease[15].
This review begins by describing the functional imaging techniques that have been used to examine the effects
of focal DBS on activity in a distributed neural network.
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PET
PET can safely and effectively probe the effects of DBS
without disrupting the function of the device or its electrodes. PET uses short-lived radioisotopes to create a
static image of averaged neural activity over time based
on changes in oxygen metabolism, glucose, blood flow
or neurotransmitter receptor binding[16,17]. PET data are
static in that they are averaged over time. Thus, PET cannot yield information about the immediate (e.g., second
to second) time course of change induced by an experimental manipulation, although oxygen PET can image
activity for one minute and can thus show changes over a
few minutes.
PET is the predominant functional imaging technique in the psychiatric DBS literature, in part because
it was available much earlier than modalities like fMRI,
and because it is technically less difficult to combine
DBS with PET[14]. Although PET continues to make
significant contributions to clinical Neuroscience, the
technique has a number of limitations that are relevant to
DBS research. First, PET has poor temporal and spatial
resolution relative to fMRI. These resolution limitations
might make it difficult to accurately assess DBS-induced
changes in small subcortical nodes in limbic neural networks. Second, PET requires injections of radioactive
tracers into patients who have no medical indication for
such exposure. Furthermore, the cost and availability of
these radiotracers can be prohibitive. Third, PET studies typically have methodological variations that make it
difficult to compare data between studies. For example,
a study that uses repeated injections of 15O-H2O PET
to measure cerebral blood perfusion over 60-120 s intervals[18] cannot be contextualized with a study that uses a
single injection of 18F-fluorodeoxyglucose (18F-FDG)
PET to measure glucose metabolism over a 60 min interval[19]. Fourth, PET measures of binding capacity are not
specific for receptor occupancy and could reflect altered
receptor density[20,21]. This lack of clarity might make it
difficult to assess the pharmacological effects of DBS.
These are just a few of the considerations that should be
kept in mind when considering PET DBS research.
On the other hand, there are few if any problems
with performing PET studies in patients with DBS electrodes implanted, unlike with fMRI. Also, single photon
emission computed tomography imaging, with perfusion tracers that capture activity summed over a minute
or two, offers a less expensive and readily available op-
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Table 1 Advantages and disadvantages of imaging methods
Modality
PET

MRI

Advantages

Disadvantages

Unlikely to disrupt implant placement or function
Widely available
Technically simple to combine with DBS (relative to fMRI)
Customized radiotracers to measure binding capacity
Time-locked data
High temporal and spatial resolution (relative to PET)
Flexible data acquisition, processing and analysis
Possible analysis of ON and OFF settings

Cost, availability and health risks of radiotracers
Static data (averaged over set time interval)
Poor temporal and spatial resolution (relative to fMRI)
Difficult to interpret data (receptor binding vs density)
BOLD signal interpretation (temporal lag, anatomical imprecision)
DBS safety considerations (lead migration, secondary lesioning)
Possible deactivation of implanted impulse generators
Potential DBS-related artifacts on images

PET: Positron emission tomography; DBS: Deep brain stimulation; fMRI: Functional magnetic resonance imaging; BOLD: Blood oxygen level dependent.

Table 2 Obsessive compulsive disorder deep brain stimulation targets: Activation/deactivation of cortical and subcortical targets
STN_DBS
Frontal cortex
Medial frontal gyrus
Inferior frontal gyrus
Supplementary motor area
Prefrontal cortex
Lateral PFC
Dorsolateral PFC
Medial PFC
Cingulate
Anterior cingulate cortex
Orbitofrontal cortex
Insula
Striatum
Caudate
Putamen
Nucleus accumbens
Temporal cortex
Superior temporal gyrus
Medial temporal gyrus
Thalamus
Pons
Hippocampus/parahippocampus
Globus pallidus

ALIC_DBS
↑Nuttin

↓Le Jeune1f

↓Zuo1b
↓Zuo2

↑Min1b,5

↑Min1b,5
↓Le Jeune2
↑Min1b; ↓Le Jeune1f
↓Le Jeune2
↑Min1b
1b

↑Min
↑Min1b
↑ Min1b,4

↓Zuo1b,2
↓Zuo1b; ↓Abelson3
↑ Nuttin1a
↓Zuo1b

↓Zuo1b ;↑Nuttin1a
↑Nuttin1a
↓Zuo1b

↑ Min1b,4
↑ Min1b,4

VCVS_DBS

1a

↑ Knight1d,7
↓Figee1b,2,↓ Knight
↑Sturm, ↑ Knight
↓Figee1a,2 , ↑ Knight
↑Sturm; ↑ Knight1d,7
↑ Knight1d; ↑Rauch1f
↑Rauch1f
↑ Figee; ↑Knight1d,6
↑Figee
↑Figee; ↓Sturm;↑Rauch1f
↑Figee1c

↑Figee; ↓Knight1d,6; ↑Rauch1f
↑Nuttin1a
↑ Knight1d,6
↑ Rauch1f

1

Statistically significant, aP < 0.05, bP < 0.001, dP < 0.0001, fP < 0.005, cP = 0.031 vs scans; 2Statistically correlated with treatment response; 3Decreased activity
for 2 of 3 patients; 4Significant activation to STN vs Gpi; 5Significant at 2 V; 6As the stimulation voltage increased from 3 V to 5 V, the region of BOLD signal
modulation increased; 7As the stimulation voltage increased from 3 V to 5 V, the region of BOLD signal modulation area decreased for n = 2 pigs. STN:
Subthalamic nucleus; ALIC: Anterior capsulotomy of anterior limb of internal capsules; DBS: Deep brain stimulation; VCVS: Ventral (anterior internal) capsule/ventral striatum; BOLD: Blood oxygen level dependent; PFC: Prefrontal cortex.

tion[18,22,23].

anatomically imprecise or “smudged” with respect to the
actual activated neurons, like “the garden being flooded
for want of one thirsty flower”[25]. Finally, BOLD changes
occur both when a brain region is acting to excite activity,
and when it is attempted to regulate of inhibit brain activity. Thus the precise interpretation of the BOLD signal
direction is problematic.
In the DBS literature, fMRI is often used to examine the function of neural network(s) before and after
targeted stimulation[26,27]. Safety considerations such as
MRI-induced lead migration and secondary heat lesioning have greatly slowed the utilization of this technology
in patients with DBS implanted electrodes[28]. There is
also some concern that fMRI may deactivate implanted
impulse generators, although this phenomenon has been
linked to low battery[29] and more recent studies have not

fMRI
One of the most popular ways to assess brain function
is to employ fMRI. Most fMRI studies use blood oxygen
level dependent (BOLD) signals that are based on magnetization differences between oxygenated and deoxygenated hemoglobin[24]. Thus, fMRI can be used to make
inferences about neural activity based on time-locked
alterations in neurovascular coupling. Although BOLD
fMRI is widely used, it does have limitations. The BOLD
hemodynamic response takes about 1-3 s to peak, which
is a lifetime in terms of neuronal firing. Also, the BOLD
signal reflects general vascular changes arising from new
metabolic demands, and is not precise to the actual neurons driving the signal. That is, the BOLD response is
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Table 3 Treatment-resistant depression deep brain stimulation targets: Activation/deactivation of cortical and subcortical targets
NAc_DBS
Frontal cortex
Ventral superior frontal sulcus
Dorsal superior frontal sulcus
Medial frontal gyrus
Superior frontal gyrus
Inferior frontal gyrus
Prefrontal cortex (PFC)
Dorsomedial PFC
Dorsolateral PFC
Ventral prefrontal
Ventrolateral prefrontal
Ventromedial prefrontal
Medial prefrontal
Dorsal frontal pole
Ventral frontal pole
Cingulate
Posterior cingulate
Subgenual cingulate
Anterior cingulate
Orbitofrontal cortex
Lateral orbitofrontal
Medial orbitofrontal
Premotor cortex
Dorsolateral premotor
Striatum
Ventral striatum
Caudate
Putamen
Insula
Amygdala
Pons
Thalamus
Hypothalamus
Hippocampus/parahippocampus

SCG_DBS

↓Bewernick1c
↓Bewernick1c
↑Schlaepfer; ↓Bewernick1c
↑Schlaepfer
↓Schlaepfer1a
↑Knight1d,11
↑Schlaepfer1a
↑Schlaepfer1a

DLFPC_ EpCS

↓Kopell2

↓Lozano4
↑Mayberg8; ↓ Lozano4,6f

↓Schlaepfer1a; ↑Knight
↓Schlaepfer1a

↑Kopell1f;↓Kopell2

↑Lozano6f
↑Lozano4
↓Mayberg8
↓Lozano4
↓Lozano4

↑Schlaepfer1a; ↑Knight1d,11
↓Bewernick1c
↓Bewernick1c,2
↓Schlaepfer1a; ↑Knight1d
↓Bewernick1e

↑Mayberg7b; ↑Lozano5
↓Mayberg7b; ↑Lozano4
↑Mayberg8; ↓Lozano6f
↓Mayberg9b
↑Lozano4
↓Lozano6f
↑Mayberg7b; ↑Lozano3
↓Lozano3

↑Schlaepfer1a; ↑Knight
↓Bewernick1c; ↑Schlaepfer1c
↑Schlaepfer
↓Schlaepfer1a; ↑Knight1d
↑Schlaepfer1a; ↑Bewernick1c,2

↑Kopell1f

↑(rostral) ↓(caudal)Lozano4
↓Mayberg7b; ↑Lozano4

↓Bewernick1c; ↓Schlaepfer1a ↓Knight1d,10
↑Schlaepfer; ↑Knight1d

↓Kopell2

↓Lozano5
↓Mayberg7b
↑Lozano4,5

1

Statistically significant, bP < 0.001, dP < 0.0001, aP < 0.05, fP < 0.005, cP = 0.05, eP = 0.038 vs scans; 2Statistically correlated with change in depression scale;
de/activation at 3 mo only; 4de/activation at 3 and 6 mo; 5de/activation at 6 mo only; 6significant between scans at 6 mo only; 7significant between scans at
3 and 6 mo; 8statistically correlated at 3 and 6 mo; 9significant between scans at 3 mo only; 10as the stimulation voltage increased from 3 V to 5 V, the region
of BOLD signal modulation increased; 11as the stimulation voltage increased from 3 V to 5V, the region of BOLD signal modulation area decreased for n =
2 pigs; NAc: Nucleus accumbens; DBS: Deep brain stimulation; SCG: Subcallosal cingulate gyrus; DLFPC: Dorsolateral prefrontal cortex; EpCS: Epidural
cortical stimulation; BOLD: Blood oxygen level dependent.
3

a unique functional imaging signature[34] and therefore
complicate predictions about the long-term effects of
limbic DBS. These microlesion effects have also been
shown to have unanticipated effects on adjacent neural
circuits[35,36]. IPG replacement surgery has been proposed
as an optimal window of time during which the chronic
effects of DBS may be explored[37].
There are several sources of potential MRI artifacts
in patients with DBS implants: 1-the skull-cap, 2- the
metallic portion of the electrode contact, 3- the electrical
stimulation itself, and 4-movement[38,39]. Some of these
artifacts can be reduced or eliminated. Some of these
artifacts are disease specific, such as the participant having tics in the scanner[40]. The artifact generated by the
skull-cap, for example, can be addressed by replacing
ferromagnetic screws with non-ferromagnetic options[41]
or by post-processing techniques normally used for sinus
artifacts[30]. Other artifacts, like those generated by the
metallic portion of the lead during echoplanar acquisition[29,42], are more difficult to address. The deep brain

observed it[30]. To address some of these concerns, DBSfMRI studies have typically been conducted utilizing
externalized leads connected to pulse generators that are
housed in the fMRI control room. This setup may reduce
the risk of hardware malfunction[31]. This also means that
most DBS fMRI studies are performed in humans immediately after surgical implantation and before connecting the DBS electrodes to the generator implanted in the
chest wall. This makes longitudinal studies problematic.
Many of the original DBS-fMRI studies were performed during the roughly 2-3-wk interval between
lead implantation and IPG placement. During this time,
stimulator extension wires can be accessed for externalized operation and stimulation[32]. While this approach is
useful for examining the short-term effects of DBS on
the limbic/cognitive networks, it cannot be used to assess
long-term effects that may evolve or change over time[33].
Furthermore, in the weeks after surgery, a “microlesion
effect” may result from mechanical manipulation at the
site of lead placement. Such a lesion could itself have
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Table 4 Tourette syndrome deep brain stimulation targets: Activation/deactivation of cortical and subcortical targets
Gpi_DBS
Prefrontal cortex
Dorsolateral prefrontal cortex
Cingulate
Anterior cingulate cortex
Dorsalanterior cingulate cortex
Dorsal Posterior cingulate cortex
Motor cortex
Primary motor cortex
Premotor cortex
Primary somatosensory cortex
Insula
Temporal lobe
Inferior temporal gyrus
Striatum
Caudate
Putamen
Thalamus
Right thalamus
Left thalamus
Central thalamic nucleus
Hippocampus
Parahippocampal cortex

Thalamic_DBS

Nac-ALIC_DBS

Pf_DBS

CM_DBS

↑Knight1d,5

↑Kim7,8b,9,10b

↑Kim7,8a,9,10a

↑Knight4

↓Kim7,8,10
↓Kim7,8a,10

↓Kim7a,8,9,10
↓Kim7d,8,9,10

↓Kim7,8a ,9,10a
↓Kim7,8a,9,10a
↓Kim7,8a,9,10a
↓Kim7,9 ↑ 8a,10a

↓Kim7,8b,9,10a
↓Kim7a,e,f, 8ba,9a,10a
↓Kim7,8,9,10a
↓Kim7,8,9,10

↓Kuhn

↓Kim7↑8a,10

↓Kim7,9↑8,10

↓Kuhn ↓Vernaleken
↑Kuhn ↑Vernaleken
↓Kuhn ↓Vernaleken
↑ Kuhn2
↓Kuhn3

↓Kim8,10
↓Kim8,10

↑Kim7↓8,10
↑Kim7↓8,10

↓Kim7,8,10
↓Kim7,8,10

↑Kim8
↓Kim8
↓Kim7,8,10

↓Min6
↑Min1b
↑Min1b

↑Min1b
↑Min1b
↑Min1b
↑Min1b

↑Min1b

↑Knight1d,4

↓Knight1d,4

↑Knight1d,4

1

Statistically significant scans; bP < 0.001, dP < 0.0001, aP < 0.05 vs scans, eResponse at 130 Hz 3 V was significant vs Pf contact site at P < 0.05, fresponse at 60
Hz 3 V was significant vs Pf; 2Patient #3, unilateral had reduction of putamen activity; 3Only in unilateral patient; 4As the stimulation voltage increased from
3 V to 5 V, the region of BOLD signal modulation increased; 5As the stimulation voltage increased from 3V to 5V, the region of BOLD signal modulation
area decreased for n = 2 pigs; 6Activation decreased at 2V; 7Response @ 130 Hz 3 V; 8Response @ 130 Hz 5 V; 9Response @ 60 Hz 3 V; 10Response @ 60 Hz
5 V; Gpi: Globus pallidus interna; DBS: Deep brain stimulation; NAc-ALIC: Nucleus accumbens-anterior limb of internal capsule; CM-Pf: Centromedianparafascicular nuclei complex; BOLD: Blood oxygen level dependent.

stimulation itself can also create MR artifact in the area
around the tissue-lead interface. This has been addressed
by turning off the device minutes before the scan[13]. This
artifact, if present, prevents analysis of DBS-induced activity in the area surrounding the electrode. Some authors
have chosen to address these issues with strict statistical
thresholding in offline analysis[43,44].
Despite its limitations, DBS-fMRI can provide unique
and valuable information regarding the neurobiological
effects of DBS[45,46]. Most psychiatric DBS-fMRI studies have only utilized the device in the OFF condition[13].
Newer protocols, however, have begun to explore the
possibility that DBS-fMRI could be performed in the
ON condition in patients with fully-implanted DBS
hardware[30,43]. One recent study successfully imaged Parkinson’s disease (PD) patients with subthalamic nucleus
(STN) DBS in the ON and OFF setting with no reported
adverse effects[43]. This protocol utilized a 1.5 Tesla MRI
scanner as well as a special transmit-receive (T/R) head
coil. The specific absorption ratio in the head was limited
to under 0.1 W/kg for this experiment. This protocol
was first performed in a phantom, demonstrating no
significant heating with the sequences utilized in the human study[30]. We encourage anyone considering such a
technique to consult with a magnetic resonance physicist
and take great caution as this is a risky undertaking. While
this protocol appears to be safe, it is yet to be utilized in
patients with DBS for psychiatric conditions.
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NEUROPSYCHIATRIC DISEASE AND
THEIR DBS TARGETS
This portion of the review will focus on the imaging of
DBS in three neuropsychiatric syndromes: 1-obsessivecompulsive disorder (OCD), 2-major depressive disorder
(MDD), and 3-Tourette syndrome (TS). The following
sections will identify common DBS targets for each disorder and review relevant functional imaging data.
OCD and its DBS targets
OCD is a neuropsychiatric condition characterized by
functionally impairing obsessions and compulsions. The
obsessions occur as recurrent and ego-dystonic ideas,
images, or impulses. By contrast, the compulsions are
stereotyped, repetitive mental acts or behaviors that are
performed with the intention of reducing anxiety generally related to the obsessions. OCD affects approximately
2%-3% of the population and 20%-40% of patients with
OCD remain severely disabled despite conventional treatments like exposure/response prevention as well as medications such as selective serotonin reuptake inhibitors.
DBS for severe, treatment-resistant OCD was recently
approved through a humanitarian device exemption[47].
Several targets have been explored for this indication,
including the nucleus accumbens (NAc)[48,49], the anterior limb of the internal capsule (ALIC)[50], the ventral
capsule/ventral striatum (VCVS)[51-53] and the STN[54,55].
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Figure 1 Obsessive compulsive disorder deep brain stimulation. aAs stimulation voltage increased from 3 V 130 Hz to 5
V 130 Hz, the region of BOLD signal modulation increased; bAs
stimulation voltage increased from 3 V 130 Hz to 5 V 130 Hz,
the region of BOLD signal modulation decreased for n = 2 pigs.
SMA: Supplementary motor area; NAc: Nucleus accumbens;
PFC: Prefrontal cortex; BOLD: Blood oxygen level dependent.
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and the nucleus accumbens[65,66] (Table 3, Figure 2). Two
of the depression targets are also OCD targets have been
imaged for OCD, but not depression include the anterior
limb of the internal capsule[56], ventral capsule/ventral
striatum)[57]. Functional MRI has been performed in NAc
in non-depressed animals[26].

Four of the main OCD targets that have been imaged
with PET include the ALIC[56], VCVS[57], STN[58], and
NAc[50,59](Table 2, Figure 1). Functional MRI has been
performed following NAc DBS in both animals[26] and
more recently in humans with OCD[13].
MDD and its DBS targets
Depression is a psychiatric disorder characterized by
extreme sadness and/or melancholia that is of sufficient
length and interferes with activities of daily living as well
as socialization. One in five people will experience an episode of major depression at some point in their lifetime.
The World Health Organization has indicated that major
depressive disorder is one of the four most disabling illnesses worldwide[60]. Currently, antidepressants and psychotherapy are the primary modes of treatment, although
that is evolving[61]. Minimally invasive brain stimulation
methods like electroconvulsive therapy (ECT) and TMS
are typically reserved for patients with treatment-resistant
depression[62]. DBS is currently being utilized in a clinical
research setting for patients who do not respond to the
aforementioned therapies. Three of the main depression targets that have been imaged with PET include the
dorsolateral prefrontal cortex[3], subcallosal cingulate[63,64],
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TS
TS is a neuropsychiatric movement disorder that affects
approximately 1% of the world’s population, typically
in childhood and/or adolescence. TS is characterized by
at least two motor tics and one or more vocal tics that
persist for more than a year. Approximately 90% of individuals with TS have at least one comorbid psychiatric
symptom. These symptoms include attention-deficit/hyperactivity disorder, OCD, anxiety disorders, or impulse
control disorders. DBS for TS has been shown to reduce
the frequency and severity of motor tics as well as their
associated psychiatric symptoms[47]. Although the precise
mechanism of action remains unclear, DBS for TS appears to diminish dopamine signaling in the thalamus and
the striatum[16]. Multiple targets have been introduced for
TS DBS, including the thalamic centromedian nucleus
and parafasicular complex (CM-pf)[67], the globus pallidus
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Figure 2 Treatment-resistant depression deep brain stimulation. NAc: Nucleus accumbens; DLPFC: Dorsolateral prefrontal cortex; EpCS: Epidural cortical stimulation; SCG: Subcallosal cingulate gyrus.

internus (GPi)[68], the ALIC, and NAc[69] (Table 4, Figure
5) While three of these targets (GPi[70], ALIC, and NAc)
have had functional neuroimaging performed in other
conditions (as described above), only the medial thalamus
has been imaged in the TS population[16,17]. In a large animal model, both the CM-Pf and GPi have been imaged
using fMRI[27,71].
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DBS TARGETS AND DOWNSTREAM
NODES IN NEUROPSYCHIATRIC DBS
Cortical targets and nodes
Dorsolateral prefrontal cortex (BA 9 and BA 46): The
dorsolateral prefrontal cortex (DLPFC) (BA 9 and 46)[72]
is a critical node in the mesocortical system, a dopami-
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Figure 3 Parkinson’s disease deep brain stimulation. DLPFC: Dorsolateral prefrontal cortex; PFC: Prefrontal cortex; ACC: Anterior cingulate cortex; DACC: Dorsoanterior cingulate cortex; SMA: Supplementary motor area; STN: Subthalamic nucleus; DBS: Deep brain stimulation.

sis of 162 imaging studies revealed that co-activation of
BA 9 (which spans the dorsolateral and medial prefrontal
cortices) and midbrain regions like the periaqueductal
gray (PAG) is essential for assigning emotional valence[75].
These results may partially explain how the DLPFC
plays such a critical role in mood regulation[76]. In depression, the left DLPFC is hypoactive and thought to be
associated with negative emotional judgment. The right

nergic tract that modulates anticipation, goal selection,
planning monitoring, and the use of feedback in task performance[73]. The DLPFC is critical for working memory
of both spatial and non-spatial information[74]. There has
been some suggestion that direct stimulation (activation)
of the DLPFC may serve to modulate parietal attentional
networks involved in the automatic processing of salient
environmental stimuli. For example, a recent meta-analy-
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Figure 4 Tourette syndrome deep brain stimulation. aResponse at 130 Hz 3V AND 60 Hz 3V decreased, but increased at 130 Hz 5V and 60 Hz 5V; bResponse
decreased at 130 Hz 3V, but increased at 130 Hz 5V and 60 Hz 5V; cResponse decreased at 130 Hz 3v and 60 Hz 3V, but increased at 130 Hz 5V and 60 Hz 5V; dResponse increased at 130 Hz 3V, but decreased at 130 Hz 5V and 60 Hz 5V. GPi: Globus pallidus internus; NAc: Nucleus Accumbens; ALIC: Anterior limb of internal
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DLPFC is hyperactive and this is linked to attentional
modulation[77]. The DLPFC has been demonstrated to
have various subcortical connections, including but not
limited to the mediodorsal nucleus of the thalamus[78], the
caudate[79], hippocampus[80], subcallosal cingulate[81], and
amygdala[82] to name a few.
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Unilateral stimulation of the DLPFC has bilateral
effects[83] as long as the corpus callosum is intact. While
there have been varied downstream neural network
changes in response to non-invasive magnetic stimulation of the DLPFC, it is clear that the effects of DLPFC
stimulation are not isolated to a single node in the net-
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DLPFC in one patient on PET[59]. Subcallosal cingulate
gyrus (SCG) DBS has been demonstrated to increase
metabolism in bilateral DLPFC[63] in an earlier study, then
decrease DLPFC bilaterally in a later study[64] at essentially the same time points of 3 and 6 mo[63,64]. An increase
in activity of the DLPFC was also seen with fMRI of
NAc DBS in large animals[26]. In a functional connectivity
analysis of NAc DBS, the efficacy of the stimulation was
related to reduced hyperconnectivity between the lateral
(and medial) prefrontal cortex and the NAc[13].

Table 5 Parkinson’s disease deep brain stimulation targetslimbic effects
STN_DBS
Prefrontal
Dorsolateral prefrontal cortex
Lateral prefrontal cortex
Cingulate
Posterior cingulate
Anterior cingulate cortex
Dorsal anterior cingulate cortex
Frontal cortex
Medial frontal cortex
Medial superior frontal
Orbitofrontal cortex
Parietal Inferior lobule
Frontal motor cortex
Premotor cortex
Primary motor cortex
Medial supplementary motor area
Ipsilateral parietal lobe
Insula
Superior temporal gyrus
Middle temporal gyrus
Inferior temporal gyrus
Striatum
Caudate
Putamen
Lentiform nucleus
Thalamus
Ventrolateral thalamus
Ventroanterior thalamus
Dorsomedial nuclei of Thalamus
Pons
Midbrain
Cerebellum
Right Cerebellar posterior lobe
Left Cerebellar posterior lobe
Parahippocampal cortex
Occipital lobe

↑Hilker1b
↑Stefurak1b
↓Stefurak1b; ↑Hilker1b
↑Stefurak1b; ↑Hilker1b
↓Stefurak1b
↑Stefurak
↓Stefurak1b
↑Stefurak1b
↑Hilker1b
↑Hilker1b
↑Stefurak1b
↑Stefurak1b
↑Stefurak1b
↓Stefurak1b
↓Stefurak1b
↑Stefurak1b
↑Stefurak1b
↓Hilker1b
↑Stefurak1b

Frontopolar cortex (BA 10): Frontopolar cortex (FPC)
is the most uniquely human area in the hominid brain
and is the only part of the prefrontal cortex (PFC) that
has no direct inputs from the sensory cortex[86,87]. Several studies have demonstrated the frontal pole has a
significant role in self-reflection, long-term goals, past
or future events, or hypothetical scenarios[87-89]. Damage
to this area impairs an individual’s ability to multitask[90].
The FPC functions to consider events beyond the present moment[87]. Pathological patterns of rumination and
self-reflection are core features of depression. The FPC
is being more and more implicated in the pathogenesis
of depression as well as in its recovery[91,92]. A recent neuroimaging meta-analysis demonstrated a consistent finding of increased resting-state activity in the frontal pole
(BA10) in patients with depression[93].
Invasive neuromodulation over the FPC (along with
DLPFC) bilaterally has been implanted in 5 individuals with treatment-resistant depression, termed epidural
cortical stimulation[2]. Furthermore, subgenual cingulate
DBS appears to only be effective when it contacts the
white matter tracts that cause downstream changes in the
frontal polar cortex[47,94,95]. The tractographic connection
to the frontal pole was the invasive neuromodulation target common between the ALIC target and the SCG target[2,96]. Chronic deep brain stimulation of NAc reduces
activity in the gyri that terminate in the area of the frontal polar cortex[65]. The therapeutic effects of NAc DBS
for OCD are related to reducing functional connectivity
between the NAc and the FPC[13].
The frontal pole can be divided into a medial (ventromedial prefrontal cortex (vmPFC) part that is seen
in all primates and a lateral part (the lateral frontopolar
cortex (lFPC)) that is seen only in humans[86]. Activity of
the vmPFC has been shown to be increased with NAc
deep brain stimulation in an animal model, but these
animals were not noted to be depressed[26]. Furthermore,
it is unclear the function of the vmPFC in non-primate
mammals, although it has been consistently demonstrated
to have connections with the NAc[97]. vmPFC has been
implicated in the pathogenesis of obsessive-compulsive
disorder through its neural network connections to nodes
involved in affective and reward processing[13,98]. A PET
study investigating the effects of STN DBS for OCD
demonstrated that a decrease in Yale-Brown Obsessive
Compulsive Scale (Y-BOCS) score, a 10-item scale designed to both determine severity of OCD and to moni-

↓Stefurak1b
↑Stefurak1b
↑Hilker1b
↑Stefurak; ↑Hilker1a
↑Stefurak1b
↑Stefurak1b
↑Stefurak1b
↑Stefurak1b
↑Stefurak1b
↑Hilker1a
↓Hilker1b
↑Stefurak1b
↓Stefurak1b

1

Statistically significant, bP < 0.001, aP = 0.002 vs scans. STN: Subthalamic
nucleus; DBS: Deep brain stimulation.

work. There is some suggestion that the antidepressant
efficacy of non-invasive, repetitive transcranial magnetic
stimulation of the left DLPFC sites is related to the anticorrelation of the subgenual cingulate, further supporting
that the effects of DLPFC stimulation modulated deep
structures in the neural network[81]. It is also important to
note that there are individual differences in DLPFC connectivity and these difference appear to affect efficacy of
stimulation at this node[84].
Left as well as bilateral epidural DLPFC stimulation
has been shown to have a positive effect on depression[2,3], and when combined with bilateral epidural frontopolar epidural cortical stimulation (EpCS) appears to
be a durable therapy for treatment-resistant depression[85].
Left DLPFC EpCS causes contralateral activation of the
right DLPFC as well as superior frontal gyrus, cuneus,
and posterior cingulate. In the Van Laere study, chronic,
bilateral ALIC stimulation reduced right DLPFC activity
on PET[56]. Conversely, in the Sturm study, DBS of the
right NAc was shown to increase the activity of the right
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increased activity with SCG DBS[63] and VCVS DBS[57].
It appears that in order to achieve an antidepressant response, the active contact has to interface with the white
matter tracts to the ventral pallidum, the mediodorsal
(MD) thalamus, and to the FPC[47,94].
The ACC has been heavily implicated in the neural
circuitry of mood and anxiety regulation as well as the
pathogenesis of TS[119]. In depression, the ACC is underactive while the SCG is overactive[120]. Conversely, the
ACC is overactive in OCD during error processing[121,122].
The ACC is involved in self-referential processing. It is
an important area for determining treatment response[120].
The higher the activity in the ACC, the higher likelihood
of depression remission[123]. Anterior cingulotomy has
been demonstrated to be quite effective in the treatment
of OCD and to a lesser degree depression, but with
significant side effects[9,124]. Success with anterior capsulotomy has been associated with significant reductions in
dorsal anterior cingulate[108]. DBS of the right NAc has
been shown to increase the activity of the right ACC[59]
and animal studies have confirmed the laterality of these
findings in a porcine model[26]. VCVS DBS increases
activity of ACC acutely[57]. Conversely, DBS of the SCG
demonstrated decreases in ACC metabolism[63,64]. Interestingly, limbic STN DBS in appears to reduce activity in
the ACC[71]. The ACC has significant connections to the
posterior cingulate cortex (PCC) and the medial PFC,
another target for invasive neuromodulation for depression[2].
The PCC is a key node in the default mode network.
It has been hypothesized that the posterior cingulate cortex has a role in supporting internally-directed cognition
and increases in activity when individuals retrieve autobiographical memories or plan for the future[125]. The PCC
has been shown to be decreased with depression[126] and
obsessive-compulsive disorder[127] and is associated with
treatment response to multiple modalities[128,129]. PCC
activity is increased in the neural activity of the PCC is
correlated with good response in DBS, but additionally in
medication trials[125]. Cingulate activity was increased with
NAc DBS in a large animal model[26] and increased in
another case with OCD[59], but appears to decrease after
chronic NAc DBS[65]. YBOCS scores for ALIC DBS were
negatively correlated with PCC activity on PET[56]. Activity of the PCC increases with SCG stimulation[63,64]. The
activity of SCG was reduced with limbic STN DBS[58].
The PCC has been demonstrated to have reduced activity with chronic NAc stimulation for depression[65], but
this may reflect homeostatic mechanisms during chronic
stimulation.

tor improvement during treatment, was correlated with a
decrease of metabolic activity in the vmPFC[58].
Orbitofrontal cortex (BA 11 and BA 12/47): The
orbitofrontal prefrontal cortex (OFC) includes BA 12
caudally (or more recently 47[99] and BA 11 anteriorly[100].
Orbitofrontal hyperactivity/hyperconnectivity has been
demonstrated on numerous functional imaging studies
of obsessive-compulsive disorder[101] and Tourette[102].
Numerous neuroimaging studies in idiopathic depression
and Parkinson’s-related depression have also implicated
this area[93,103]. Reduction of OFC activity is correlated
with symptom improvement in medication and psychotherapy trials[104,105]. With DBS to the inferior thalamic peduncle (connection from OFC to thalamus), it has been
demonstrated to have significant reduction in OCD and
depression symptoms[106]. OFC activity has been demonstrated to be reduced in chronic NAc stimulation[65].
In ALIC DBS for OCD, reduction in OFC activity was
associated with clinical response in one study[50] and regardless of clinical response in another[107], as well as in
larger studies of VCVS DBS[57], ALIC DBS[56], and capsulotomy[108]. It is also reduced in SCG stimulation[63,64], potentially explaining its anti-obsessional effects[109]. A PET
study investigating the effects of STN DBS for OCD revealed that the decrease in Y-BOCS score was correlated
with a decrease of metabolic activity in the orbitofrontal
cortex[58]. Given that decreased orbitofrontal metabolism
is associated with Parkinson’s related depression, this may
explain why STN is associated with increased depressive symptoms[47], although that is likely not the whole
story[110]. Reduction in the activity of the OFC appears
to be clearly linked to improvements from OCD surgery
regardless of the target or methodology chosen[57,58,108].
Cingulate cortex (BA 23, BA 24, BA 25, BA 31, BA
32): The SCG is the portion of the cingulum that lies
ventral to the corpus callosum[111,112]. The SCG has been
recognized for more than two decades to be an important node in the neural networks that contribute to mood
regulation. This network includes cortical structures such
as the DLPFC and the FPC as well as the subcortical
structures such as the limbic system, thalamus, hypothalamus, and brainstem nuclei[111]. It has been demonstrated
that activity in the SCG can reflect antidepressant efficacy, regardless of the nature of the intervention[81,113-115].
The SCG has reciprocal connections to the orbitofrontal,
FPC, anterior cingulate cortex (ACC), intralaminar thalamus, hypothalamus and amygdala. The SCG also has
afferents from BA 9/46 and efferents to numerous brainstem nuclei[111,116,117]. The SCG was the first target chosen
because of functional neuroimaging data and not as the
result of lesioning studies[63]. SCG was first targeted for
depression DBS (unipolar and bipolar)[63,64,118], but has
also been targeted for anorexia[109]. The gray matter of
the subgenual cingulate has reduced activity with chronic
NAc DBS [65], ALIC DBS [56] and SCG (white matter)
DBS[63]. The white matter of the subgenual cingulate has
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Insula: The anterior insula appears to be an important
node in mood and anxiety regulation networks. A recent
study demonstrated that relative hypo- or hyperactivity of
the anterior insula is correlated with response to depression treatment whether cognitive behavioral therapy or
medication[130]. Disgust associated with OCD is thought
to be mediated by the insula[131]. The insula has also been
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implicated in tic generation in TS[132]. The metabolism of
the insula has been demonstrated to have a significant
correlation preoperative Y-BOCS score in patients undergoing capsulotomy[108]. Anterior insular activity is reduced
with ALIC DBS stimulation [56] and NAc DBS stimulation[66]. It is similarly reduced in SCG stimulation[63,64] as
well as in STN DBS (limbic)[58]. Conversely, the insular
signal has been demonstrated to also be decreased with a
model of porcine CM-Pf DBS[27], but increased in porcine NAc DBS[26]. It should be noted that both porcine
DBS studies utilized non-depressed animal subjects[26,27].

dala has been implicated as an important component
of the neural network that underlies social behavior[147].
The most commonly referenced role of the amygdala
is in mediating fear and anxiety[148]. The amygdala has
been shown to be overactive in patients with both MDD
and Bipolar Disorder[149] and its activity is elevated in
anticipatory anxiety in patients with generalized anxiety
disorder[150] and in contamination fear with OCD [151].
Patients with Tourette appear to have altered functional
connectivity of the amygdala[152] as well as amygdala response to negative face pictures[153,154]. Furthermore, the
mean amygdala metabolism decreases in antidepressant
treatment responders for depression, but persistence of
elevated amygdala metabolism following remission is associated with a high risk for depressive relapse[155].
DBS stimulation of the ALIC was shown to normalize baseline hyperactivity of the amygdala and trended
towards significant correlation with reductions in
YBOCS[56], while this is not seen after anterior capsulotomy[108]. Acutely (1 wk), there is an increase in amygdalar
activity with NAc DBS[66], which may explain the acute
panic that has been observed[156]. Reduction in amygdalar
hyperactivity was correlated with response to chronic
NAs DBS for depression and anxiety[65]. In a functional
connectivity analysis of NAc DBS, positive coupling was
found with the amygdala[13]. CM-Pf DBS in a large animal
model demonstrated reductions in amydalar signal which
may explain some of the positive psychiatric improvements from CM-Pf DBS for TS[27].
The bed nucleus of the stria terminalis (BNST) is part
of the extended amygdaloid complex and a relay/integral
regulator of the hypothalamic-pituitary-adrenal stress
axis[157,158]. The BNST is the major output of the basolateral (BL) amygdala and has been associated with sustained fear[159]. Some have suggested that the bed nucleus
of the stria terminalis has been responsible for the positive effects of DBS that was targeted at the VCVS[160].
In a recent world-wide analysis, it was noted that when
the “VCVS target” was shifted posterior (i.e., closer to
the BNST), lower voltages were required to achieve efficacy[51].
The amygdala has been implicated in the pathogenesis of autism[161] and its hyperarousal has been seen on
fMRI[162]. There is one case of BL amygdalar DBS, which
was performed for self-injurious behavior in autism. In
addition to improving self injurious behavior, DBS of
the BL amygdala was found to improve the core symptoms of the autism spectrum in the emotional, social,
and cognitive domains[163].

Pre-supplementary motor area and supplementary
motor area (BA 6): While the supplementary motor
area (SMA) is an area of motor planning, the pre-SMA is
an area related to response inhibition[133]. Lesions to the
SMA cause reduction of spontaneous movements and
difficulty in performing voluntary motor acts[134]. Inhibitory transcranial magnetic stimulation over the SMA and
pre-SMA can reduce motor tics and OCD symptoms,
respectively[10,11]. The effects of ALIC DBS and anterior
capsulotomy have been demonstrated to spread to the
pre-SMA/SMA[56,108]. SCG DBS has been shown to have
effects on BA 6[63,64].

SUBCORTICAL TARGETS
Striatum (nucleus accumbens, caudate and putamen)
The NAc is an important node in the human reward
system. It can be divided into two principal parts; the
core and the shell[135]. The NAc core projects to the pallidal and nigral complexes and the NAc shell projects to
the lateral hypothalamic areas, dopaminergic cell groups,
and caudal mesencephallic areas[136]. Hyperactivity of the
NAc has been shown to have a negative correlation with
recovery from depression[123]. DBS has been implanted
in the NAc not only for depression and OCD[59], but also
TS[137], addiction[138-142], eating disorders[143], and even suggested for pain[144].
DBS of the ALIC normalized pre-op hyperactivity of
the NAc[56]. The caudate has been shown to be involved
in reward processing and hypoactive caudate responses
to reward may be the functional explanation for anhedonia. The caudate has been shown to have reduced activity with chronic NAc stimulation[65]. Furthermore, it has
been implicated in the pathophysiology of OCD where
specific symptom profiles can be mapped to subregions
within the caudate nucleus[145]. The caudate has been targeted for OCD DBS with apparent efficacy[145]. VCVS
has been shown to activate striatum[57]. Right NAc inhibited the activity of the right dorsolateral rostral putamen[59]. Recently, the white matter tract afferent from the
ventral tegmental area, medial forebrain bundle, to the
NAc was targeted for treatment-resistant depression with
marked success[146].

Subthalamic nucleus
The sensorimotor STN has been demonstrated to be an
efficacious target for the treatment of PD, although stimulation in this node can cause a range of neuropsychiatric
symptoms[164]. In addition to the sensorimotor region, the
STN also has limbic and executive regions with segregated
circuitry involved in affective and cognitive processes[164].
Several PET studies have identified activity changes in limbic
and executive regions during STN-DBS in Parkinson’s patients,

Amygdala and extended amygdalar complex
The amygdala is a brain nucleus that responds to novelty,
salience and a variety of emotional stimuli. The amyg-
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pocampus[182], globus pallidus[183], nucleus accumbens[184],
insular cortex, and anterior cingulate cortex[176]. A recent
large animal study looking at DBS-fMRI in the CM-Pf
study was recently completed[27]. In this study, DBS at
the Pf was shown to have negative BOLD downstream
effects on the hippocampus as well as the dorsal anterior
cingulate cortex and posterior cingulate cortex. DBS at
the CM was shown to have negative BOLD downstream
effects on the sensorimotor areas and the associative
area. The observed differences in structural connections
of CM versus Pf in non-human primate topographical
analyses were verified by this large animal CM-Pf DBSfMRI study[27]. The Pf has been demonstrated to innervate associative and limbic striatal areas[185-187]. This large
animal study also demonstrated a primarily limbic downstream effect with high frequency stimulation[27]. Similarly,
the CM innervates the sensorimotor striatal area[185,188,189].
The large animal study also confirmed that the CM is has
primarily sensorimotor downstream effects with high frequency stimulation[27].

including the dorsolateral prefrontal cortex and cingulate
gyrus[70,165,166]. The ventromedial or limbic STN has been
demonstrated to have profound anti-OCD effects through
two serendipitous findings where STN DBS treated both
PD and OCD[47].
Limbic STN DBS has been utilized successfully utilized for OCD[54,55] and TS[167]. Neuroimaging studies of
the limbic and cognitive STN circuits have proven valuable, as these help with the STN DBS target refinement.
Several of the STN DBS OCD patients underwent PET
imaging[58]. When compared to OFF stimulation, DBS
ON resulted in reduction in activity of the cingulate, orbitofrontal cortex, and supplementary motor areas (BA 6).
The cingulate and orbitofrontal cortex are major nodes
in the emotional and executive networks and the SMA is
intimately involved in OCD/TS pathophysiology as was
described above. The cingulate, SMA, and orbitofrontal
cortex are hyperfunctional in untreated OCD, suggesting that a possible mechanism of DBS action may be the
normalization of the activity of the SMA, OFC and cingulate[98,133,168,169].

Medial dorsal thalamus
The limbic nucleus of the thalamus, the medial dorsal
nucleus of the thalamus, is an important node in the limbic circuitry. Using high-resolution 7T fMRI, Metzger,
et.al. demonstrated general emotional arousal is localized
to the mediodorsal nucleus while preceding attention
and expectancy were localized to the intralaminar centromedian/parafascicular complex[190]. A component of
several of the frontal-striatal circuitry, the MD thalamus
has been shown to be hyperactive in depression. In the
depression associated with Parkinson’s, volumetric studies
have shown that the MD nucleus volume is larger than
non-depressed controls, but hypoactive on the left in this
population suggesting that the increase in volume is compensatory[191]. There has been four cases where the MD
was targeted for TS[16,17]. In addition to improvement in
TS symptoms, there was a hint of improvement in mood
and obsessive thinking for at least one of these individuals[16]. During chronic NAc stimulation, MD nucleus activity is reduced[65]. This reduction in MD activity is also
observed with ALIC stimulation[56]. In large animal studies looking at porcine NAc DBS stim, similar reductions
were seen[26]. In a recent analysis of SCG DBS, tractography interfacing with the active contact was compared
to presence or absence of remission and only individuals
with white matter projections extending to the MD thalamus were able to achieve remission[47]. It appears that the
MD thalamus is a critical node in mood/affect regulation
as well as mediating anxiety disorders.

Pallidum (globus pallidus interna, globus pallidus
externa, and ventral pallidum)
The pallidal areas have been demonstrated to be immensely important in the treatment of movement disorders, such as Parkinson’s disease. This target has been
associated with much better neuropsychiatric side effect
profiles for PD DBS than STN[164]. The GPi has been
implicated in the pathophysiology of TS[170] and OCD[171].
While the GPi has been implicated as a motor target, it
is clear that the anterio-medial portions of the GPi are
limbic. In fact the ventral pallidum has been implicated to
be the limbic pleasure generator[172]. Both TS and OCD
are successfully treated with GPi DBS[68,173] and there
has even been some report of mood improvement with
GPi DBS[174]. The globus pallidus externa has also been
demonstrated to treat TS[175]. Surprisingly, many of the
functional imaging studies do not demonstrate changes
in the pallidum with DBS[26,50,63]. The exception is PET of
patients with VCVS DBS[57]. The efficacy of SCG DBS
is optimized when the active contact interfaces with the
white matter tract to the ventral pallidum[47,94].
Thalamus
Centromedian nucleus of the thalamus and parafascicular complex: The CM-Pf nuclei complex is located
in the posterior part of the intralaminar thalamus and
serves as the main basal ganglia input station. Additionally, the CM-Pf controls striatal dopamine function and
provides a majority of the thalamic input to the striatum[176-178]. CM-Pf lesions have been shown to cause
complex attention deficits. This has been hypothesized
to be due to the role of the CM-Pf in directing attention
to motivationally relevant stimuli[179]. The CM-Pf DBS
target has been utilized in TS, but has also been shown to
have positive effects on mood, anxiety, and OCD[180].
In addition to the striatum, the CM-Pf has been demonstrated to have connections with the amygdala[181], hip-
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It is possible to non-invasively determine the anatomical connection pathways using diffusion tractography
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imaging. These pathways are assumed to be consistent
with known anatomy[192,193]. This MRI technology has
been utilized in determining the elements that contact
and are stimulated with DBS[194]. The benefits observed
in patients with DBS appear to heavily depend on exact
electrode position, which can only be truly verified with
sophisticated tractography techniques[94,95,146,194-196]. In the
case of medial forebrain bundle DBS, the target can only
be identified with sophisticated tractography imaging as
one cannot visualize this target on conventional imaging[146]. Slight alterations in the position of the electrode
in the SCG appear to change whether this target is efficacious or not[95]. The white matter tracts have to be
completely intact for DBS to be efficacious where any
alteration in the macroanatomy of the limbic white matter tracts can cause the stimulation to be ineffective[197,198].
Conversely, verification of correct position with
EpCS has been shown to only require a postoperative
computed tomography (CT) scan coregistered with the
presurgical MRI scan. This method will allow for all four
contact electrodes on each paddle lead to be identified.
In all 5 subjects of the Nahas study, contact electrodes
were over the bilateral frontal pole and dorsolateral prefrontal cortex[2]. In the Kopell study, the responders were
noted to have the contacts of the electrodes placed at or
anterior to the target site (DLPFC). Non-responders or
partial responders had their electrodes placed posterior to
the DLPFC target site[3].

resides at an interface between neurophysiology, Neurosurgery, movement disorders Neurology, and interventional psychiatry[201]. DBS has been demonstrated to be
an effective therapy for essential tremor, dystonia and
Parkinson’s disease, and is being investigated in many
other neuropsychiatric diseases[47]. Advanced neuroimaging techniques aid in targeting, investigate the effects of,
and further refine targeting of DBS all in a non-invasive
manner. Although many of the functional imaging studies to date are limited to small case series and have had
conflicting results, a growing trend is emerging. For most
neuropsychiatric DBS imaging studies, the effects of
DBS appears to have downstream effects on both cortical areas (DLPFC, FP, SCG, ACC, PCC, insula, SMA) as
well as subcortical areas (thalamus, pallidum, STN, amygdala, striatum). These findings affirm that the therapeutic
properties of DBS reside not only in local effects, but
also downstream effects on the distributed neural network.
The effects and apparent efficacy of DBS for OCD
appears to be related its downstream effects on the
prefrontal cortex[13], more specifically orbitofrontal cortex[50,58]. This also appears to be true for invasive neuromodulation in treatment-resistant depression where the
tractography and the functional imaging of depression
DBS targets all converge on PFC[13], more specifically
Brodmann 10[47,94-96]. Recent optogenetics findings have
confirmed the critical role of the medial prefrontal cortex in mood regulation[92]. While there has only been one
study investigating the effects of direct BA 10 stimulation [2], this technique appears remarkably durable[85]. The
critical role of the frontopolar cortex in mood regulation was further demonstrated when its activation was
demonstrated to be associated with acute, stimulationinduced depressive symptoms in a patient with Parkinson’
s and a mispositioned lead[31]. Furthermore, this cortical
stimulation approach seems to avoid many of the methodological challenges seen with other techniques such as
the need for advanced tractography[95,146] and the risk of
cerebral hemorrhage[198]. The therapeutic effects of TS
DBS appears to be correlated with the therapy’s ability to
reduce dopamine levels in various downstream targets[17].
While the apparent efficacy of DBS for neuropsychiatric disease is promising, there are several remaining
questions. Are cortical or subcortical targets better for invasive neuromodulation? Will sophisticated tractography
techniques be essential to the widespread implementation of this therapy for TRD[95,196,202]? How do symptom
clusters of a given neuropsychiatric disease correlate
with the pre-operative functional imaging and the DBSinduced functional activation? Will imaging eventually
dictate the target with the best chance of efficacy? Will
DBS move beyond its current role to affect plasticity[203]?
Will DBS confirm findings that the basal ganglia may in
fact be organized in a gradient of medial to lateral where
emotional/reward (most medial)-cognitive-and motor
subcomponents of the nuclei are in fact highly interconnected.

Functional connectivity analysis
Recent developments in noninvasive functional connectivity analysis demonstrate that this allows for a powerful
network-level view of the neuropsychiatric disease[199]
and the effects DBS on that network[13]. In this technique,
the spontaneous fluctuations in BOLD are identified as
the intrinsic marker for functional connectivity. A seed
region is then identified and correlated with nodes in the
connected neural network in an effort to determine areas
where there is functional connectivity[200]. The utility of
this approach in DBS research comes from its ability to
not only identify the aberrant functional connectivity of
a particular neuropsychiatric disorder, but also normalize this aberrant functional connectivity through neuromodulation. This technique has been utilized to probe
the resting state connectivity changes in patients receiving
NAc DBS for OCD[13]. In this study, the NAc DBS was
shown to normalize aberrant hyperconnectivity between
the NAc and lateral/medial prefrontal cortices. This reduction in connectivity correlated with the reductions in
the YBOCS. While NAc is also a target for treatmentresistant depression (TRD) and TS, there have been no
functional connectivity analysis studies in TRD and TS to
date.

CONCLUSION
Invasive neuromodulation holds promise as a tool for
treatment-resistant neuropsychiatric conditions[47]. DBS
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As this field develops both scientifically and technically, we anticipate that larger studies will be conducted and
our collective knowledge will converge. In addition to
extending ongoing functional imaging studies in this area,
future investigations will likely temporally pair functional
MRI with information on structural integrity (including
diffusion tensor imaging and voxel based morphometry)
which will enable us to have a more comprehensive understanding of the effects of DBS on neural network integrity among DBS patients. Some disease specific issues
to consider in future studies include inherent microstructural pathology in a given disease may influence the effect of DBS outcomes[204,205], the role of acute vs chronic
stimulation on neural network plasticity[13], and baseline
firing rates in areas downstream from the DBS target[206].
DBS is an extremely nonselective method of stimulation and this non-specific nature may be harmful in one
disorder[207], while that same neural element being efficacious in treating another[146]. Currently, imaging studies
are unable to distinguishing between circuits of interest
and those being activated unintentionally. Current steering technologies coupled with functional imaging will potentially allow for isolation of a single neural element and
the ability to image that neural element[208,209]. Such an approach when coupled with the selective circuit manipulation of optogenetics[15] may allow for further verification
of findings. It is truly an exciting time to be embarking
on a journey into the interface between advanced imaging
and invasive neuromodulation.
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Core tip: Radiographs are a valuable diagnostic tool,
as an adjunct to clinical examination in the diagnosis
of dental diseases. Two dimensional periapical and
panoramic radiographs are routinely used in dental
practice. However, there are certain limitations of twodimensional radiographs, which can be overcome by
three-dimensional, imaging techniques such as cone
beam computed tomography, magnetic resonance imaging and ultrasound. The purpose of this article is to
review the advances made in digital dental imaging.
Correct use of newer radiographic techniques, where
indicated, can help early detection and appropriate and
timely treatment for various dental and oral pathologies.

Abstract

Original sources: Shah N, Bansal N, Logani A. Recent advances
in imaging technologies in dentistry. World J Radiol 2014; 6(10):
794-807 Available from: URL: http://www.wjgnet.com/1949-8470/
full/v6/i10/794.htm DOI: http://dx.doi.org/10.4329/wjr.v6.i10.794

Dentistry has witnessed tremendous advances in all
its branches over the past three decades. With these
advances, the need for more precise diagnostic tools,
specially imaging methods, have become mandatory.
From the simple intra-oral periapical X-rays, advanced
imaging techniques like computed tomography, cone
beam computed tomography, magnetic resonance imaging and ultrasound have also found place in modern
dentistry. Changing from analogue to digital radiography has not only made the process simpler and faster
but also made image storage, manipulation (brightness/contrast, image cropping, etc. ) and retrieval
easier. The three-dimensional imaging has made the
complex cranio-facial structures more accessible for
examination and early and accurate diagnosis of
deep seated lesions. This paper is to review current
advances in imaging technology and their uses in different disciplines of dentistry.

INTRODUCTION
On 8 November, 1895 Wilhelm Conrad Röntgen accidentally discovered an image cast from the cathode ray
generator which was projected far beyond the possible
range of the cathode rays. A week after the discovery,
Röntgen discovered its medical use when he made
a picture of his wife’s hand on a photographic plate
formed due to unknown radiation, which he termed
as X-rays. It clearly revealed her wedding ring and her
bones. The first original dental roentgenogram from a
portion of a glass imaging plate was taken by Dr. Otto
Walkhoff in January 1896 in his own mouth for an
exposure time of 25 min. Since then, dental imaging
has seen tremendous progress and its applications in various fields of dentistry. Broadly, imaging techniques used
in Dentistry can be categorized as: intraoral and extraoral, analogue and digital, ionizing and non-ionizing im-

© 2015 Baishideng Publishing Group Inc. All rights reserved.
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aging, and two-dimensional (2-D) and three-dimensional
(3-D) imaging.
2-D Conventional radiographs provide excellent images for most dental radiographic needs. Their primary
use is to supplement the clinical examination by providing insight into the internal structure of teeth and supporting bone to reveal caries, periodontal and periapical
diseases, and other osseous conditions. A significant
constraint of conventional radiography is the superimposition of overlying structures, which obscures the
object of interest. Eventually it results in collapsing 3-D
structural information onto a 2-D image, which leads to
loss of spatial information in the third dimension.
The film-based radiography requires the presence
and maintenance of darkroom, chemical handling and is
associated with processing errors. All these disadvantages
are overcome with the advent of digital radiography.
This revolution is the result of both technologic innovation in image acquisition processes and the development
of networked computing systems for image retrieval and
transmission.
The very first system that was introduced in digital
radiography in dentistry was Radio-visio-graphy (RVG,
formerly Trex-trophy Radiology Inc., Marietta, GA) by
Trophy[1] in France in 1987. Digital radiography refers
to a method of capturing a radiographic image using
a solid-state technology sensor, breaking it into electronic pieces, and presenting and storing the image using a computer. There are currently three types of digital
radiography systems available for use in dental imaging:
(1) CCD-Charge-Coupled Device (direct system); (2)
CMOS-Complementary Metal Oxide Semiconductor
(direct system); and (3) PSP-photo-stimulable phosphor
(indirect system). One of the most commonly cited positive features of digital radiography is the radiation dose
reduction up to 80%, when compared with conventional
plain film radiography[2]. It is estimated that the dose
reduction for intraoral digital imaging is in the range of
50%[3]-60%[4] when compared to E-speed film and for
extraoral digital imaging, 50%[5]-70%[6], when compared
to film-screen combinations. Other obvious benefits
include the short processing time, i.e., the ability to
view the image more quickly, the elimination of the
darkroom, processing chemicals and the errors associated with improper darkroom maintenance, chemical
handling, solution replenishment and replacement, etc. It
allows manipulation of the image produced such as contrast, density, sharpness and image orientation, without
any additional radiation exposure to the patient or the
operator.
Intraoral radiographic examination is the backbone
of imaging for the general dental practitioner. It comprises of three categories: periapical, bitewing and occlusal projections.
The periapical radiograph provides detailed information about the teeth and the surrounding tissues (Figure
1A). It is mainly utilized for assessment of pulp and root
canal morphology, supporting alveolar bone status in
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the inter-dental region, detection of periapical pathology and crown/root fractures. It is especially useful for
endodontic treatment for pre-treatment evaluation of
roots and root canal morphology, calcifications, curvatures, periapical lesions, working length determination,
quality and extent of root canal obturation and monitoring healing after treatment. For this purpose, a special
technique of periapical radiography was developed by
Gordon M. Fitzgerald, called as paralleling or long cone
technique. The film is placed parallel to the long axis
of the tooth to be radiographed and the central beam
of X-ray is directed at right angle to the film and the
teeth. The long cone of the tube increases the distance
between the source and the object, resulting in decreased
size of focal spot. This technique reduces the geometric
distortion and also avoids overlapping of other anatomic
structures, which can over shadow the teeth. For monitoring the healing of periapical lesion, the X ray image
needs to be standardized to keep the same horizontal and
vertical angulations at every follow-up visits. Several film
holding devices are available, which allow reproducing
the same angulation and getting comparable images.
An occlusal radiograph displays a large segment of a
dental arch that cannot be viewed on a periapical radiograph, such as a cyst. It helps to locate supernumerary/
impacted teeth and foreign bodies in the jaws and stones
in the ducts of sub-mandibular glands (Figure 1B).
Bitewing or inter-proximal radiographs are taken
to evaluate inter-proximal surfaces of 3-4 upper and
lower teeth simultaneously (Figure 1C). The film has a
flap on which the patient bites to keep the film in place
against the crowns of upper and lower teeth simultaneously (hence called bite-wing X-ray). Bitewing films are
particularly valuable for detecting inter-proximal caries in
the early stages of development before it manifest clinically, reveal secondary caries below the restorations and
evaluating the inter-proximal bone condition[7].
The extra-oral radiographic examination used in
Dentistry includes panoramic radiographs, postero-anterior and lateral skull view, Water‘s view and postero-anterior and lateral cephalometric examinations. Extraoral
radiographs help to examine larger areas of the jaws and
skull, monitor growth and development of cranio-facial
skeleton, to locate impacted teeth and large pathological
lesions and evaluate the temporo-mandibular joint.
Panoramic imaging has become a popular and important diagnostic tool since its introduction in the 1950s. It
is a specialised tomographic technique used to produce
a flat representation of the curved surfaces of the jaws.
The basic imaging principle is that of curved surface
tomography. It visualizes the entire maxilla, mandible,
temporo-mandibular joints and associated structures on
a single film, i.e., gives a panoramic or bird’s eye view
of the jaws[8] (Figure 1D). It is used as a preliminary
screening radiograph to assess the dentition and bone
support, identify impacted teeth, view the position of
dental implants etc. It also gives a basic assessment of the
osseous status of the temporo-mandibular joints and
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Figure 1 X-ray. A: An intraoral periapical X-ray helps to view the number and morphology of roots and root canals, periapical status and alveolar bone support interdentally. In this case, a grossly carious lower molar with diffuse radiolucency around both the root apices, denoting a chronic abscess is seen; B: An occlusal view of
maxilla is useful to evaluate suture line of maxillary processes and extent of large pathological lesion such as a cyst and for location of impacted teeth. In this X-ray
an impacted left maxillary canine can be seen; C: A bitewing X-ray is useful to examine a segment of upper and lower arch simultaneously to detect inter-proximal
caries. In this X-ray, distal proximal surface of the lower 1st molar shows a carious defect; D: A panoramic radiograph gives a bird‘s-eye view of upper and lower jaws
with excellent view of temporo-mandibular joint and maxillary sinuses. In this X-ray, a large, multi-locular cystic lesion, involving an impacted and inverted 3rd molar,
extending up to the premolar region can be seen.

diagnoses maxillary and mandibular fractures. Panoramic
radiographs are also being tested as a cost-effective tool
to determine bone mineral density[9,10].
However, it is subject to considerable and unpredictable geometric distortion and has relatively low spatial
resolution compared with intra-oral radiographs. Large
differences in image projection may occur in the anterior
region depending on the patient positioning and individual curvature of the jaws. Also, it does not display the
fine anatomic details available on intraoral periapical
radiograph. But it offers a dose advantage over large
numbers of intraoral radiographs[11].
Cephalometric radiographs show the entire side of
the head and help to evaluate the spatial relationships between cranial and dental structures (Figure 2). They are
of value in comparing the changes in growth and development of dental and skeletal structures before, during
and after orthodontic treatment, including the soft tissue
profile (with lesser X-ray exposure)[12].
Digital subtraction radiography (DSR) is a technique
used to determine qualitative changes that occur between
two images taken at different points in time. Subtraction
method was introduced by B.G. Zeides des Plantes in the
1920s. The first image is the baseline image and the second image shows the changes that have occurred since
the time the first image was taken[13]. DSR cancels out
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the complex anatomic background against which this
change occurs. In order for DSR to be diagnostically useful,
it is crucial that the baseline projection geometry and image
intensities be reproduced. Dove et al[14] reported that angulation errors should be limited to two degrees. DSR helps
to detect the alveolar bone changes of 1%-5% per unit
volume and of crestal bone height change of 0.78 mm[15,16].
Parsell et al[17] in 1998 found that digital subtraction radiography with or without enhancement improved the
likelihood of a correct cancellous defect diagnosis when
compared to other methods to detect oral cancellous
bone lesions. However, it is only used for research
purpose, as it is difficult to reproduce images with similar projection geometry every time.
Occipito-mental view, also known as Waters view, is
the most favourable for visualization of maxillary sinuses,
especially to compare internal radio-opacities. The frontal sinuses and ethmoid air cells can also be viewed in
Waters view. When taken with open mouth position, it
can help to visualize the sphenoid sinuses. The submento-vertex view is used in evaluating the lateral and posterior borders of the maxillary sinuses and the ethmoid
air cells. It also visualizes the skull-base and condyles superimposed on the condylar necks and mandibular rami.
It is particularly useful in diagnosis of fractures of the
zygomatic arch. The Caldwell view is useful in evaluating
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bers. The patient is advanced in the circular aperture in
the centre of the gantry. The tube head and reciprocal
detectors within the gantry either rotate synchronously
around the patient, or the detectors may form a continuous ring around the patient and the X-ray tube may
move in a circle within the detector ring.
There are four generations of CTs. The Hounsfield’s unit
belonged to the first generation of CT scanners which
used a single detector element to capture beam of X-rays.
A second generation of CT systems introduced in
1975 used more than one detector and used small fanbeam, as opposed to pencil-beam scanning in the first
generation. The first and second generations of CT
scanners used a translate-rotate design and were used
to scan only the head.
Third generation CT scanners introduced in 1976 use
a large, arc-shaped detector that acquires an entire projection without the need for translation. Third generation scanners are most extensively used today. Fourth
generation scanners replaced the arc-shaped detector
with an entire circle of detectors. In this design, the
X-ray tube rotates around the patient, while the detector stays stationary. As the fourth generation scanners
were more expensive and suffer from higher levels of
scatter, these are not used today. The incremental scanning approach was subject to errors relating to patient
movement and limited Z-axis (vertical) image resolution
resulting in loss of fracture conspicuity. The development of the power slip ring facilitated the development
of spiral (or helical or volumetric) CT in the late 1980s.
In spiral CT, the patient is moved continuously through
the rotating gantry and image data are acquired as a
“spiral” or “helix”rather than in the form of a series of
slices[21]. Compared with incremental CT scanners, spiral
scanners provide improved multiplanar image reconstructions, reduced exposure time (12 s vs 5 min), and a
reduced radiation dose (up to 75%)[22].
Current CT scanners are called multi-slice CT scanners and have a linear array of multiple detectors (up to
64 rows) that simultaneously obtain tomographic data at
different slice locations. It provides various advantages
including significant reduction in scan time, reduced artifacts, and sub-millimetre resolution (up to 0.4 mm isotropic voxel)[22]. However, these scanners are extremely

the frontal sinuses and ethmoid air cells. Reverse-towne
projection is used to determine fractures of the condylar
neck of the mandible.

LIMITATIONS OF 2-D IMAGES
Radiographs provide a two-dimensional image of a
three-dimensional object. Relationship of the tooth to
the surrounding anatomical structures cannot be assessed
accurately which limits its diagnostic performance[18].
The objects are visualized in the mesial-distal and apical- coronal plane; however the buccal-lingual plane is
not possible to assess[19]. Because of the complexity of
maxillofacial skeleton, 2-D radiographic images do not
accurately replicate the anatomy that is being assessed.
Anatomical structures surrounding the teeth may superimpose causing anatomical or background noise, leading
to difficulty in interpreting periapical radiographs. 2-D
radiographs show less severe bone destruction than is
actually present. Radiographs do not reveal the softtissue to hard-tissue relationships.
All the above listed 2-D imaging techniques provide
information necessary for routine dental practice. However, in case of diagnostic dilemma and treatment planning
of special cases, advanced 3-D imaging modalities, revealing additional information is desirable. Various techniques
have evolved in the recent past that has revolutionized the
diagnosis and treatment planning in dentistry.

COMPUTED TOMOGRAPHY
The first commercial computed tomography (CT) scanner
was developed in 1972 by Sir Godfrey N. Hounsfield, an
engineer at EMI, Great Britain. Since then, the introduction of clinical X-ray computed tomography has transformed medical imaging and may be described as the
greatest advancement in radiology, since the discovery of
X-rays. Computed tomography uses a narrow fan-shaped
X-ray beam and multiple exposures around an object to
reveal its internal structures which helps the clinician to
view morphologic features and pathology in three- dimensions[20]. It determines the mesio-distal as well as the
bucco-lingual extent of the pathology.
CT scanner consists of a radiographic tube attached
to a series of scintillation detectors or ionization cham-
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Figure 2 Cephalometric radiographs show the entire side
of the head and help to evaluate the spatial relationships
between cranial and dental structures. A: A lateral cephalometric X-ray is useful to determine cranio-facial structures and
their relationship with position of the jaws and teeth; B: Different landmarks used to evaluate the planes and angles formed,
to arrive at a diagnosis and treatment planning for orthodontic
treatment/orthognathic surgery. Serial cephalograms can give
the amount and direction of growth of facio-maxillary complex.
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for periapical surgery. They found that CT detected the
presence of an apical lesion and the location of the
inferior alveolar nerve in all cases, compared with 78%
and 39% respectively with periapical radiographs. Robinson et al[31] evaluated mandibular first premolars on
120 routine dental. CT images for variations in root/
root canal morphology. They found that CT images
identified a greater number of morphologic variations
than did a panoramic radiograph[31].
CT has been used as a research tool to compare the
volume of root canals before and after instrumentation
with different rotary nickel-titanium systems[32] and for
volumetric analysis of root filling using various obturation systems[33].
3-D images from spiral CT helped in evaluating the
close relationship between maxillary sinus disease and
adjacent periodontal defects and their treatment[34]. Rigolone et al[35] obtained anatomic information using low
dose CT to plan peri-radicular surgery via the vestibular approach. CT scan also detects resorption of
adjacent roots.
CT scan can precisely distinguish between intrinsic
and extrinsic salivary tumors and is used for staging
these tumors[36]. It is excellent for planning for implant
placement for ear prosthesis in patients with hemi-facial
microsomia[37].
The greatest disadvantage of CT imaging is the high
radiation exposure. Other disadvantages of CT include
high costs of the scans and scatter because of metallic
objects. It has poor resolution compared to conventional
radiographs. CT has limitation in the diagnosis of dental
fractures (like small fissures) which are below the resolution capability of CT and may result in false-negative
readings.

expensive and while beneficial for CT angiography and
cardiac imaging, may have limited application in maxillofacial diagnosis.
CT was the first technology to allow visualization of
both hard and soft tissues of the facial bones by image
processing enhancement and the ability to acquire multiple, non- superimposed cross-sectional images. CT scans
were used in medicine since 1973 but it became available for dental application only in 1987. CT provides
high contrast resolution and allows differentiation of
tissues with < 1% physical density difference compared
to 10% required to be distinguished with conventional
radiography[22]. CT images have less noise (i.e., they are
less grainy), which results from superior collimation of
the exit beam in CT machines. CT software programs
can highlight pathologic lesions from normal anatomic structures using colour-enhancement features. CT
images have the ability to show slices of a given tissue,
with each slice thickness (1-2 mm) and location chosen
by the operator[20].
Trope et al[23] in 1989 used CT scans to differentiate
radicular cysts from granulomas based on marked difference in density between the content of the cyst cavity
and granulomatous tissue.
CT is considered the gold standard imaging technique
to assess injuries of the maxillofacial skeleton region. It
is an excellent tool for detecting complex facial fractures,
like those involving the frontal sinus, naso-ethmoidal
region[24], and the orbits[25]. CT helps in defining the displacements of fractures prior to surgical reduction and
fixation. It helps to diagnose undisplaced fractures of
the mandible and the condyle, which are not apparent on
panoramic radiographs. Markowitz et al[26] found coronal
CT to be the most accurate method in the diagnosis of
mandibular fractures, followed by mandibular series and
panoramic radiography. CT offers superb visualization
of impacted teeth and its relation to nearby anatomic
structures which guides the surgeon during surgical removal of impacted teeth.
Aggarwal et al[27] used CT scans and ultrasound with
power Doppler flowmetry in the diagnosis of large periapical lesions. They concluded that both, the CT scans
and ultrasound with power Doppler flowmetry can provide an additional but more accurate diagnosis of periapical lesions with validity equivalent to histo-pathological
diagnosis[27].
CT scan is also an excellent aid in detecting vertical
root fracture or split teeth which cannot be detected on
periapical radiographs, since CT is not sensitive to beam
orientation unlike conventional radiograph[28].
CT helps to indentify multiple extra root canals
which when missed can lead to endodontic treatment
failure. Chronic apical periodontitis can be seen with the
CT scan in early and established stages. It is seen as an
enlargement of the periodontal space, which is seen as a
small osteolytic reaction around the root tips[29]. Velvart
et al[30] in 2001 compared CT scans and periapical radiographs of 50 mandibular posterior teeth scheduled
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TUNED APERTURE COMPUTED
TOMOGRAPHY
Tuned aperture computed tomography (TACT) is a
relatively simple, faster method for reconstructing tomographic images, which was developed by Webber
and colleagues[38]. It is based on the concept of tomosynthesis and optical-aperture theory[39,40]. TACT uses 2-D
periapical radiographs acquired from different projection
angles as base images and permits retrospective generation of longitudinal tomographic slices (TACT-S) lining up in the Z axis of the area of interest. It produces
true 3-D data from any number of arbitrarily oriented
2-D projections. TACT has shown to be a promising,
effective alternative to other conventional modalities for
a number of clinical applications. The overall radiation
dose of TACT is not greater than 1 to 2 times that of
a conventional periapical X-ray film. The resolution is
stated to be similar with 2-D radiographs. Artefacts associated with CT, such as starburst patterns seen with
metallic restorations, do not exist with TACT.
In 1998, Nair et al[41] reported TACT to be more effective imaging modality than film or individual digital
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images for the detection of recurrent caries. Webber et
al[42] in 1999 also found TACT to be diagnostically more
informative. Nance et al reported that with TACT 36%
of extra canal [second mesio-buccal (MB 2)] were detected in maxillary molars and 80% of third (mesio-lingual)
canals in mandibular molars[43]. TACT has proved to be
effective in the determination of root fractures, especially
vertical fractures.
Nair et al[44] found that TACT was a more effective and accurate imaging modality for non- destructive
quantification of osseous changes within the healing
bony defects. It was found to be better than planar images for the detectability of trauma-induced radicular
fractures and mandibular fractures in in-vitro studies[45].
Liang et al[46] reported that TACT provides an alternative to conventional tomography for pre-surgical implant
imaging. However, TACT is still at trial stage for dental
applications but appears to be a promising imaging modality for the future.
Micro-computed tomography (micro-CT) is another
alternative CT technique that has been used in dental imaging. However, the use of micro-CT remains a research
tool limited to animal and in vitro studies on small samples. Because of the high radiation dose required, microCT cannot be employed for human imaging.

mandibular joints and treatment planning for dental
implants.
CBCT is categorized into large, medium, and limited
volume units based on the size of their field of view
(FOV). The size of the FOV depicts the scan volume of
CBCT machines. It depends on various factors like the
size and shape of the detector, beam projection geometry and the ability to collimate the beam. Collimation of
the beam limits the X-radiation exposure to the region
of interest and ensures the most favorable FOV to be
selected, based on disease presentation. Smaller scan volumes produce higher resolution images and lowers the
effective radiation dose to the patient. Size of the field
irradiated is the principal limitation of large FOV cone
beam imaging[48].
Large field of view (FOV) units encompasses those
CBVTs with a FOV from 15-23 cm. These units are
mainly useful in the assessment of maxillofacial trauma,
orthodontic diagnosis and treatment planning, temporomandibular joint (TMJ) analysis and pathologies of the
jaws. Medium FOV range from 10-15 cm and are useful
for mandibulo-maxillary imaging and for pre-implant
planning and pathological conditions. Small FOV units
(limited FOVs) of < 10 cm with some as small as 4 cm
× 4 cm in size are suitable for dento-alveolar imaging and
are most advantageous for endodontic applications[49].

CONE BEAM COMPUTED TOMOGRAPHY

APPLICATIONS OF CBCT IN VARIOUS
BRANCHES OF DENTISTRY

This imaging technique is based on a cone-shaped X-ray
beam centered on a 2-D detector. It performs one rotation around the object and produces a series of 2-D
images which are re- constructed in 3-D using a modification of the original cone-beam algorithm developed by
Aboudara et al[47] in 1984. Major advantage of TACT
over CT is the considerably lower effective radiation
dose to which patients are exposed. Radiation dose of
one cone beam computed tomography (CBCT) scan
may be as little as 3%-20% that of a conventional CT
scan, depending on the equipment used and the area
scanned[22].
CBCT does not require an additional mechanism to
move the patient during the acquisition. Cone beam technology significantly increases the X-ray utilization and
requires far less electrical energy than fan-beam technology. X-ray tubes of cone-beam scanning are much
less expensive than that for conventional CT. Images
have isotropic voxels that can be as small as 0.125 mm.
Subjective image quality is high, even compared to helical CT, for the highest resolution modalities. CBCT
provides a high spatial resolution of bone and teeth
which allows accurate understanding of the relationship
of the adjacent structures.
CBCT has found varied application in all fields of
dentistry. High resolution of CBCT has helps in detecting variety of cysts, tumors, infections, developmental
anomalies and traumatic injuries involving the maxillofacial structures. It has been used extensively for evaluating dental and osseous disease in the jaws and temporo-
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Oral and maxillofacial surgery
CBCT is majorly used in oral and maxillofacial surgery
for surgical evaluation and planning for surgery for impacted teeth, cysts and tumors, orthognathic and implant
surgeries and diagnosis of fractures and inflammatory
conditions of the jaws and the sinuses.
CBCT is largely used diagnostic technique in assessment of mid-face[50] and orbital fractures[51]. It allows
easy detection of non-displaced, inter-articular fractures
of the condylar head[52]. Artefacts from metal objects are
lower on CBCT images[53], hence it provides better information in cases involving gun-shot wounds[54]. However,
in cases of trauma to the cervical vertebrae, use of
CBCT is contra-indicated, as the patient is unable to
be in an upright position which is required for CBCT
imaging.
Detailed visualization of the inter-occlusal relationship of 3-D virtual skull model makes CBCT a valuable
tool in orthognathic surgery planning. It allows for morphological analysis and spatial relationship of the neighboring structures during follow-ups to evaluate growth,
development and function. It provides pre-surgical information when planning for sinus floor augmentation
in preparation for implant placement[55].
CBCT has been used for measuring the thickness of
the glenoid fossa[56]. It often reveals the possible dislocation of the disk in the joint by defining the true position of the condyle and the extent of translation of the
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condyle in the fossa[57]. It has also been used for an image
guided puncture technique of the TMJ which is a treatment modality for TMJ disk adhesion[58]. CBCT provides
a dose and cost-effective alternative to helical CT for the
diagnostic evaluation of osseous abnormalities of the
TMJ.

root angulations, although variations are seen from the
true anatomy[75]. CBCT is valuable tool to assess the
facial growth, age, airway function and disturbances in
tooth eruption[76]. CBCT can provide enhanced visualization of roots, making it a valuable tool for assessing pre
and post-orthodontic root resorption.
CBCT evaluates the success of alveolar bone grafts
in patients with cleft lip and palate by determining the
bucco-palatal width and allowing the visualization of the
3-D morphology of the bone bridge[77]. Kim et al[78] used
CBCT to construct placement guides for mini-implants
between the roots of adjacent teeth in anatomically difficult sites.

Endodontics
CBCT has been extensively used in Endodontics. Numerous studies have reported its usefulness in diagnosis
of periapical lesions[59-62] (Figure 3). Estrela et al[63] proposed a CBCT-based periapical index, termed as CBCTPAI to measure and monitor periapical lesion size pre
and post-endodontic treatment.
CBCT enables in the differential diagnosis of cyst
from granulomas by measuring the density from the
contrasted images of the periapical lesion[64,65]. LofthagHansen et al[66] found that CBCT detected 62% more
periapical lesions on individual roots when compared
with periapical X-ray examinations. Vertical root fractures are better evaluated with CBCT images compared
to periapical radiographs. CBCT can determines fractures
in bucco-lingual or mesio-distal directions[67,68].
Patel et al[69] in their review of literature found CBCT
to be efficacious in endodontic surgery planning and
identification of root canals not seen on 2-D images.
Alshehri et al[70] in their review article on CBCT reported
it to be useful in cases such as inflammatory external and
internal resorption. CBCT not only detects the presence
of resorption, but also determines its extent. They also
found CBCT useful in determining root morphology;
to measure the number of roots, canals, and accessory
canals and to establish their working lengths, angulations
and in the location of separated instrument in the canal[70].
For most endodontic applications, limited volume
CBCT is preferred over large volume CBCT for the
following reasons: (1) Increased spatial resolution to improve the accuracy of endodontic-specific tasks such as
the visualization of accessory canals, root fractures, apical deltas, calcifications, etc.; and (2) Decreased radiation
exposure to the patient.

Periodontics
CBCT has proved to be a practical clinical tool to detect
intra-bony and furcation defects, dehiscence, fenestration, and periodontal cysts[79]. It provides detailed morphologic description of the bone with minimal error
margins. CBCT has also been used to evaluate outcome
of regenerative periodontal therapy[80].

LIMITATIONS OF CBCT
Image quality and diagnostic accuracy of CBCT is affected by the scatter and beam hardening artifacts caused
by high density structures such as enamel and radiopaque
materials[81]. Scatter radiation reduces the contrast and
limits the imaging of soft tissues. Hence, CBCT is principally indicated for imaging hard tissues[82].
Because of distortion of Hounsfield Units, CBCT
cannot be used for estimation of bone density. Scan
times for CBCT are lengthy at 15-20 s and require the
patient to stay completely still.

CONCERN FOR RADIATION EXPOSURE
Intraoral radiographic films are available as D, E and
F. D is the slowest and F is the fastest speed films. Fast
films require least radiation as compared to slow speed
film. It is reported that switching from D to E speed
film reduces radiation by 30%-40% and from D to F by
60%. However, due to cost consideration of fast speed
films, majority of dentists prefer to use D speed films,
though the cost difference is only marginal[83].
Radiation exposure for panoramic radiograph is 14.224.3 mSv, for lateral cephalogram, it is 10.4 mS and for
a full mouth intraoral X ray series is 13-100 mS. Digital X ray require a much lower radiation exposure, i.e.,
50%-75% less than equivalent film image. Digital panoramic radiation dose is 0.020 mSv and for cephalogram
it is 0.007 mSv. CBCT units have radiation exposure in
the range of 87-206 mSv for a full craniofacial scan.
Based on these values, it is inferred that CBCT radiation exposure is equivalent to or slightly higher than
traditional imaging[84].
However, CBCT must not be used routinely for
dental diagnosis or for screening purposes. The patient’s

Implantology
CBCT has been used for preoperative and postoperative dental implant assessment. Preoperatively, it can
accurately determine the quantity and quality of bone
available for placement of implant[71,72]. It also provides
more detailed and accurate information of the adjoining
vital tissues, so that these could be protected during the
placement of dental implant. Heiland et al[73] described
a technique in which CBCT was used intra-operatively
in two cases to navigate the implant insertion following
microsurgical bone transfer.
Orthodontics
CBCT images have been used in orthodontic assessment
and cephalometric analysis[74]. CBCT helps to determine
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A

B
CBCT scan-2

Pre-treatment At 6 mo follow-up

Preoperative HU
Bone Cementum
79
537

Postoperative HU
Bone Cementum
493
997

tongue, cheek, salivary glands, neck and lymph nodes[86].
MRI can also accurately distinguish between solid
and cystic lesions on the basis of signal characteristics
and enhancement patterns. Application of specific criteria for diagnosis allows accurate distinction between
the keratocystic odontogenic tumour (KCOT) and other
odontogenic lesions [87]. The keratin-rich debris in a
KCOT shows characteristic central drop in signal on T2weighted images. In case of an infective lesion like a
periapical abscess which expands fast in the jawbones
and soft tissues, later degenerating into osteomyelitis,
MRI is the diagnostic method of choice[88]. Several studies have verified the high sensitivity of MRI in detecting
cancellous marrow abnormality in acute osteomyelitis.
This results in reduced T1 signal, increased T2 signal and
contrast enhancement of bone and the adjacent inflamed
soft tissues[86].
A recent introduction in MRI technology is called
SWeep Imaging with Fourier Transform to visualize dental tissues. Idiyatullin et al[89] reported that it can simultaneously image both hard and soft dental tissues with high
resolution in short enough scanning times and hence is
practical for clinical applications. An interesting observation was that it can determine the extent of carious
lesions and simultaneously assess the status of pulpal
tissue, whether reversible and irreversible pulpitis, which
can impact clinical decision on treatment planning[90].
MRI has been shown to be reliable in depicting sialodochitis and sialectasia, especially when globular changes
are present. A study by Browne in which 50 consecutive
patients presenting with facial swelling, thought clinically
to be due to salivary gland disease were chosen. Prior
investigation was undertaken in 29 patients, including
ortho-pantomography, ultrasound and sialography; none
provided additional information than MRI. Sialography
was carried out in three patients after MRI and the results agreed with MRI in all cases. They concluded that
MRI diagnosis of tumour was correct in all patients
and that MRI appears to be an efficient first line investigation of facial swelling[91].
Use of MRI technology has been reported to produce tooth surface digitization with an accuracy and
precision sufficient for production of dental restorations[92] and to detect root resorption[93] in Orthodontic
cases. Its use has been reported in characterization of

history and clinical examination must validate the use of
CBCT by demonstrating that the benefits to the patient
offset the potential risks. CBCT should only be used
when lower dose conventional dental radiographs fails to
provide adequate diagnostic information.

MAGNETIC RESONANCE IMAGING
Magnetic resonance imaging (MRI) is fast outpacing any
other modality for in vivo viewing of soft tissues in the
human body without the need to resort to any invasive
procedures. MRI scan is a specialized imaging technique
which does not use ionizing radiation. Most MRI machines are graded on the strength of the magnet, measured in Tesla units, which is the equivalent of 20000
times the magnetic field strength of Earth. MRI units
for in vivo applications are in the range of 1.5 to 3 Tesla
units.
MRI involves the behaviour of hydrogen atoms (consisting of one proton and one electron) within a strong
magnetic field which is used to create the MR image.
This causes the nuclei of many atoms in the body to
align themselves with the magnetic field. The machine
applies a radiofrequency pulse to depolarize the atoms
and the energy that is released from the body is detected
and used to construct the MR image by a computer.
The high contrast sensitivity of MRI to soft tissue differences is the major reason MRI have replaced CT for
imaging soft tissues. Hydrogen is found in abundance in
soft tissue, but is lacking in most hard tissues[85].
MRI offers the best resolution of tissues of low
inherent contrast. Some cases of squamous cell carcinoma of the tongue can only be visualized with MRI.
Because the region of the body imaged in MRI is
controlled electronically, direct multiplanar imaging is
possible without reorienting the patient.
The main dental applications of MRI to date have
been the investigation of soft-tissue lesions in salivary
glands, TMJ and tumour staging. Its exceptional softtissue contrast resolution makes it ideal for detection
of internal derangement of TMJ. MRI can also detect
joint effusions, synovitis, erosions and associated bone
marrow oedema. Odontogenic cysts and tumors can be
distinguished better on MRI than on CT. It also identifies soft tissue diseases, especially neoplasia, involving
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Figure 3 Cone beam computed tomography. A: A cone
beam computed tomography scan gives a three-dimensional
view of the area of interest. In this case, the periapical lesion
is being evaluated; B: The image gives values in Hounsfield
unit of cementum and alveolar bone density to measure posttreatment healing. CBCT: Cone beam computed tomography.
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the inflammation and healing processes in periodontal
tissues. Schara et al[94] demonstrated through their in-vivo
study that reduction of inflammation and probing depth
in gingival tissues after non-surgical periodontal therapy
correlated with a decrease of ratio between post- and
pre-contrast signal intensity in T1 weighted MR images.
They concluded that MRI could provide a new possibility to characterize the type and healing process of periodontal inflammation[94].
The presence of a strong magnetic field can potentially cause movement of ferromagnetic metals in the
vicinity of the imaging magnet. Because of this, MRI
may not be safe in patients with cardiac pacemakers,
implantable defibrillators, some artificial heart valves,
cerebral aneurysm clips, or ferrous foreign bodies in the
eye.
Artifacts caused by metallic dental restorations produced a major diagnostic problem in CT examinations
of malignant tumors in the maxillofacial region. Artifacts
from magnetic metals also appear on MRI[95]. However
it was found that severe artifacts that disturbed the interpretation of the images on MRI were only half that on
CT[96]. Vijay et al[97] also reported that artifacts on MRI
as a result of dental fillings were rather localized and
did not degrade the entire image, unlike the streaking
seen on CT images. Okano et al[98] proposed that the MRI
diagnosis of the TMJ can be performed in orthodontic
patients, preferably using ceramic brackets on the anterior teeth and directly bonded tubes on the molars. However, the arch wires needed to be removed[98].
MRI cannot always distinguish between benign and
malignant tumours, which could lead to a false positive
result[99]. Some patients suffer from claustrophobia when
positioned in the close confines of an MRI machine.
Other drawback of MRI is the long scanning time
required. Finally, MRI is expensive compared to other
conventional radiographic methods.
The use of dental MRI appears to be a safe tool for
3-D imaging without ionizing radiation. However, due
to high cost of MRI imaging, its use is limited to special
cases where its use is specifically indicated for correct
diagnosis.

waves transmit energy, as X-ray does, but it requires a
medium for its transmission, unlike X-rays which pass
readily through a vacuum. The echoes are detected by a
transducer which converts them into an electrical signal
and a real-time black, white and shades of grey picture is
produced on a computer screen[100].
US can be an important diagnostic tool for patients
in whom MRI is contra-indicated, such as those with cardiac pacemakers, claustrophobia and metallic prostheses.
Also, US can be used repeatedly as it is free of ionizing
radiation.
US is used to diagnose fractures of the orbital margin
and nasal bone, zygomatic arch, and the anterior wall of
the frontal sinus. It has been proposed as a complementary diagnostic procedure to augment CT in the assessment of patients with mid-facial fracture. Ultrasonography is also capable in the detection of extra-capsular subcondylar fractures. Adeyemo and Akadiri carried out a
systemic review of literature to find the diagnostic value
of ultrasound in detection of maxillofacial fractures. It
reported sensitivity and specificity of US in detecting orbital fractures in the range of 56%-100% and 85%-100%,
respectively. Studies on nasal fractures showed sensitivity
and specificity in the range of 90%-100% and 98%-100%,
respectively. Sensitivity or specificity of US for detecting
zygomatic fractures was higher than 90% and for mandibular sub-condylar/ ramus fractures were in the range
of 66%-100% and 52%-100%, respectively[101].
US helps to differentiate solid and cystic lesions in
the parotid gland. It can also detect Sialoliths in parotid,
submandibular and sublingual salivary glands. These appear as echo-dense spots with a characteristic acoustic
shadow[102]. US guidance can prevent injuring the facial
nerve during biopsy of the parotid gland.
US can demonstrate the internal muscle structures
more clearly than CT. It can also measure the thickness
of muscles which can be an important tool in diagnosis
and treatment for follow-up examination of inflammatory soft tissue conditions of the head and neck region and
superficial tissue disorders of the maxillofacial region[103].
However, Serra et al through their review concluded that
ultrasound technique generally showed lower reproducibility in relaxed than in contracted muscles.
US is a reliable diagnostic technique in determining the pathological nature (granuloma vs cysts)
of periapical lesions[27,104,105]. It has been used in guided
fine-needle aspiration, measurement of tongue cancer
thickness, and diagnosis of metastasis to cervical lymph
nodes[106]. Chandak et al[107] in their study on head and
neck swellings found higher accuracy and sensitivity of
US imaging than the clinical diagnosis. They concluded
that US would be an important diagnostic tool in association with clinical examination to detect the nature of
the swelling[107].
Rajendran et al[108] conducted a study to find out the
efficacy of high-resolution ultrasound and color power
Doppler as a monitoring tool in the healing of periapical lesions. They found that ultrasound with color power

ULTRASOUND
Ultrasound (US) is a non-invasive, inexpensive and painless imaging method. Unlike X-rays, it does not cause
harmful ionizing radiation. US can be used for both hard
and soft tissue detection. The first data of diagnostic US
in dentistry was reported in 1963 by Baum et al. They
used a 15 MHz transducer to visualize the interior structures of teeth; but the quality and clarity of the resulted
RF signal was not favorable.
US is based on the reflection of sound waves (echoes)
with a frequency outside the range of human hearing
(1-20 kHz), at the interface of tissues which have different acoustic properties. Ultrasonic waves are created by
the piezoelectric effect within a transducer (probe). US

WCR|www.wjgnet.com

518

March 28, 2015|First Edition|

Shah N et al . Imaging in dentistry

Doppler is an efficient tool for monitoring bone healing and would be a significant contribution to the trend
toward radiation-free endodontics[108]. Tikku et al[109] also
found that ultrasound and color Doppler imaging were
considerably better than conventional radiography in detecting changes in the healing of periapical lesions. The
authors also confirmed that only ultrasound combined
with Doppler can differentiate venous from arterial flow,
quantify the amount of flow, identify the anatomy of
feeding vessels and offer a visual demonstration of vascularity[109].
Yoon et al [110] compared the difference in pulpal
blood flow between vital and root- filled teeth by using
US Doppler imaging. They found significant differences
in the maximum linear velocity, average linear velocity,
minimum linear velocity, pulsation index, and circulation
resistance between the vital and root-filled teeth. They
concluded that US Doppler imaging is an important
tool to detect pulpal blood flow in vital tooth[110].
Tagtekin et al[111] while comparing DIAGNOdent
(655 nm diode laser) with ultrasound for caries detection found that all measurements with US were accurate,
reliable and significantly correlated between examiners.
Both methods of caries detection showed high repeatability and accuracy[111].
Even though, US have limitations in detecting the
periodontal ligament, Mahmoud et al[112] through their
recent study found that it can be used for early diagnosis of the more severe form of periodontal disease. They used a custom-designed high-frequency (30
to 60 MHz) US imaging system to reconstruct threedimensional surface images of periodontal defects in human[112].
US can measure soft tissue thickness which could
help practitioners to select the proper orthodontic miniscrew in clinical practice[113]. Dental implant placement
without incision and flap elevation require accurate
determination of soft tissue thickness. Location of implant is difficult after healing, if the implants are deeply
submerged after thick connective tissue grafts. US plays
an important role in locating these submerged implants
accurately for surgical exposure for subsequent prosthodontic rehabilitation[114].
It is an alternative diagnostic method for imaging
of the TMJ disorders[115]. US showed better visualization of temporo-mandibular joint structures by using a
frequency of > 12 MHz[116].
US has limited value in diagnosing undisplaced fractures, complex maxillofacial fractures, posterior orbital
floor fractures and intra-capsular mandibular condyle
fractures due to overlapping of zygomatic arch[101]. US
are blocked by bone and therefore it can be used only if
there is a bony defect over the lesion through which
ultrasonic waves can traverse[105].
Though placing the US in the anterior region of the
mouth is easy, positioning the probe in buccal mucosa of
posterior teeth is difficult.
US examination is usually applied only to the super-
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ficial tissues in the maxillofacial region because the facial
skeleton shields the deeper tissues. The correct interpretation of US images requires a trained radiologist, who
has extensive training in the use and interpretation of US
images.

CONCLUSION
Recent advances in imaging technologies have revolutionized dental diagnostics and treatment planning.
Correct use of appropriate imaging technology and their
correct interpretation, following the ALARA (As low
as reasonably achievable) principles and cost-effectiveness, newer radiographic techniques can help to detect
pathologies in very early stages, which ultimately help
to reduce morbidity and mortality and improve the
quality of life of the patients.
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Core tip: This article attempts to investigate the application of magnetic resonance (MR) technology to the
management of cervical spondylotic myelopathy (CSM)
patients and discusses recent and future advances in
both conventional and novel MR techniques. The novel
MR techniques, including diffusion tensor imaging,
MR spectroscopy and functional MR imaging, have all
played an essential role in the management of patients
with CSM.
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Abstract
Cervical spondylotic myelopathy (CSM) is the most
common cause of spinal cord dysfunction and is caused
by static or dynamic repeated compression of the spinal
cord resulting from degenerative arthritis of the cervical
spine and some biological injuries to the cervical spine.
The T2 signal change on conventional magnetic resonance imaging (MRI) is most commonly associated with
neurological deficits. Diffusion tensor imaging and MR
spectroscopy show altered microstructure and biochemistry that reflect patient-specific pathogenesis and can
be used to predict neurological outcome and response
to intervention. Functional MRI can help to assess the
neurological functional recovery after decompression
surgery for CSM.

INTRODUCTION
Magnetic resonance imaging (MRI) plays an essential role
in the management of patients with cervical spondylotic
myelopathy (CSM). There have been many advances in
MR technology over the past few years and the resolution and image quality have improved greatly. With these
improvements, the application of MRI in CSM has progressed in parallel. The novel MR techniques not only offer a diagnostic modality, but also can be used to predict
neurological outcome and response to intervention.
In addition to conventional MRI, recent application
of novel techniques in CSM, such as diffusion tensor imaging (DTI)[1], MR spectroscopy (MRS)[2] and functional
MR imaging (fMRI)[3], further highlights the potential
influence of MR technology on the disease process. By
providing pertinent information about the spinal cord
microstructure and metabolism, and assessing the neurological function after surgery, these novel techniques
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provide increased sensitivity to diagnosis of spinal cord
injury, especially the cellular injury that ubiquitously occurs during CSM pathogenesis[4,5].
This article attempts to investigate the application of
MR technology to the management of CSM patients and
discusses recent and future advances in both conventional and novel MR techniques.

logical outcome following decompression surgery for
CSM has attracted much attention. In 2009, the Guidelines for the Surgical Management of Cervical Degenerative Disease were published by an expert group that
represents the Joint Section on Disorders of the Spine
and Peripheral Nerves of the American Association of
Neurological Surgeons and Congress of Neurological
Surgeons[15]. They established the relationship between
spinal cord signal changes and clinical outcome in CSM
patients. According to their extensive literature review,
they concluded that multilevel T2 hyperintensity, T1 focal hypointensity combined with T2 focal hyperintensity,
and spinal cord atrophy each indicate poor prognosis following surgical intervention. This has been confirmed by
other authors. For example, Uchida et al[16] reported that a
T1/T2 low signal/high signal imaging pattern was associated with poor neurological recovery. On the contrary, a
study has shown that the regression of high signal changes on T2 postoperatively correlates with better functional
outcomes[17]. Furthermore, some studies have suggested
that if surgeons use MRI signal intensity to estimate the
risk of poor outcome after surgery, they should use high
signal changes in T2 in combination with other signal
intensity parameters and not in isolation[18]. Therefore,
more robust and objective modalities for assessment of
the condition of the spinal cord need to be developed.

PATHOPHYSIOLOGY OF CSM
In order to be fully aware of the importance of MRI in
the management of CSM, an advance in understanding
of the complex CSM pathophysiology is necessary. CSM
is the most common cause of spinal cord dysfunction[6-8].
CSM is caused by static or dynamic repeated compression
of the spinal cord resulting from degenerative arthritis of
the cervical spine and some biological injury to the cervical spine cord. The preceding mechanism is mechanical
injury, including compression, distraction and shear[9],
and direct spinal cord compression is the most frequently
encountered mechanism. The biological injury in CSM
is likely related to a variety of mechanisms, such as free
radical-mediated cell injury, cation-mediated cell injury,
glutamergic toxicity and apoptosis[10]. Ischemia of the
cervical spinal cord is considered to be a significant contributor to the pathophysiology of CSM, which includes
compression of larger vessels and impaired microcirculation[11].

DTI
Principles and parameters of DTI
DTI is a noninvasive MRI technique that measures the
random motion of water molecules and provides information about the cellular integrity and pathology of
anisotropic tissues[19,20]. DTI can provide unique quantitative information on the microstructural features of white
matter in the central nervous system[21]. Diffusion properties can be evaluated using quantitative indices such as the
apparent diffusion coefficient (ADC), mean diffusivity
(MD) and fractional anisotropy (FA). The ADC reflects
the average diffusivity of water molecules in all directions.
The stronger water molecules diffuse within a tissue, the
larger the ADC. In contrast, the weaker water molecules
diffuse within a tissue, the lower the ADC. Therefore, tissues with high water mobility and few boundaries to water motion have high ADC values, such as cerebrospinal
fluid and vasogenic edema, whereas tissues with a high
degree of complexity and boundaries to diffusion have a
relatively lower ADC, such as white matter fiber bundles
and tumors[22]. MD represents the degree of diffusional
motion of water molecules (regardless of direction) and
is measured in mm2/s. FA represents a rotationally invariant parameter, where 0 represents completely isotropic
diffusion and 1 represents extremely limited diffusion in
only one direction[19].

CONVENTIONAL MRI
Before MR technology was well developed, computed
tomography with or without myelography was commonly
used for spinal structural diagnosis in CSM patients.
These modalities could offer some useful anatomical
information in patients with CSM, but there were some
patients without myelopathy despite compression of the
spinal cord and only limited information could be directly ascertained about the condition of the spinal cord.
Therefore, there were some limitations in the assessment
of spinal cord injury.
Through providing high-resolution imaging of soft
tissue anatomy, MRI provides excellent anatomical information about the spinal cord macrostructure and gives
insight into structural histopathological changes in CSM
patients. In order to investigate myelomalacia, edema,
gliosis and ischemic white matter changes of the spinal
cord, a large number of clinical studies have examined
changes in TI- and T2-weighted signals. Some authors
considered that these observations were caused by irreversible spinal cord injury[12], but others felt that these
regions represented a wide spectrum of recuperative
potential[13]. Recently, several grading systems have been
proposed to classify the spinal cord signaling change subtypes[14], but the specific grading remains one of the most
controversial topics in the field of degenerative spinal
disease.
Assessment of the utility of MRI to predict neuro-
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istics of the two measurements within CSM patients. At
the site of compression in the cervical spinal cord, FA is
significantly lower and ADC significantly higher[23]. These
two measurements of DTI are more sensitive and specific than conventional MRI and can detect damage of the
white matter tracts before a high signal lesion appears on
T2 imaging[23]. This theory has been demonstrated by Lee
et al[24]. In that study, four patients who had no abnormal
signal changes on MRI also had lower FA and higher
ADC. In addition, there was another view about the effects of DTI. Some researchers consider that it may have
the potential to distinguish between a symptomatic and
asymptomatic group of patients. This view has also been
proposed in a study by Kerkovsky et al[23] in which FA
was significantly lower and ADC significantly higher in a
symptomatic group than in an asymptomatic spondylotic
cervical cord encroachment subgroup.

nominal voxel size of 0.9 mm × 1.17 mm, three sections
5-mm thick and a gap of 1 mm, Demir et al[5] suggested
approximately 80% sensitivity and 53% specificity for
detecting myelopathy in patients with spinal cord compression. Furthermore, when using a single-shot fast
spin-echo-based sequence with the following parameters:
TE/TR, 80/6000 ms; number of excitations, 1; field of
view, 240 mm2; matrix size, 160; voxel size, 1.5 mm2 × 1.5
mm2 in-plane; slice thickness, 3 mm; gradient directions,
15; and b values, 0 and 1000 s/mm2, and from the results
of receiver operating characteristic (ROC) curve analysis,
when using the optimal cutoff point (an MD z score of
1.40 at the most compressed spinal level), Uda et al[19]
indicated that myelopathy could be predicted with a sensitivity of 100% and specificity of 75%. In conclusion,
MD should receive more attention in the management of
CSM patients.

Role of ADC and FA in identification of acute and
chronic compression
In addition to the above-mentioned effects, the two measurements were also commonly used in the identification
of acute and chronic compression in CSM. Some studies
have suggested that acute compression of spinal cord
tissue may result in a focal decrease in ADC as well as a
focal increase in FA. Through the establishment of diffusion MR simulations, Ford et al[25] have suggested that
compression of axon fibers results in a decrease in ADC,
which may lead to a slight increase in FA. Nilsson et al[26]
have clearly demonstrated decreased ADC with increasing compression of spinal cord white matter. Facon
et al[27] explored acute spinal cord compression in two
patients and noted a slightly elevated FA at the level of
compression compared to normal controls (0.80-0.83 vs
0.75 in healthy volunteers). Compared with the diffusion
characteristics of acute compression of the spinal cord,
clinical studies have clearly documented a significant increase in ADC and decrease in FA in the late stages of
chronic compression of the spinal cord[28]. Through the
establishment of an animal model of chronic compression, Cheung et al[29] illustrated a characteristic increase in
ADC and decrease in FA as late as 9 mo after the start
of compression. Specifically, the changes in diffusion
characteristics may result from chronic, repeated ischemic insults to the spinal cord, leading to downstream
histopathological changes, including gliosis, loss of motor neuron function, vasogenic edema and ultimately necrosis and cavitation[30]. All the pathological changes lead
to elevation of ADC due to the increase in extracellular
water and suppression of FA due to lack of directional
organization within the spinal cord.

MRS
Background to application of MRS
Although chronic spinal cord has been accepted as a major feature of CSM, the time course and evolution of cellular and microstructural damage are yet to be understood
clearly. This is largely because conventional MRI, despite
providing excellent macroscopic anatomical detail, provides constrained information about spinal cord cellular
function and microarchitecture. Some authors postulate
that there is a spectrum of cellular and microstructural
changes that occur within the spinal cord as patients with
cervical spondylosis progress from being asymptomatic to
manifesting neurological impairment[31]. Surgical intervention of the spinal cord in its reversible state (i.e., before
the onset of irreversible injury) confers better neurological
outcomes. Therefore, understanding of progressive cellular alteration of the spinal cord as the patient advances to
a symptomatic state would be a compelling achievement
in the treatment of cervical spondylosis.
Principles and characteristics of MRS
Compared with DTI, the application of MRS to CSM has
more advantages. MRS can provide metabolic information about the cellular biochemistry and function of the
neural structures within the cervical spinal cord[32]. MRS
also can be used to assay a series of pertinent biochemical markers, such as N-acetyl aspartate (NAA), lactate,
choline (Cho), myo-inositol (Myo-I), glutamine-glutamate
complex (Glx) and creatinine (Cr), with particular sensitivity to NAA and lactate[2]. Some studies have indicated
that NAA is only found in axons and neurons and is considered an indicator of axonal integrity[33]. Although little
is known of the specific mechanism, lactate is considered
to play a central role in metabolic dysfunction after central nervous system injury and may be related to ischemia
and mitochondrial dysfunction.

Significance of MD
Some studies have indicated that an increase in MD and
decrease in FA have diagnostic utility in myelopathy and
the sensitivity and specificity for prediction are higher
with MD than with FA. After using the following parameters: TE: 80 ms; image matrix of 256 × 195 pixels;
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ly used to investigate multiple sclerosis lesions[33]. Many
studies have demonstrated suppressed levels of NAA
in multiple sclerosis patients when compared to normal
volunteers and some correlation between NAA levels
and clinical status[34]. Although less studied, cervical spine
MRS has recently been used in CSM. In a cohort of 21
CSM patients, Holly et al[2] indicated that the NAA/Cr
ratio was significantly lower in CSM patients than in normal volunteers, which suggested increased neuronal and
axonal injury. Nearly one-third of CSM patients appeared
to have an abnormal lactate signal and the control subjects did not, which further supports the importance of
ischemia in the pathogenesis of CSM.

in the upper limbs. fMRI is being developed to assess
neurological function after surgery.
Applications of fMRI to CSM
Compared with the clinical application of the aforementioned MR techniques, the current clinical application of
fMRI is relatively small. Some researchers consider that
spinal fMRI can reveal spinal cord function below the site
of injury and may provide objective information that can
be used for assessing retained function, designing rehabilitation programs, predicting the potential for recovery
of function in spinal cord injury, and for assessing new
experimental treatment strategies[39]. In addition, several
studies have assessed neurological function by fMRI after
decompression surgery. Tam et al[38] concluded that fMRI
detected increased cortical activation in the primary motor cortex during finger tapping after decompression
surgery in a CSM patient. These changes become more
significant with the recovery of motor function. Upper
and lower extremity motor subscores of the Japanese
Orthopedic Association scale demonstrated a 40% and
43% improvement, respectively. According to their observation, they suggested that cortical reorganization or
recruitment may be associated with the recovery of neurological function after spinal cord injury.

Early and late changes in MRS metabolites
In a study of 21 patients with cervical spondylosis and 11
healthy controls, Salamon et al[31] discussed the early and
late changes in MRS metabolites. In the early changes, the
observation of a cervical stenosis patient without spinal
cord signal changes showing slightly higher Myo-I and
Glx compared to that of the control group suggested
Myo-I as a potential early marker for spinal cord inflammation and early stage demyelination in cervical stenosis
before neurological impairment. In the late changes,
while the patient with spinal cord signal changes had a
significantly higher Cho/Cr ratio than the control, the patient without spinal cord signal changes had no significant
difference compared to the control. These results show
that increased Cho levels appear later than the aforementioned cellular metabolic changes as cervical spondylosis
progresses to a symptomatic state. In addition, they also
found that higher Cho/NAA ratio was significantly associated with poorer neurological function and Cho/NAA
had a significant correlation with the Modified Japanese
Orthopedic Association score (mJOA), providing a potential clinically useful radiographic biomarker in the
management of cervical spondylosis.

LIMITATIONS OF MR TECHNIQUES
In spite of these advanced imaging techniques offering
novel insights into CSM, there are some limitations. The
spinal cord is relatively small and has differences in magnetic susceptibility from the adjacent tissues; thus, there
will be some artifacts. In the commonly used types of
MRS, the minimum voxel size is only slightly smaller than
the cross-sectional area of the spinal cord and a significant decrease in signal-to-noise ratio can be caused by a
suboptimally placed voxel[40]. Both MRS and DTI are sensitive in patients with CSM and the structural movement
during scan acquisition. The physiological rostral-caudal
movement of the spinal cord in response to cardiac pulsations and the respiratory cycle is significant and even
more marked than in the brain[38]. Furthermore, spinal
fMRI encounters major technical challenges with cardiac
noise being considered a major source of noise[41]. Therefore, cardiac gating, specialized radiofrequency coils and
MR signal suppression bands are more frequently used to
improve the quality of MRS, DTI and fMRI in the spinal
cord. In addition to the physiological noise with fMRI,
there are some other limitations; the most common are
the repeatability of examination and the veracity of spatial orientation[42].

fMRI
Principle and features of fMRI
fMRI is a functional neuroimaging procedure using MRI
technology that measures brain activity by detecting associated changes in blood flow[35]. This technique relies
on the coupling of cerebral blood flow and activation of
neurons. When an area of the brain is active, the flow of
blood in the region also increases[36]. Discovered in 1990
by Ogawa et al[37], fMRI uses blood oxygenation level
dependent (BOLD) contrast. BOLD fMRI is a noninvasive and repeatable imaging modality capable of detecting changes in brain function over time. In recent years,
spinal cord injury and CSM have been shown to induce
changes in cortical activation during sensorimotor tasks.
Although these changes have not been precisely determined, they can reflect part of the relationship between
the recovery of limb motor function and the volume of
cortical activation area after injury[38]. CSM is always combined with limb motor dysfunction and pain, particularly
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An increasing number of studies has suggested that DTI
and MRS play a significant role in the management of
CSM patients, not only to predict outcome following
surgical intervention, but they also have several other po-
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and MRS have further enhanced our knowledge about
the pathogenic mechanism in CSM by providing detailed
information regarding the spinal cord microstructure and
biochemistry. In addition, fMRI can help to assess the
neurological functional recovery after decompression surgery in CSM. Generally speaking, these MR techniques
and others may play an expanded role in the management
of CSM patients in the future.

tential future applications. Some studies have suggested
that some patients with mild CSM can be successfully
treated nonoperatively. Advanced MRI techniques such
as DTI or MRS have the potential to serve as noninvasive
methods to monitor asymptomatic or mildly affected patients treated nonoperatively for impending neurological
deterioration. However, providing an early warning is difficult because, despite the progression of cellular spinal
cord injury and subsequent neurological symptoms, they
present with a stable radiographic appearance in a serial
standard MRI. In summary, DTI and MRS as advanced
methods to assess the progression of subclinical disease
are necessary.
In addition, a recently introduced extension of the
DTI technique called diffusional kurtosis imaging (DKI)
shows greater promise than DTI in evaluating the microstructure and pathological condition of neuronal tissue,
especially gray matter[43,44]. Hori et al[45] studied 13 consecutive patients with cervical myelopathy and concluded
that the mean diffusional kurtosis (MK) in the spinal cord
may reﬂect microstructural changes and damage of the
spinal cord gray matter. Although further studies of the
imaging-pathology relationship are needed, MK has the
potential to provide new information beyond that provided by conventional diffusion metrics such as ADC and
FA, which are based on the monoexponential model[45].
Recently, investigation of novel molecular and biochemical therapies to treat the biological injury in cells
that occurs during CSM pathogenesis has attracted more
attention. These include inhibition of apoptosis with a
Fas ligand-blocking antibody[46,47], administration of neurotropins either through genetically altered fibroblasts[48]
or adenovirus-mediated retrograde spinal cord delivery[49],
and diet therapy to repair injured plasma membranes and
cellular oxidative damage[50]. Once translated to clinical
use, all the therapy methods need a noninvasive modality to ascertain cellular response to intervention. DTI,
MRS and DKI could potentially serve as such a modality,
which can identify subtle changes in spinal cord microarchitecture and biochemistry.
In addition, fMRI plays an important role in assessing
neurological functional recovery after decompressive surgery for CSM. According to the trend of MR techniques
development and the requirement to quantify neuronal
function, fMRI will more frequently be used to detect
functional impairment and localize regions of injury in
CSM patients in the future[4]. Furthermore, fMRI combined with DTI can establish a functional connectivity
network diagram of active location. Perhaps this will be
used frequently to explain the relationship between neurological structure and function in the future.
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Abstract
Quantitative analysis of magnetic resonance (MR) brain
images are facilitated by the development of automated segmentation algorithms. A single image voxel
may contain of several types of tissues due to the finite
spatial resolution of the imaging device. This phenomenon, termed partial volume effect (PVE), complicates
the segmentation process, and, due to the complexity
of human brain anatomy, the PVE is an important factor for accurate brain structure quantification. Partial
volume estimation refers to a generalized segmentation
task where the amount of each tissue type within each
voxel is solved. This review aims to provide a systematic, tutorial-like overview and categorization of methods
for partial volume estimation in brain MRI. The review
concentrates on the statistically based approaches for
partial volume estimation and also explains differences
to other, similar image segmentation approaches.

INTRODUCTION
Quantitative analysis of magnetic resonance (MR) brain
images to gain knowledge about human brain structure
is increasingly important. For example, various neuropsychiatric and neurodegenerative diseases, such as
schizophrenia[1] and Alzheimer’s disease[2], alter the brain
structure. By analyzing these alterations, a better understanding of the underlying disease mechanisms could be
gained and diseases could potentially be diagnosed more
rapidly and accurately[3]. This is important since brain
diseases represent a major source of the overall disease
burden[4] and are often associated with heavy impact to
informal caregivers.
The typical quantitative analyses to detect and quantify differences in brain structure between two or more
subject groups include voxel based morphometry[5] and
cortical thickness analysis[6]. These analyses are facilitated
by the development of automated MR image (MRI) segmentation algorithms, which are standard tools in modern neuroscience. The image processing chain leading
to MRI segmentation and, finally, to statistical analyses,

© 2015 Baishideng Publishing Group Inc. All rights reserved.

Key words: Magnetic resonance imaging; Segmentation; Tissue classification; White matter; Gray matter;
Image processing; Brain imaging; Image analysis
Core tip: Each voxel in a brain magnetic resonance
imaging (MRI) may contain multiple types of tissue.
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CSF

CSF/GM

each voxel is solved. For example, hard or crisp tissue
classification provides information whether a particular
voxel is WM, GM, or CSF. In the extended problem, one
wants to know that a voxel contains 20% GM, 80% WM
and 0% of CSF and we say that the partial volume coefficients (PVCs) are 20% for GM, 80% for WM and 0%
for CSF. The extended problem has various names. It has
been referred to as fuzzy segmentation, partial volume
segmentation, partial volume estimation, and tissue fraction estimation. It will be referred to as partial volume
estimation in the remainder of this paper. In order for
the partial volume estimation problem to be solvable, the
intensity of a partial volume voxel has to be expressed
with a model that depends on the parameters of image
intensity distributions of pure tissue classes. Figure 2 exemplifies partial volume estimation as compared to hard
tissue classification and also points out a specific problem
of hard tissue classification particularly important to
cortical thickness computations. Namely, insufficient image resolution may lead to hard tissue classification miss
sulcal CSF and this may subsequently lead to incorrect
cortical thickness computation if hard tissue classification
is used as a preprocessing operation to the cortical thickness computation.
This review aims to provide a systematic, tutorial-like
overview and categorization for different approaches for
partial volume estimation in brain MRI. In addition of the
author’s knowledge about existing literature, the articles
to be included in this review were searched on Pubmed:
Search term: [(magnetic resonance [Title/Abstract] OR
MRI [Title/Abstract]) AND brain [Title/Abstract] AND
partial volume [Title/Abstract] AND (segmentation [Title/Abstract] OR tissue classification [Title/Abstract] OR
partial volume coefficient estimation [Title/Abstract])]
NOT (PET [Title/Abstract] OR emission tomography
[Title/Abstract]). The search yielded 80 articles, majority
of which were found relevant to this review.

GM

WM/GM

WM

Figure 1 A schematic explanation of the partial volume effect in the context of brain magnetic resonance imaging. Voxels composed of purely gray
matter (GM) are colored in black color while voxels composed of cerebro-spinal
fluid (CSF) or white matter (WM) are in white color. These are termed pure tissue voxels or pure voxels. Voxels composed of multiple tissue types, termed
mixed voxels, are colored in gray. In the figure, these can be either voxels
containing both CSF and GM tissue types or voxels containing both WM and
GM tissue types. The actual anatomical boundaries between tissue types are
shown in blue and red color is used to indicate voxel boundaries.

comprises of a long pipeline of different operations including skull stripping, intensity non-uniformity correction, tissue classification, registration to the stereotactic
space and cortical surfaces extraction. The point of interest in this review is the tissue classification. This refers
to assigning a tissue type label to each voxel of a brain
image. Typically, the three main tissue types, white matter
(WM), gray matter (GM), and cerebro-spinal fluid (CSF),
are considered.
A single voxel may contain of several types of tissues due to the finite spatial resolution of the imaging
device. This phenomenon, termed partial volume effect
(PVE), complicates the segmentation process, and, due
to the complexity of human brain anatomy, the PVE
is an important factor when accurate brain structure
quantification is needed; see Figure 1 for a schematic
explanation of the PVE in the context of brain MRI.
González Ballester et al[7,8] reported that ignoring the PVE
can lead to volume measurement errors in the range of
20%-60%. Widely used MRI segmentation algorithms
usually account for PVE, for example, by incorporating
extra tissue classes[9-11]. Ruan et al[12] demonstrated that the
intensity distributions of the partial volume voxels can be
approximated using Gaussian distributions and an early
work attributed the non-normality of the intensity distributions of the tissue classes to partial volume artefact[13].
However, some algorithms take a step further and try
to solve an extended version of the tissue classification
problem, where the amount of each tissue type within

WCR|www.wjgnet.com

IMAGE PRE-PROCESSING
The algorithms introduced in next sections require various image pre-processing steps to be performed before
the partial volume estimation can take place. The preprocessing pipeline can include intensity non-uniformity
correction, brain extraction (or skull stripping) and registration to a sterotactic space.
Intensity non-uniformity correction is required because MR images are known to contain low frequency
spatial intensity variations often referred to as radio
frequency inhomogeneity or shading artifact[14]. All segmentation algorithms in brain MRI must account for this
artifact to produce accurate segmentations. There are
several ways to correct for the shading artifact[14]. This
can be assumed to be an image pre-processing step or to
be performed jointly with the PV estimation, interleaving PV estimation (segmentation) and non-uniformity
correction steps. In what follows, we will assume that the
images have been corrected for this artifact.
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Figure 2 Example of partial volume estimation. Top row, from left: A coronal section of T1 weighted MR image; A skull stripped version of the coronal section; A
manual labeling into gray matter (GM) (gray color), white matter (WM) (white color), and cerebro-spinal fluid (CSF) (dark gray color). Bottom row: Estimates of partial
volume coefficients (PVCs) for CSF, GM, and WM. The color bar refers to the PVC estimates in the bottom row. The image is obtained from the IBSR2 dataset provided by the Center for Morphometric Analysis at Massachusetts General Hospital and PVCs were computed as described in the ref. [28]. Note how the manual hard
labeling completely misses the CSF in the interhemispheric fissure as well as in the superior frontal sulcus pointed by red arrows. Instead PVC estimates of CSF in
the bottom row capture well the sulcal CSF.

Although we are interested in segmentation of the
brain tissues, brain MR images contain signal from other,
extracerebral tissue types, such as skull or scalp. Because
these extracerebral tissue types are often irrelevant for
brain image quantification, it is useful to mask out the
voxels outside the brain out before the PV estimation.
This is termed skull stripping or brain extraction and the
reference[15] provides a comparison of skull stripping algorithms.
The registration to stereotactic space is usually carried
out to be able to utilize information of the tissue type
probability maps, which, for each voxel, give a prior probability that the voxel is of certain issue type[16]. It should
be noted that this is not as useful for partial volume estimation as it can be for hard segmentation, because tissue
probability maps provide no information on tissue fractions[17]. Moreover, if the registered images are resampled
to the stereotactic space, this amplifies the partial volume
effect and may not be a recommended action.

WCR|www.wjgnet.com

MIXEL MODEL
Definition and approximations
The most commonly used model of PVE in brain MRI is
the mixel model[18]. The mixel model assumes that each intensity value in the image is a realization of a weighted sum
of random variables (RVs), each of which characterizes a
pure tissue type. The original formulation[18] requires images
to be multispectral, i.e., that image data from multiple pulse
sequences are available (for example, T1, T2,and proton
density weighted images). However, there are approaches to
overcome this problem by utilizing clever approximations
as we shall see in Section Solving the mixel model.
We now proceed to a more formal description of the
mixel model. For this, we need to establish some notation. The observed image is X = {xi: i = 1,…,N}, with the
voxel intensity xi ∈ RK, and K the number of data channels in the multispectral case. For example, if we have
T1-, T2-, and proton density-weighted images, then K = 3.
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Sampling noise
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Noise

Material dependent noise

CSF

GM

WM

Figure 3 Sampling and material dependent noise models. Sampling noise model assumes that each tissue type is represented by a single average value and
Gaussian-distributed noise is then added. Material dependent noise model assumes that the tissue types are represented by random variables. CSF: Cerebro-spinal
fluid; GM: Gray matter; WM: White matter.

embedding the measurement noise into material noise
components, i.e., n is dropped from Eq. (1)

N denotes the number of brain voxels in the image and i

is the voxel index. The voxel index has three components
that correspond to the position of the voxel in the leftright, anterior-posterior, and inferior-superior axes. There
are M tissue types in the image. Typically, M is equal to 3,
and the tissue types are WM, GM, and CSF. The mixel
model is statistically based. Thus, a voxel intensity xi is
considered to be a realization of random variable xi.
Similarly, each tissue type j is described by a random variable lj , which is assumed to be distributed according to
the multivariate normal distribution with the mean μj and
covariance Σj. Random variable xi is written as a weighted
sum
M

xi = ∑ wij lj + n,
j=1

M

xi = ∑ wij lj•

This model is more complex than the sampling noise
model, but it is probably more realistic.
Solving the mixel model
Direct solution via penalized least squares: Assuming
the sampling noise model, the PVCs can be solved directly from Eq. (2) if enough data channels are available[18].
Denoting a matrix of all PVCs by w, the least squares
criterion to minimize for solving Eq. (2) is written as

(1)

M

j=1

M

i=1

j=1

2

(4)

with constraints that ∑Mj = 1 wij = 1 and 0 ≤ wij ≤ 1. Note
that this equation can be solved individually for each
voxel. In the case of single image channel and two tissue
types, the solution is particularly simple:
xi - μ2
); wi2 = 1- wi1,
μ1 - μ2

wi1 = r (

(5)

and the function r limits the solution to the interval from
0 to 1, i.e., r (y) = 0 when y < 0, r(y) = y when 0 ≤ y ≤ 1,
and r (y) = 1 when y > 1. This solution is also the maximum likelihood solution and it accounts to a simple scaling of the image intensities to the interval from 0 to 1.
For this reason, the solution is also very noisy and Choi
et al[18] suggested to regularize it with a Markov Random
Field (MRF) prior (see also Li et al[21]). The idea is that
PVCs of neighboring voxels should have similar values.
This leads to a modified criterion to minimize, with the
same constraints as above,
N

M

PLS (w)= ∑ xi - ∑ wij mj
i=1

(2)

j=1

2

+ P (w)

(6)

where the term P(w) penalizes differences between wi
= [wi1,…,wiM] and wk = [wk1,…,wkM] if the voxels i and k
are neighbours. Unfortunately, this objective cannot be

The material dependent noise model is obtained by

WCR|www.wjgnet.com

N

LS (w)= ∑ xi - ∑ wij mj

where n represents measurement noise, typically assumed to be Gaussian (with a covariance matrix Σ*) and
partialM volume coefficients (PVCs) wij ∈ [0, 1] for all i,j
and ∑ wij = 1 for all i. The PVCs model the fraction of
j=1
each tissue type in the voxel, for example, if wiGM has a value of 0.8 then the voxel contains 80% of the GM tissue
type. This is similar to the fuzzy classification/segmentation problem, but in the mixel model the coefficients wij
specifically model the fraction of tissue type j present in
the voxel i. We will return to connections of the mixel
model and the Fuzzy C-means algorithm in Section 5.
In practice, the mixel model has to be simplified because it is impossible to distinguish between measurement
noise and variability within tissue types. Various simplifications have been studied by Santago et al[19,20]. They identified two possible types of simplification, namely, the sampling noise model and material dependent noise model as
depicted in Figure 3. The sampling noise model assumes
that all the randomness in the model is due to measurement noise. This leads to a model, where the tissue types
are described by mean intensities of tissue types:
xi = ∑ wij mj + n,

(3)

j=1
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Figure 4 Direct vs two step procedure for partial volume coefficient estimation. CSF: Cerebro-spinal fluid; GM: Gray matter; WM: White matter; PVC: Partial
volume coefficient.

anymore minimized separately for each voxel, but all the
voxels must be taken into account. Choi et al[18] used Iterative Conditional Modes algorithm[22] to minimize the
penalized least squares criterion in Eq.(6).

the task in the step 1. In the simplest approach, used for
example in the reference[24], the tissue classes are ordered
based on their mean values so that μ1 < μ2 < ..... < μM.
Then, if the intensity value xi lies in the interval [μk, μk+1],
it is assumed that the voxel i is a mixture of tissue types
k and k + 1. This simple model does not account for the
noise in the images and is not applicable for multichannel
data because it assumes that the mean intensity values of
tissue types can be ordered. The second approach is to
detect most likely pure tissue types within the voxel based
on the Bayes classifier[18,23]. This is done computing the
two most probable tissue types within a voxel. However,
this approach, as the first one, ignores the possibility that
voxels may be composed of a single tissue type. The third
and preferred approach, which is we term as probabilistic partial volume classification, fixes the just mentioned
problem. The probabilistic partial volume classification
approach is to compute the probability of each possible
tissue type mixture appearing in the voxel[19,20,25-27]. For
example, if the tissue types of interest are WM, GM,
and CSF, the following 6 probabilities are computed: (1)
Voxel is solely CSF; (2) Voxel is solely GM; (3) Voxel is

Two step algorithms: The simple two-class, onechannel solution above motivates a set of techniques allowing the standard PVC estimation for three tissue types
even if just data from just a single image (usually T1weighted) is available. The idea is that since the combination of more than two tissue types in a voxel is very rare,
we can estimate which two tissue types are present in a
voxel before the PVC estimation; Alike idea was already
mentioned for multichannel data in[18,23]. The steps of the
two step algorithm can be given as follows, and they are
schematically represented in Figure 4: (1) Partial volume
classification: Estimate which is most likely tissue type
configuration containing at most two tissue types in each
voxel; and (2) PVC estimation: Solve the partial volume
estimation problem limited to tissue types found in Step
1 for all the voxels.
There are at least three different approaches to solve

WCR|www.wjgnet.com
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solely WM; (4) voxel is a mixture of background and
CSF; (5) voxel is a mixture of CSF and GM; and (6)
voxel is a mixture of GM and WM. (Some tissue type
combinations are not considered due to their rarity in the
brain.) The technical problem in the probabilistic partial
volume classification approach is the construction of
the probability models for mixed tissue classes; the class
conditional densities for pure tissue classes are modelled
by the normal density. The probability densities for the
mixed tissue types can be constructed based on a marginalization technique developed originally in references[19,20]
and further applied in references[25-28]. The idea is to integrate out the variable wi1describing the percentage of tissue type 1 in a voxel by numerical integration. Note that
with current computers the numerical integration does
not present computational problem and can be solved
very fast[28]. Advantages of this more complicated probabilistic approach over the two simple approaches include
possibility to include spatial regularization in the form of
MRFs to the step 1[25,26] and the applicability to multispectral images[26]. Additionally, it is often expected that the
number of the pure tissue voxels should be greater than
the number of mixed tissue voxels. The probabilistic partial volume classification includes automatic and elegant
control for this issue that has been solved elsewhere by
using Bayesian methods at the expense of introducing
extra user-defined parameters[24,29].
Once the tissue types that are probable to appear in a
voxel are determined, then the PVCs can be estimated using Eq. (5) if the sampling noise model is assumed. Note
that if voxel i is determined to be a voxel of pure tissue
type k, then wik = 1 and wij = 0 for other tissue types j ≠ k.
One can also adopt the material dependent noise model
leading to a maximum likelihood criterion. If i is a mixed
voxel of tissue types j and k, the maximum-likelihood solution is
wij* = arg max log (g(xi μ(w), Σ(w)))
w∈[0,1]

disadvantage of the added computational cost (e.g., the
reference[8]) of the MRF, can be overcome by new rapid
algorithms capable of performing MRF based segmentation of the typical 3-D MR images within few seconds[28].
While the two-step algorithms often use spatial MRF prior during the partial volume classification step, they typically do not utilize spatial information during the second,
PVC estimation, step. Manjón et al[27] introduced an MRF
for modelling of the spatial information during the PVC
estimation step and compared it to the usage of prefiltering the images with a non-local means filter. The results
suggested that using spatial information improved the
PVC estimates and non-local means filtering performed
better than the MRF-based approach.
Discretization approaches: An alternative to try to
find real-valued PVC estimates is to discretize the PVC
estimation problem[32-34]. This means that instead of letting each PVC wij lie freely in the interval from zero to
one, the discretization-based methods restrict the PVCs
to have only a discrete set of values. For example, wij can
be 0, 0.1, 0.2,…,1.0. The discretization-based methods
then try to solve maximally probable PVCs from this
discretized set resorting MRF approaches to model spatial interaction between adjacent voxels[32-34]. While the
restriction to a discrete set of PVC values is perfectly
reasonable given the noisiness of the images, the discretization approaches are usually very time consuming, especially when compared to fast two step approaches[25,28].
Parameter estimation
The necessary model parameters μj,j = 1,…,M and Σ* or Σ j,j
= 1,…,M must be estimated before or during the solution
of the mixel model. Correct estimation of these parameters is essential for partial volume estimation[35]. Tohka et
al[26] identified three potential approaches to the parameter
estimation problem: (1) histogram analysis; (2) simultaneous parameter, and partial volume estimation by expectation maximization (EM)-like algorithms; and (3) the estimation based on a hard segmentation of the image.
The conceptually simplest alternative is to fit a parametric model (a mixture model of pure and mixed tissue
intensity densities) to an image histogram. The objective
function can be based on the maximum likelihood or
least squares criterion. The disadvantage of parametric
model fitting is that the formulated minimization problem is complex and non-convex rendering the standard
optimization algorithms useless. Various global optimization algorithms, including genetic algorithms and tree
annealing, have been used for the task[19,36]. The EM-like
algorithms start from an initial rough parameter estimates
and refine the estimates jointly with the partial volume
estimation[32,34] or classification[37] through alternating
expectation and maximization steps. This can guarantee
accurate parameter estimates, but the estimates depend
strongly on the initial guess and the convergence of the
process can be slow. The third alternative is to generate
an initial rough segmentation of the image, and thereaf-

(7)

where g is the Gaussian probability density; μ(w) = wμj
+ (1-w)μk; Σ(w) = w2Σ j + (1-w)2Σ k or Σ(w) = wΣj + (1-w)Σk.
Furthermore, wik* = 1 - wij* and all the other PVCs are zero.
The correct model for Σ(w) has caused some controversy
(see the references[30,31] for details). The difference in the
two models is that the first one (Σ(w) = w2Σ j + (1 - w)2Σ
k) results in a more regularized solution of Eq. (7) while
the second one (Σ(w) = wΣj + (1 - w)Σk ) is conceptually
more pleasing. The maximum-likelihood PVC-estimate in
Eq. (7) is solved by a simple grid search. Extensions to the
maximum likelihood principle of Eq. (7) include Bayesian
methods[24].
As mentioned above, the two-step algorithms can
use the MRF prior to regularize the partial volume classification and this has been demonstrated to lead to more
accurate partial volume estimates when the images are
noisy[25]. The use of the MRF requires the user to set a
proper weighting parameter for the prior which may be
considered as a disadvantage[8]. However, often quoted
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example, as in the reference[47]. While it seems clear that
the PVCs are better representations of gray matter density than gray matter probabilities, it is not clear whether
this particular modelling choice has a major effect on
the accuracy of the results. To author’s knowledge, gray
matter probability and gray matter PV-coefficient based
VBM methods have not been directly compared. Tardif
et al[48] examined two pipelines resulting in GM probability based VBM and PVC based VBM but the main focus
of the work was on a comparison of 1.5T and 3T imaging protocols. The VBM8 software package (http://dbm.
neuro.uni-jena.de/vbm/) offers possibility to VBM using
PVCs[49].

ter use outlier detection techniques based on the mathematical morphology, robust point estimates, or image
gradient values to prune the set of voxels belonging to a
certain tissue class[25,26,35,38,39]. Comparisons of these three
techniques have been reported in the references[26,35]. The
main result of these comparisons has been that the parameter estimation based on the hard segmentation of
the image is fast and usually, but not always, works as well
or better than the other two approaches.

RELATED METHODS
Fuzzy C-means
The standard Fuzzy C-means (FCM) algorithm optimizes
a cost function

Cortical thickness
Cortical thickness is a quantitative measure describing
the combined thickness of the layers of the cerebral cortex that can be measured using MRI either using mesh
based[6,50,51] or voxel based techniques[52]. The thickness
of the cortex, and its local variations, are of great interest in both normal development as well as a wide variety
of neurodegenerative and psychiatric disorders[6]. Cortex
is a highly folded structure with an approximate average thickness of 2.5 mm[53] and hence it is not difficult
to appreciate that the partial volume effect has been an
important consideration when measuring cortical thickness. Both surface mesh based[54] and voxel based[55-57]
cortical thickness measures can be shown to be improved
if the partial volume effect is taken into account. Especially, as demonstrated in Figure 2 and discussed further
in the references[26,54], hard tissue classifications may miss
some of the sulcal CSF because of an insufficient image
resolution. This causes incorrect reconstruction of the
GM/CSF boundary, which, in turn, leads to errors in the
cortical thickness computation.

N M

JFCM = ∑ ∑ μ qij xi - μ k 2,
i =1j =1

where uij are the fuzzy membership values μk are the class
centroids, and q is the fuzzification parameter. This objective function and its modifications have been widely and
successfully used for brain MRI tissue classification[40-43].
As shown in the reference[29], if q = 3, M = 2, and K =
1, optimizing the objective JFCM for fixed centroids leads
to the identical PVCs as PVCs derived based on Eq. (5).
However, with more than two tissue types or multispectral data, fuzzy segmentations by FCM and mixel model
are different.
Bayesian tissue classifiers
Often the tissue classification is casted as the Bayesian
decision problem[9,16,17,44,45]. In that, one tries to estimate
the posterior probability map that the tissue type is c given the image intensities. Often approaches use prior information from tissue probability maps[9,16] or MRFs[44,45]
or both[17]. It should be noted that the tissue type probabilities are different from the partial volume coefficients.
The exact difference of the segmentation results depends
on the probability model selected, but usually these
Bayesian tissue classifiers produce more crisp tissue type
maps than the partial volume estimation algorithms. This
issue and its ramifications are considered in a more detail
by Manjón et al[27].

Other applications
Other applications of segmentation with the PVE modeling identified during the literature review were segmentation of the brain images of the neonates[58-61], hemisphere
segmentation and related shape analysis[62,63], EEG source
localization[64], and lesion load computations based on
MRI[65-68]. Especially, in the case of the Multiple Sclerosis
(MS) lesion volumetry, the correction for the partial volume effects has a large positive effect on the reproducibility and accuracy of the analysis[69]. In particular, it was
found to be important in avoiding of misclassification of
some non-lesion voxels (between CSF and brain tissue)
into lesion voxels[69].

APPLICATIONS OF PARTIAL VOLUME
ESTIMATION
Voxel based morphometry
Voxel-based morphometry (VBM) involves a voxel-wise
comparison of the local concentration of gray matter between two groups of subjects. The procedure consists of
segmenting the gray matter from the MR images and spatially normalizing these gray matter images from all the
subjects in the study into the same stereotactic space[5].
These gray matter images can either represent GM tissue
probabilities, for example, as in the reference[46] or GM
tissue fractions resulting partial volume estimation, for
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CONCLUSION
An interesting recent development in MRI segmentation
and partial volume estimation is the use of quantitative tissue type maps for the purpose[70-72]. For example,
Ahlgren et al[70] utilized the signal of a spoiled gradientrecalled echo (SPGR) sequence acquired with multiple
flip angles to map T1, and subsequently to fit of a multi-
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compartment model yielding parametric maps of partial
volume estimates of the different compartments. West
et al[71] used quantitative MRI values of the longitudinal
relaxation rate, the transverse relaxation rate and the
proton density to define tissues (WM,GM,CSF) and
constructed a lookup table for partial volume estimation.
These quantitative approaches show good potential to
improve the partial volume estimation accuracy. Another
recent development is the use of high-field MRI to map
smaller and smaller brain structures[73], such cortical layers or hippocampal subfields[74]. These efforts will benefit
from automated segmentation. Despite of improved
image resolution provided by higher field strengths the
problems related to partial volume effect will remain as
the structures of interest will become smaller at the same
time. For example, while the improved image resolution
will diminish (but not completely erase) the challenges
related to partial volume effect in the cortical thickness
computation, it will also possibly allow studies concerning individual cortical layers requiring a higher image resolution, where partial volume effect is again an important
consideration.

12

13

14

15

16
17

REFERENCES
1
2

3

4
5
6

7

8
9
10

11

18

Shenton ME, Dickey CC, Frumin M, McCarley RW. A review of MRI findings in schizophrenia. Schizophr Res 2001; 49:
1-52 [PMID: 11343862 DOI: 10.1016/S0920-9964(01)00163-3]
Weiner MW, Veitch DP, Aisen PS, Beckett LA, Cairns NJ,
Green RC, Harvey D, Jack CR, Jagust W, Liu E, Morris
JC, Petersen RC, Saykin AJ, Schmidt ME, Shaw L, Shen L,
Siuciak JA, Soares H, Toga AW, Trojanowski JQ. The Alzheimer’s Disease Neuroimaging Initiative: a review of papers published since its inception. Alzheimers Dement 2013; 9:
e111-e194 [PMID: 23932184 DOI: 10.1016/j.jalz.2013.05.1769]
Frisoni GB, Fox NC, Jack CR, Scheltens P, Thompson PM.
The clinical use of structural MRI in Alzheimer disease. Nat
Rev Neurol 2010; 6: 67-77 [PMID: 20139996 DOI: 10.1038/nrneurol.2009.215]
Olesen J, Leonardi M. The burden of brain diseases in Europe. Eur J Neurol 2003; 10: 471-477 [PMID: 12940825 DOI:
10.1046/j.1468-1331.2003.00682.x]
Ashburner J, Friston KJ. Voxel-based morphometry--the
methods. Neuroimage 2000; 11: 805-821 [PMID: 10860804
DOI: 10.1006/nimg.2000.0582]
Fischl B, Dale AM. Measuring the thickness of the human
cerebral cortex from magnetic resonance images. Proc Natl
Acad Sci USA 2000; 97: 11050-11055 [PMID: 10984517 DOI:
10.1073/pnas.200033797]
González Ballester MA, Zisserman A, Brady M. Segmentation and measurement of brain structures in MRI including
confidence bounds. Med Image Anal 2000; 4: 189-200 [PMID:
11145308 DOI: 10.1016/S1361-8415(00)00013-X]
González Ballester MA, Zisserman AP, Brady M. Estimation
of the partial volume effect in MRI. Med Image Anal 2002; 6:
389-405 [PMID: 12494949 DOI: 10.1016/S1361-8415(02)00061-0]
Ashburner J, Friston KJ. Unified segmentation. Neuroimage
2005; 26: 839-851 [PMID: 15955494 DOI: 10.1016/j.neuroimage.2005.02.018]
Reddick WE, Glass JO, Cook EN, Elkin TD, Deaton RJ. Automated segmentation and classification of multispectral
magnetic resonance images of brain using artificial neural
networks. IEEE Trans Med Imaging 1997; 16: 911–918 [PMID:
17948730 DOI: 10.1109/42.650887]
Cuadra MB, Cammoun L, Butz T, Cuisenaire O, Thiran

WCR|www.wjgnet.com

19

20
21

22
23

24

25

26

27

28

538

JP. Comparison and validation of tissue modelization and
statistical classification methods in T1-weighted MR brain
images. IEEE Trans Med Imaging 2005; 24: 1548-1565 [PMID:
16350916 DOI: 10.1109/TMI.2005.857652]
Ruan S, Jaggi C, Xue J, Fadili J, Bloyet D. Brain tissue classification of magnetic resonance images using partial volume modeling. IEEE Trans Med Imaging 2000; 19: 1179-1187
[PMID: 11212366 DOI: 10.1109/42.897810]
Bullmore E, Brammer M, Rouleau G, Everitt B, Simmons
A, Sharma T, Frangou S, Murray R, Dunn G. Computerized
brain tissue classification of magnetic resonance images:
a new approach to the problem of partial volume artifact.
Neuroimage 1995; 2: 133-147 [PMID: 9343596 DOI: 10.1006/
nimg.1995.1016]
Vovk U, Pernus F, Likar B. A review of methods for correction of intensity inhomogeneity in MRI. IEEE Trans Med
Imaging 2007; 26: 405-421 [PMID: 17354645 DOI: 10.1109/
TMI.2006.891486]
Shattuck DW, Prasad G, Mirza M, Narr KL, Toga AW.
Online resource for validation of brain segmentation methods. Neuroimage 2009; 45: 431-439 [PMID: 19073267 DOI:
10.1016/j.neuroimage.2008.10.066]
Ashburner J, Friston K. Multimodal image coregistration
and partitioning--a unified framework. Neuroimage 1997; 6:
209-217 [PMID: 9344825 DOI: 10.1006/nimg.1997.0290]
Tohka J, Dinov ID, Shattuck DW, Toga AW. Brain MRI
tissue classification based on local Markov random fields.
Magn Reson Imaging 2010; 28: 557-573 [PMID: 20110151 DOI:
10.1016/j.mri.2009.12.012]
Choi HS, Haynor DR, Kim Y. Partial volume tissue classification of multichannel magnetic resonance images-a mixel
model. IEEE Trans Med Imaging 1991; 10: 395-407 [PMID:
18222842 DOI: 10.1109/42.97590]
Santago P, Gage HD. Quantification of MR brain images
by mixture density and partial volume modeling. IEEE
Trans Med Imaging 1993; 12: 566-574 [PMID: 18218450 DOI:
10.1109/42.241885]
Santago P, Gage HD. Statistical models of partial volume
effect. IEEE Trans Image Process 1995; 4: 1531-1540 [PMID:
18291985 DOI: 10.1109/83.469934]
Li X, Li L, Lu H, Liang Z. Partial volume segmentation of
brain magnetic resonance images based on maximum a
posteriori probability. Med Phys 2005; 32: 2337-2345 [PMID:
16121590 DOI: 10.1118/1.1944912]
Besag J. On the statistical analysis of dirty pictures. Journal of
the Royal Statistical Society, Series B 1986; 48: 259-302. Available
from: URL: http: //www.jstor.org/stable/2345426
Choi H, Haynor D, Kim Y. Multivariate tissue classification
of mri images for 3-d volume reconstruction-a statistical approach. In: Proc. SPIE vol. 1092, Medical Imaging III: Image
Processing, 1989: 183-193
Brouwer RM, Hulshoff Pol HE, Schnack HG. Segmentation
of MRI brain scans using non-uniform partial volume densities. Neuroimage 2010; 49: 467-477 [PMID: 19635574 DOI:
10.1016/j.neuroimage.2009.07.041]
Shattuck DW, Sandor-Leahy SR, Schaper KA, Rottenberg
DA, Leahy RM. Magnetic resonance image tissue classification using a partial volume model. Neuroimage 2001; 13:
856-876 [PMID: 11304082 DOI: 10.1006/nimg.2000.0730]
Tohka J, Zijdenbos A, Evans A. Fast and robust parameter
estimation for statistical partial volume models in brain
MRI. Neuroimage 2004; 23: 84-97 [PMID: 15325355 DOI:
10.1016/j.neuroimage.2004.05.007]
Manjón JV, Tohka J, Robles M. Improved estimates of partial volume coefficients from noisy brain MRI using spatial
context. Neuroimage 2010; 53: 480-490 [PMID: 20600978 DOI:
10.1016/j.neuroimage.2010.06.046]
Tohka J. FAST-PVE: Extremely fast markov random field
based brain MRI tissue classification. In: Image Analysis,
18th Scandinavian Conference, SCIA 2013, Lecture notes in

March 28, 2015|First Edition|

Tohka J. Partial volume segmentation in brain MRI

29

30

31

32

33

34

35

36

37

38

39

40

41

42
43

44

45

computer science vol. 7944. SCIA: Springer, 2013: 266-276
[DOI: 10.1007/978-3-642-38886-6_26]
Pham DL, Prince J. Partial volume estimation and the fuzzy
c-means algorithm. In: Image Processing, 1998. ICIP 98. Proceedings. ICIP: 1998 International Conference on, vol. III,
1998: 819-822 [DOI: 10.1109/ICIP.1998.999071]
Bromiley P, Thacker N. Multi-dimensional medical image
segmentation with partial volume and gradient modelling.
Annals of the BMVA 2008; (2): 1-22. Available from: URL:
http: //www.bmva.org/annals/2008/2008-0002.pdf
Bromiley P, Thacker N . Multi-dimensional medical image
segmentation with partial volume and gradient modelling.
Mathematical derivations and proofs. Annals of the BMVA
2008; (2s1): 1-11. Available from: URL: http: //www.bmva.
org/annals/2008/2008-0002-supplement.pdf
Bricq S, Collet Ch, Armspach JP. Unifying framework for
multimodal brain MRI segmentation based on Hidden
Markov Chains. Med Image Anal 2008; 12: 639-652 [PMID:
18440268 DOI: 10.1016/j.media.2008.03.001]
Ruan S, Moretti B, Fadili J, Bloyet D. Fuzzy markovian
segmentation in application of magnetic resonance images. Comput Vis Image Und 2002; 85: 54-69 [DOI: 10.1006/
cviu.2002.0957]
Van Leemput K, Maes F, Vandermeulen D, Suetens P. A
unifying framework for partial volume segmentation of
brain MR images. IEEE Trans Med Imaging 2003; 22: 105-119
[PMID: 12703764 DOI: 10.1109/TMI.2002.806587]
Manjón JV, Tohka J, García-Martí G, Carbonell-Caballero J,
Lull JJ, Martí-Bonmatí L, Robles M. Robust MRI brain tissue
parameter estimation by multistage outlier rejection. Magn
Reson Med 2008; 59: 866-873 [PMID: 18383286 DOI: 10.1002/
mrm.21521]
Tohka J, Krestyannikov E, Dinov ID, Graham AM, Shattuck DW, Ruotsalainen U, Toga AW. Genetic algorithms
for finite mixture model based voxel classification in neuroimaging. IEEE Trans Med Imaging 2007; 26: 696-711 [PMID:
17518064 DOI: 10.1109/TMI.2007.895453]
Noe A, Gee J. Partial volume segmentation of cerebral MRI
scans with mixture model clustering. In: Proc. of Information Processing in Medical Imaging. IPMI: 17th International
Conference, 2001: 423-430 [DOI: 10.1007/3-540-45729-1_44]
Wang D, Doddrell DM. A segmentation-based and partialvolume-compensated method for an accurate measurement
of lateral ventricular volumes on T(1)-weighted magnetic
resonance images. Magn Reson Imaging 2001; 19: 267-273
[PMID: 11358664 DOI: 10.1016/S0730-725X(01)00235-1]
Wang D, Doddrell DM. MR image-based measurement of
rates of change in volumes of brain structures. Part I: method and validation. Magn Reson Imaging 2002; 20: 27-40 [PMID:
11973027 DOI: 10.1016/S0730-725X(02)00466-6]
Suckling J, Sigmundsson T, Greenwood K, Bullmore ET.
A modified fuzzy clustering algorithm for operator independent brain tissue classification of dual echo MR images.
Magn Reson Imaging 1999; 17: 1065-1076 [PMID: 10463658
DOI: 10.1016/S0730-725X(99)00055-7]
Ortiz A, Palacio AA, Górriz JM, Ramírez J, Salas-González D.
Segmentation of brain MRI using SOM-FCM-based method
and 3D statistical descriptors. Comput Math Methods Med 2013;
2013: 638563 [PMID: 23762192 DOI: 10.1155/2013/638563]
Pham DL, Prince JL. Adaptive fuzzy segmentation of magnetic resonance images. IEEE Trans Med Imaging 1999; 18:
737-752 [PMID: 10571379 DOI: 10.1109/42.802752]
Yoon UC, Kim JS, Kim JS, Kim IY, Kim SI. Adaptable fuzzy
C-Means for improved classification as a preprocessing procedure of brain parcellation. J Digit Imaging 2001; 14: 238-240
[PMID: 11442112 DOI: 10.1007/BF03190353]
Van Leemput K, Maes F, Vandermeulen D, Suetens P. Automated model-based tissue classification of MR images of
the brain. IEEE Trans Med Imaging 1999; 18: 897-908 [PMID:
10628949 DOI: 10.1109/42.811270]

WCR|www.wjgnet.com

46

47

48
49
50

51

52

53
54

55

56

57

58

59

60

539

Zhang Y, Brady M, Smith S. Segmentation of brain MR images through a hidden Markov random field model and the
expectation-maximization algorithm. IEEE Trans Med Imaging 2001; 20: 45-57 [PMID: 11293691 DOI: 10.1109/42.906424]
Good CD, Johnsrude I, Ashburner J, Henson RN, Friston
KJ, Frackowiak RS. Cerebral asymmetry and the effects of
sex and handedness on brain structure: a voxel-based morphometric analysis of 465 normal adult human brains. Neuroimage 2001; 14: 685-700 [PMID: 11506541 DOI: 10.1006/
nimg.2001.0857]
Nagano-Saito A, Washimi Y, Arahata Y, Kachi T, Lerch JP,
Evans AC, Dagher A, Ito K. Cerebral atrophy and its relation to cognitive impairment in Parkinson disease. Neurology 2005; 64: 224-229 [PMID: 15668417 DOI: 10.1212/01.
WNL.0000149510.41793.50]
Tardif CL, Collins DL, Pike GB. Regional impact of field
strength on voxel-based morphometry results. Hum Brain Mapp
2010; 31: 943-957 [PMID: 19862698 DOI: 10.1002/hbm.20908]
Gaser C. Partial volume segmentation with adaptive maximum a posteriori (MAP) approach. NeuroImage 2009: 47:
S121 [DOI: 10.1016/S1053-8119(09)71151-6]
MacDonald D, Kabani N, Avis D, Evans AC. Automated
3-D extraction of inner and outer surfaces of cerebral cortex
from MRI. Neuroimage 2000; 12: 340-356 [PMID: 10944416
DOI: 10.1006/nimg.1999.0534]
Lerch JP, Evans AC. Cortical thickness analysis examined
through power analysis and a population simulation. Neuroimage 2005; 24: 163-173 [PMID: 15588607 DOI: 10.1016/
j.neuroimage.2004.07.045]
Hutton C, De Vita E, Ashburner J, Deichmann R, Turner R.
Voxel-based cortical thickness measurements in MRI. Neuroimage 2008; 40: 1701-1710 [PMID: 18325790 DOI: 10.1016/
j.neuroimage.2008.01.027]
Zilles K. Architecture of the Human Cerebral Cortex. In
Paxinos G, Mai JK, The human nervous system. 2nd ed. San
Diego: Elsevier, 2004: 997-1060
Kim JS, Singh V, Lee JK, Lerch J, Ad-Dab’bagh Y, MacDonald D, Lee JM, Kim SI, Evans AC. Automated 3-D extraction
and evaluation of the inner and outer cortical surfaces using a Laplacian map and partial volume effect classification. Neuroimage 2005; 27: 210-221 [PMID: 15896981 DOI:
10.1016/j.neuroimage.2005.03.036]
Rueda A, Acosta O, Couprie M, Bourgeat P, Fripp J, Dowson N, Romero E, Salvado O. Topology-corrected segmentation and local intensity estimates for improved partial
volume classification of brain cortex in MRI. J Neurosci
Methods 2010; 188: 305-315 [PMID: 20193712 DOI: 10.1016/
j.jneumeth.2010.02.020]
Acosta O, Bourgeat P, Zuluaga MA, Fripp J, Salvado O,
Ourselin S. Automated voxel-based 3D cortical thickness
measurement in a combined Lagrangian-Eulerian PDE approach using partial volume maps. Med Image Anal 2009; 13:
730-743 [PMID: 19648050 DOI: 10.1016/j.media.2009.07.003]
Aganj I, Sapiro G, Parikshak N, Madsen SK, Thompson PM.
Measurement of cortical thickness from MRI by minimum
line integrals on soft-classified tissue. Hum Brain Mapp 2009;
30: 3188-3199 [PMID: 19219850 DOI: 10.1002/hbm.20740]
Cardoso MJ, Melbourne A, Kendall GS, Modat M, Hagmann CF, Robertson NJ, Marlow N, Ourselin S. Adaptive
neonate brain segmentation. Med Image Comput Comput Assist Interv 2011; 14: 378-386 [PMID: 22003722]
Leroy F, Mangin JF, Rousseau F, Glasel H, Hertz-Pannier
L, Dubois J, Dehaene-Lambertz G. Atlas-free surface reconstruction of the cortical grey-white interface in infants. PLoS
One 2011; 6: e27128 [PMID: 22110604 DOI: 10.1371/journal.
pone.0027128]
Song T, Jamshidi MM, Lee RR, Huang M. A modified probabilistic neural network for partial volume segmentation in
brain MR image. IEEE Trans Neural Netw 2007; 18: 1424-1432
[PMID: 18220190 DOI: 10.1109/TNN.2007.891635]

March 28, 2015|First Edition|

Tohka J. Partial volume segmentation in brain MRI
61

62

63

64

65

66

67

68

Xue H, Srinivasan L, Jiang S, Rutherford M, Edwards AD, Rueckert D, Hajnal JV. Automatic segmentation and reconstruction of
the cortex from neonatal MRI. Neuroimage 2007; 38: 461-477 [PMID:
17888685 DOI: 10.1016/j.neuroimage.2007.07.030]
Zhao L, Ruotsalainen U, Hirvonen J, Hietala J, Tohka J. Automatic cerebral and cerebellar hemisphere segmentation in 3D
MRI: adaptive disconnection algorithm. Med Image Anal 2010;
14: 360-372 [PMID: 20303318 DOI: 10.1016/j.media.2010.02.001]
Pepe A, Zhao L, Koikkalainen J, Hietala J, Ruotsalainen U,
Tohka J. Automatic statistical shape analysis of cerebral
asymmetry in 3D T1-weighted magnetic resonance images
at vertex-level: application to neuroleptic-naïve schizophrenia. Magn Reson Imaging 2013; 31: 676-687 [PMID: 23337078
DOI: 10.1016/j.mri.2012.10.021]
Hyde DE, Duffy FH, Warfield SK. Anisotropic partial volume
CSF modeling for EEG source localization. Neuroimage 2012;
62: 2161-2170 [PMID: 22652021 DOI: 10.1016/j.neuroimage.201
2.05.055]
Wu Y, Warfield SK, Tan IL, Wells WM, Meier DS, van Schijndel RA, Barkhof F, Guttmann CR. Automated segmentation of multiple sclerosis lesion subtypes with multichannel
MRI. Neuroimage 2006; 32: 1205-1215 [PMID: 16797188 DOI:
10.1016/j.neuroimage.2006.04.211]
Li W, Tian J, Li E, Dai J. Robust unsupervised segmentation of infarct lesion from diffusion tensor MR images using multiscale statistical classification and partial volume
voxel reclassification. Neuroimage 2004; 23: 1507-1518 [PMID:
15589114 DOI: 10.1016/j.neuroimage.2004.08.009]
Meier DS, Guttmann CRG. Time-series analysis of mri intensity patterns in multiple sclerosis. Neuroimage 2003; 20:
1193-1209 [DOI: 10.1016/S1053-8119(03)00354-9]

69

70

71

72

73
74

Khademi A, Venetsanopoulos A, Moody AR. Robust white
matter lesion segmentation in FLAIR MRI. IEEE Trans
Biomed Eng 2012; 59: 860-871 [PMID: 22203699 DOI: 10.1109/
TBME.2011.2181167]
Wei X, Warfield SK, Zou KH, Wu Y, Li X, Guimond A,
Mugler JP, Benson RR, Wolfson L, Weiner HL, Guttmann
CR. Quantitative analysis of MRI signal abnormalities of
brain white matter with high reproducibility and accuracy. J
Magn Reson Imaging 2002; 15: 203-209 [PMID: 11836778 DOI:
10.1002/jmri.10053]
Ahlgren A, Wirestam R, Sthlberg F, Knutsson L. Automatic
brain segmentation using fractional signal modeling of
a multiple flip angle, spoiled gradient-recalled echo acquisition. MAGMA 2014: In press [PMID: 24639095 DOI:
10.1007/s10334-014-0439-2]
West J, Warntjes JB, Lundberg P. Novel whole brain segmentation and volume estimation using quantitative MRI.
Eur Radiol 2012; 22: 998-1007 [PMID: 22113264 DOI: 10.1007/
s00330-011-2336-7]
West J, Blystad I, Engström M, Warntjes JB, Lundberg P. Application of quantitative MRI for brain tissue segmentation at
1.5 T and 3.0 T field strengths. PLoS One 2013; 8: e74795 [PMID:
24066153 DOI: 10.1371/journal.pone.0074795]
Duyn JH. The future of ultra-high field MRI and fMRI for
study of the human brain. Neuroimage 2012; 62: 1241-1248
[PMID: 22063093 DOI: 10.1016/j.neuroimage.2011.10.065]
Van Leemput K, Bakkour A, Benner T, Wiggins G, Wald
LL, Augustinack J, Dickerson BC, Golland P, Fischl B. Automated segmentation of hippocampal subfields from ultrahigh resolution in vivo MRI. Hippocampus 2009; 19: 549-557
[PMID: 19405131 DOI: 10.1002/hipo.20615]
P- Reviewer: Logeswaran R, Sheehan JR, Walter M
S- Editor: Ji FF L- Editor: A E- Editor: Lu YJ

WCR|www.wjgnet.com

540

March 28, 2015|First Edition|

WC R

World Clinical
Radiology

2015 First Edition
bpgoffice@wjgnet.com

ISBN 978-0-9914430-9-3
© 2015 Baishideng Publishing Group Inc. All rights reserved.

2014 ADVANCES IN NEURORADIOLOGY/HEAD AND NECK IMAGING

Functional topography of the corpus callosum investigated
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by fMRI. These studies have demonstrated the presence
of callosal fiber tracts that cross the commissure at the
level of the genu, body, and splenium, at sites showing
fMRI activation. Altogether such findings lend further
support to the notion that the corpus callosum displays
a functional topographic organization that can be explored with fMRI.
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Core tip: A combined approach using diffusion tensor
imaging and tractography, two recently developed imaging techniques, and functional magnetic resonance
imaging (fMRI) has enabled detection of fMRI activation
evoked by specific sensory or motor tasks in the corpus
callosum, and reconstruction of the trajectory of the
commissural fibers interconnecting primary cortical areas activated by the same tasks. These findings confirm
that the corpus callosum has a functional topographic
organization and that fMRI may be used to explore it.

Abstract
This short review examines the most recent functional
studies of the topographic organization of the human
corpus callosum, the main interhemispheric commissure. After a brief description of its anatomy, development, microstructure, and function, it examines and discusses the latest findings obtained using diffusion tensor
imaging (DTI) and tractography (DTT) and functional
magnetic resonance imaging (fMRI), three recently developed imaging techniques that have significantly expanded and refined our knowledge of the commissure.
While DTI and DTT have been providing insights into its
microstructure, integrity and level of myelination, fMRI
has been the key technique in documenting the activation of white matter fibers, particularly in the corpus callosum. By combining DTT and fMRI it has been possible
to describe the trajectory of the callosal fibers interconnecting the primary olfactory, gustatory, motor, somatic
sensory, auditory and visual cortices at sites where the
activation elicited by peripheral stimulation was detected
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INTRODUCTION
The principal interhemispheric commissure is the corpus callosum (CC). It arises in the brain of placental
mammals[1] as an elongated midline structure composed
of 200-800 million horizontal interconnecting homo-
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body) contains fibers interconnecting frontal association
cortical areas. The isthmus mostly contains primary motor, somatosensory, and auditory fibers. In the splenium
primary visual and association temporo-occipital and parietal commissural fibers are mixed, forming a single segment with the hippocampal commissure through which
parahippocampal fibers cross[14].
Large diameter fibers (3-5 μm) are densest in the
isthmus (connecting motor, somatosensory, and auditory cortices) and in the posterior splenium (connecting
visual cortices), whereas small fibers (< 0.4 μm) are more
numerous in the genu and anterior splenium (connecting
high-order prefrontal and temporo-parietal associative areas). The largest fibers in the human CC interconnect the
primary auditory cortices[12,14].
Neurons giving rise to callosal fibers lie in cortical layers Ⅲ, Ⅴ and Ⅵ. The vast majority of these fibers release
excitatory amino acids [glutamate (Glu) and/or aspartate]
as neurotransmitters[15]; however, a small proportion of
callosal neurons in cat and rat have been shown to release
the inhibitory neurotransmitter GABA[16-18].

6
7

2
1

DEVELOPMENT OF THE CORPUS
CALLOSUM

Figure 1 Subdivisions of the human corpus callosum. Midsagittal magnetic
resonance image of the corpus callosum (above) and its seven anatomical
regions according to Witelson[8]. Region 1: Rostrum; 2: Genu; 3: Anterior midbody; 4: Central midbody; 5: Posterior midbody; 6: Isthmus; 7: Splenium. Both
images are oriented in the Talairach space, where the origin of X, Y and Z axes
coincides with the anterior commissure (coordinates 0, 0, 0).

The CC is a recent phylogenetic acquisition of placental
mammals, developing by fusion of the interhemispheric
midline fibers with specialized midline glial cells guiding
callosal fibers to the contralateral side[14]. It originates
from the glial sling, above and rostral to the anterior and
hippocampal commissures: it thus forms from the fusion
of two separate segments. The anterior, sling-derived callosum (containing fibers connecting frontal associative
and possibly primary sensory-motor areas of the two
hemispheres) and the hippocampal commissure-associated splenium (containing fibers arising in the parietotemporo-occipital cortex and directed to the opposite
hemisphere) probably fuse just anterior to the hippocampal commissure[14].
The different origin of the anterior and posterior
CC portions seems to correlate with different functional
properties, and the respective resection gives rise to different effects, since patients with surgical resection of the
splenium show disconnection syndrome[19] whereas those
with resection of the anterior CC do not[20].
The CC grows in size by the increase of the connectivity and the tangential growth of the cortex. In the
womb and in the early postnatal period it mainly grows
by fiber addition, whereas later increases are due to the
development of myelin, which offsets pruning of callosal
fibers; fiber myelination becomes significant at about 6
mo of postnatal life in the splenium and at about 8 mo
in the genu. Myelination is believed to proceed from posterior to anterior[21,22], reflecting the fact that myelination
of primary cortical areas (somatic sensory, motor, auditory, visual) connected through the isthmus and splenium
predates the myelination of the body, genu, and rostrum,
which are related to the more anterior associative areas.

topical and heterotopical cortical areas[2]. The mature
CC contains myelinated (70%) and unmyelinated fibers
(30%), glial cells (astrocytes and oligodendrocytes), and
neurons[3-7]. The human CC has been divided into five
anatomical regions, which include from front to back the
genu, the rostrum, the body or trunk-often subdivided
into anterior, middle and posterior body-the isthmus,
and the splenium (Figure 1). Since there are no clear
borders between regions, a variety of methods based
principally on geometric criteria have been proposed to
define subregions[8-11]. The different callosal regions have
different fiber compositions: large diameter fibers have
been described in the posterior part of the splenium and
in the body[1,12], where interhemispheric sensory fibers
cross the commissure and exchange information at high
speed, whereas small fibers mainly connecting association
cortical areas are found in the rostrum, genu and anterior
body[1,12]. Recently, different protein expression profiles
have also been described in the three main CC regions,
the genu, body and splenium[13]. In particular, the expression of proteins related to glucose metabolism and antioxidant activity seems to be lower in the genu and body
compared with the splenium[13].

MORPHOLOGICAL STRUCTURE OF THE
CORPUS CALLOSUM
The anterior half of the human CC (genu, rostrum and
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with callosal resection. Functional magnetic resonance
imaging (fMRI) was applied by our group to investigate
callosotomy patients[44-46] and demonstrated that touch
information transfer between the hemispheres may be
accomplished by axons crossing at the level of the posterior CC. A more recent study of non-epileptic patients
with resection of different portions of the anterior CC[40]
contributed additional evidence by showing that motor
coordination transfer occurs at the level of the middle
portion of the genu and somesthetic information is
through the anterior CC. Examination of further sensory
modalities provided evidence that transfer of visual[47,48]
and auditory information[49,50] between the hemispheres
takes place in the splenium.
The recent MRI-associated techniques, including
fMRI, volumetric based morphometry, diffusion tensor
imaging (DTI) and diffusion tensor tractography (DTT),
are new, powerful methods to investigate the human
brain in vivo. Data collected with DTI and fMRI are reviewed below after a brief survey of the bases of these
techniques.

FUNCTION OF THE CORPUS CALLOSUM
The function of the CC has been investigated for centuries. The earliest studies date to the 16th century. Believed
for many centuries to be the “seat of the soul”[23], it took
until the 18th century for Franz Joseph Gall and Johann
Spurzheim, dissecting alcohol-fixed brains, to describe
bundles of axons passing through the callosal white matter (WM) and connecting the two hemispheres[24]. Its
known functions include: interhemispheric exchange of
information, integration of inputs reaching one or both
hemispheres, facilitation of some cortical activities, and
inhibition of cortical functions[25,26]. It has recently been
shown that the size of the human CC positively correlates with intelligence (Einstein’s CC was thicker than
normal[27]) and that its integrity is essential for cognitive
performances; thus CC resection and microstructural or
developmental alterations are often associated with cognitive decline.
The earliest hypotheses on the function of the human
CC came from studies of split-brain patients, subjects
whose CC was partially or completely resected to prevent
the diffusion of epileptic seizures[28]. Patients with total
or partial resection involving the posterior CC suffered
from disconnection syndrome[19,29,30], whereas in those
with partial anterior resection the disconnection could be
evidenced only by specific tests[20,31].
These investigations were followed and paralleled
by animal studies including neuroanatomical tracing,
cytological and microstructural analyses, and electrophysiological recordings. Neuropsychological and clinical
studies of patients with total or partial surgical resection
of the CC performed to treat drug-resistant epilepsy or
remove intracallosal cysts or tumors provided further insights into its function.

BRIEF OVERVIEW OF THE PRINCIPLES
OF DTI
DTI is an MRI-based method enabling in vivo quantification of the microscopic diffusion properties of water in
tissues[51]. It allows generation of quantitative maps of
diffusion indices and through them assessment of brain
WM tissue structure and integrity. The underlying principle of DTI is the random motion of water molecules
(Brownian motion), which can be characterized by the
diffusion coefficient, D, and is influenced by other factors
including molecular weight and viscosity. Water diffuses
freely in all directions (isotropic diffusion). In gray matter
(GM) water diffusion is similarly isotropic, but it is hindered by cellular structures, whereas diffusion in WM is
hindered by the presence of highly ordered axonal structures. The latter conditions result in preferential diffusion
parallel to WM tracts, i.e., the route of least resistance,
rather than perpendicular to them. This motion was noted in early experiments and designated anisotropic diffusion[52,53]. Myelination of the axons has long been held to
be the main obstruction to water diffusion in WM, and
to be responsible for anisotropy; however later evidence
suggested that axon membranes as well as other factors
including organization of neurofilaments and microtubules also play a role[54]. Measures of anisotropy include
relative anisotropy, volume ratio and the most commonly
cited fractional anisotropy (FA). These rotationally invariant indices reflect the degree of anisotropy in the
diffusion tensor and are normalized to values between 0
(isotropic) and 1 (highly anisotropic).
In an extensive paper, Yap et al[55] reviewed several
investigations documenting WM changes in subjects
of different ages using DTI. In particular they showed
that maximum FA is reached in the anterior and middle
portions of the CC around 20 years of age and in the

TOPOGRAPHY OF THE CORPUS
CALLOSUM
Ever since electrophysiological recordings demonstrated
somatic sensory receptive fields in the anterior cat
CC[32,33] and visual inputs to the splenium[34,35], the CC has
been hypothesized to be topographically organized. Later
electrophysiological[36] and neuroanatomical findings[37,38]
obtained after injection of neural tracers or ablation
of selected cortical areas in non-human primates; findings from post-mortem investigations[39]; and studies of
patients with surgical resection or callosal lesions[28,40-42]
provided further support for the notion. This organization appears to give rise to modality-specific regions[43] in
which anterior callosal axons transfer motor information
between the frontal lobes and somatic sensory, auditory,
and visual information is integrated by posterior fibers
linking parietal, temporal and occipital lobes and crossing
through the posterior midbody, isthmus and splenium,
respectively.
Further support for the notion of a topographic organization of the CC came from the study of subjects
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splenium around 50 years; in older subjects FA decreases
and does so more slowly in the splenium[55,56]. FA is usually slightly lower in the anterior and middle portions of
the CC (regions 1-4 described respectively as prefrontal,
premotor, precentral and postcentral by Pandya and
Seltzer[38]), where it ranges from 0.5 to 0.7, and higher in
the splenium (posterior parietal and temporo-occipital
regions, respectively, regions 5 and 6 of Pandya and Seltzer[38]), where it ranges from 0.6 to 0.8[56-59].
DTI thus enables exploration of the microstructural
organization of the CC by measuring FA, which has recently been shown to correlate positively with conduction
velocity and may therefore be considered as an index of
myelination or axon diameter[60]. Reductions in FA have
been implicated in numerous neuropsychiatric and neurological conditions including alcoholism[61], schizophrenia[62], traumatic brain injury[63], multiple sclerosis[64-66], and
Wallerian degeneration[67]. It has recently been suggested
that acquisition factors such as b-value and voxel size can
affect the quantification of DTI parameters (i.e., FA and
mean diffusivity, MD)[68]. For this reason extreme caution
is required when comparing data obtained using different
acquisition factors.
Interestingly, DTI techniques also evidenced plastic
changes occurring in fiber bundles in relation to development or training and resulting in an FA increase after
training, thus demonstrating that the technique is not
solely an anatomical tool[69-71].
A further application of diffusion tensor data is
exploration of the distribution of WM fibers in the
brain, known as DTT or fiber tracking. In deterministic
tractography fibers typically originate from seed pointswhich are entered automatically or manually to examine a
specific area or the whole brain-and propagate along the
direction of the principal eigenvector (e1). Additional parameters or constraints include maximum tract curvature
and a stopping criterion for the tracking, such as achievement of a minimum FA threshold[51,72]. In probabilistic
tractography a multitude of fibers, typically thousands,
are generated from each seed point or voxel. Each fiber
propagates in an individual manner: DTT takes into account both e1 direction and change. Tractography is
used, for example, to highlight fiber tracts in patients
requiring brain surgery[73], to investigate WM reductions
related to cognitive impairment[74], cerebellar damage[75],
specific cortical brain changes[76], longitudinal changes[77]
and intrinsic connectivity[78] in multiple sclerosis. DTT
also evidenced increased FA in specific fiber bundles after training in given tasks[69-71].
Over the past three decades these new imaging techniques have enabled confirmation or rejection of earlier
hypotheses about the functions of the CC and provided
new insights. In non-human primates and other mammals they have also allowed to verify and correlate data
obtained by classic neuroanatomical techniques with DTI
findings, and results of electrophysiological recordings
with fMRI activation.
The callosal topography resulting from the application
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of DTI and DTT techniques has thus been confirmed to
be in line with the one described in previous studies. Fibers connecting prefrontal cortical areas have been seen
to cross through the anterior part of the CC; those connecting premotor and motor cortical areas crossed at the
level of the central callosal body[9,25,79-81]; the fibers connecting parietal cortical areas crossed through the posterior callosal body; and those from occipital areas crossed at
the level of the splenium (see also[82,83]). Another hypothesis that has been confirmed is the topographic organization of the CC as emerging from previous neuroanatomical (axonal degeneration and tract-tracing) animal studies
and human lesion and post-mortem investigations.
Slight differences have been demonstrated between
human and monkey topographic organization in relation
to the much greater expansion of the human frontal cortex.

FUNCTIONAL MAGNETIC RESONANCE
IMAGING STUDIES
Functional MRI allows to study the intact brain non invasively. It is a functional neuroimaging approach based
on MRI technology that measures brain activity by detecting associated changes in blood flow, based on the
well-established notion that neuronal activation in an
area of the brain is accompanied by a local increase in
blood flow. The blood-oxygen-level dependent (BOLD)
effect, or response, is a method based on the different
ratio of oxygenated to deoxygenated hemoglobin in
blood. Given that the two forms of the molecule have
different magnetic behaviors, the change of their relative
concentration, due to an increase in blood flow evoked
by increased neural activity, generates a magnetic-electric
signal that is detected by the equipment, highlighting the
areas of the brain that are active at any given time.
It has long been believed that the BOLD effect is
mainly due to the metabolic activity associated with synaptic rather than spiking activity, and therefore it could
be evoked only in GM[84]. However, data from the newer
imaging techniques suggest that a hemodynamic response
can also be evoked in WM, particularly in the CC. These
findings were at first observations sporadically recorded
during interhemispheric transfer tasks performed by
subjects within the magnet[85-88], or during activities not
involving specific interhemispheric transfer tasks, such as
voluntary swallowing[89]. Moreover a BOLD signal was
elicited in isthmus and splenium (posterior CC) by a task
based on the interhemispheric transfer and integration
of visuo-motor information, where crossing of the CC is
needed for a behavioral response to be elicited (“crossed
condition”[88]). The above mentioned functional studies
are summarized in Table 1.
A number of studies have documented that information transfer between premotor and prefrontal areas
involves the anterior CC, and transfer between parietal,
occipital and temporal regions involves the posterior
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Table 1 Summary of studies evidencing activation of the corpus callosum in humans
Ref.

Year

Task

CC localization

Technique

Subjects

Mosier et al[89]
Tettamanti et al[85]
Omura et al[86]
Weber et al[87]
Mazerolle et al[88]
Mazerolle et al[126]
Fabri et al[94]
Fabri et al[59]

2001
2003
2004
2005
2008
2010
2011
2013

Swallowing
Visuomotor
Visuomotor transfer
Visuomotor
Visual transfer
Visual transfer
Tactile, gustatory, visual
Tactile, gustatory, visual, auditory

Anterior
Anterior
Anterior
Anterior
Posterior
Posterior
Different regions according peripheral stimuli
Different regions according peripheral stimuli

fMRI
fMRI
fMRI
fMRI
fMRI
fMRI and DTI
fMRI
fMRI and DTI

Polonara et al[95]

2014

Tactile, gustatory, visual, auditory Different regions according peripheral stimuli fMRI and DTI

Healthy controls
Healthy controls
Healthy controls
Healthy controls
Healthy controls
Healthy controls
Healthy controls
Healthy control and
Callosotomized patients
Callosotomized patients

A more extensive review of the studies reporting the activation in the CC can be found in Gawryluk et al[138], 2014. DTI: Diffusion tensor imaging; fMRI:
Functional magnetic resonance imaging; CC: Corpus callosum.

CC[81,90-92]. A recent systematic study by our group[93,94]
examined the BOLD effect evoked in the CC by simple
sensory stimuli or by the performance of motor tasks
activating the cortical areas which in healthy control subjects harbor the representation of motor activation and
of gustatory, olfactory, auditory, visual and tactile sensitivity. The study was directed at establishing whether (1) a
BOLD signal was able to be evoked in CC fibers; and (2)
the foci related to motor tasks and sensory stimuli agreed
with the notion of a topographic organization. The study
did detect consistent activation foci in discrete regions
of the CC: anterior (olfactory and gustatory stimulation),
central (motor tasks), central-posterior (touch stimulation), isthmus (auditory stimulation) and splenium (visual
stimulation) (Figure 2). It also confirmed the existence of
a topographic organization of the CC from a functional
point of view, demonstrating that it may be investigated
using fMRI. In recent years the peripheral sensory stimulation protocols applied in the earlier studies[94] were
administered to partial callosotomy patients[95]. The test
results were assessed to determine whether the extant CC
portions displayed a BOLD signal, to provide additional
evidence for the concept of a functional map in the CC.
In the same study DTI test data were also obtained in
callosotomy and control subjects, to determine whether
tracts seeded from cortical areas activated by specific sensory stimuli co-localized with CC activation (Figure 3).

tentials at the nodes of Ranvier, restoring ion gradients in
neuron membranes[99,101]. Actually, the block of voltagedependent Na+ channels inhibits the responses to forepaw somatosensory stimulation that can be detected by
fMRI[102]. Moreover, spiking activity and fMRI activation
are also correlated based on recent data[103-105]. Various
hypotheses have been advanced to explain the BOLD effect seen in WM: vessel dilation by astrocytes[106,107] aimed
at meeting the increased energy demand related to the
increased neural activation; an increase in extracellular K+
in relation to heightened brain cell activity; or an increase
in cytoplasmic Ca2+[99,106,108]. Astrocytes and capillaries
are both found in the CC[109], and since the conduction
of action potentials by CC axons requires energy, the
mechanism is probably also active in CC fibers. According to LeBihan (2009, personal communication) the heat
produced by the augmented axonal metabolism would by
itself be able to induce dilation of CC microvessels.
Another hypothesis, recently advanced by Barbaresi et
al[3], explains the BOLD effect seen in specific CC regions
with the presence of NADPH-d+/NOS-immunopositive intracallosal neurons, whose depolarization may result in increased blood flow. The depolarization may occur in two ways: (1) through activation of specific cortical
regions by peripheral stimulation, resulting in depolarization of intracallosal neurons containing nitric oxide (NO),
whose dendrites reach the activated overlying cerebral
cortex; NO could thus be released from neuronal processes associated with callosal vessels; this mechanism has
been hypothesized to occur in the cerebral cortex, since
inhibition of the NO-producing enzyme NO synthase
attenuates the increase in blood flow associated with neuronal activity[110-112]; and (2) alternatively, increased cortical
activity may cause release of more Glu along callosal fibers[113,114] belonging to glutamatergic cortical neurons[15],
possibly exciting NO-producing intracallosal neurons[115]
through NMDA receptors[116,117]; the interaction of Glu
with NMDA receptors could therefore elicit a BOLD response in the CC similar to other central nervous system
regions where application of NMDA receptor antagonists attenuates blood flow responses[118-123].
However, a concomitant role of astrocytes in neu-

CELLULAR BASIS OF THE VASCULAR
RESPONSE IN THE CORPUS CALLOSUM
The neurovascular interactions inducing hemodynamic
changes during increased cortical activity is the basis of
functional neuroimaging with PET and fMRI[96-98]. The
BOLD signal reflects the hemodynamic responses related
to neuronal activity[98,99]. The exact mechanism underlying
the BOLD effect is still debated. Hemodynamic changes
have been seen to be induced by motor and visuomotor
tasks and peripheral stimulation[85-89,100] and, recently, by
simple sensory tasks[94]. Energy-dependent processes occur in the WM, too, given that ATP-dependent Na+-K+
ion pumps mediate the conduction of axonal action po-
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A

could induce release from astrocytes of vasoactive agents
other than NO, such as cyclo-oxygenase (COX) products,
whose inhibition significantly reduces vasodilation[108,124].

B

4, 29, 11

FINAL REMARKS
C

As mentioned above, sensory and motor stimulation
evokes activation in various areas of the CC[94]. Two main
observations have emerged from this brief review: the
first is that activation foci have rarely been detected in the
middle-anterior area; the second is that foci have been
elicited in the posterior CC, i.e., the splenium, by different
sensory stimuli.
Functional activation in the middle-anterior area has
sometimes been described in conditions where subjects performed interhemispheric transfer tasks involving crossed and uncrossed conditions[85-87,125,126], which
entailed a choice underpinned by a mental operation.
Anterior callosal activation has been interpreted as the
transfer of a premotor program leading to motor output.
Results of recent behavioral and functional research suggest that activation of the anterior midbody is actually
involved in the integration of cortical areas recruited in
abstract mental operations. Miller et al[127] found that callosotomy patients subjected to resection of the anterior
CC were unable to provide moral judgments based on
a hypothetical situation; when the same patients were
shown a gesture performed by a model standing in front
of them and were asked to imitate it, they were unable to
do so using an anatomical perspective[128]. When during
an fMRI session healthy subjects were asked to imitate
mentally a series of intransitive gestures with the limb
used by the model in performing them, callosal activation
was detected in the anterior midbody[129]. Altogether these
data suggest that the anterior callosal midbody is involved
in mental operations enabling individuals to relate themselves to other subjects, thus also allowing social interaction. The hypothesis is supported by microstructural DTI
data showing that this regions has a reduced FA value
in autistic and psychotic patients, indicating an impaired
connectivity that in these patients is paralleled by poor or
absent social competences.
As mentioned above, activation foci in the posterior
region of the CC, the splenium, have sometimes been
elicited in some controls and patients by taste and by
touch stimulation to the hand, in addition to the specific
foci seen in all subjects at more anterior sites. Since these
foci do not seem to be accidental, they are likely evoked
by peripheral stimulation. The foci elicited by gustatory
and touch stimuli to the hand in the splenium might
reflect higher-order association area activation: e.g., posterior parietal cortex (touch); temporal cortex (taste and
touch), since these cortical regions are interconnected by
nerve fibers that cross the splenium[10,11]. Activation of
the splenium may explain the good performance in the
transfer of touch information obtained by partial callosotomy patients, in whom only this callosal region is
extant[31,42,130-134]. Other findings from neuropsychological
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Figure 2 Blood-oxygen-level dependent effect within the corpus callosum
and interhemispheric fibers. Blood-oxygen-level dependent effect evoked
in the CC by different kind of peripheral sensory stimulation (left) and CC sites
where fibers interconnecting the cortical areas activated cross the CC (right).
A and B: Focus evoked by olfactory stimulation and callosal fibers connecting
primary olfactory cortices, respectively; C and D: The same for gustatory stimuli
and areas; E and F: Motor task and motor cortex; G and H: Hand tactile stimulus and somatosensory cortex; I and L: Auditory stimuli and cortex; M and N:
Visual stimuli and cortex. Authors’ original data. CC: Corpus callosum.

rovascular coupling[112] in the CC cannot be ruled out.
Current findings show that glial cells lack NO-producing
enzymes[3]; therefore Glu released from callosal axons
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Figure 3 Callosal activation and callosal fibers topography. A: Summary diagram showing the distribution of the callosal foci evoked by different stimuli in control
subjects. Each dot represents the “mean” value of the y and z Talairach coordinates (reported on the respective Cartesian axes) of the foci evoked by different stimuli.
Yellow: Foci by gustatory stimuli; violet: Olfactory stimuli; green: Hand motor tasks; red: Tactile stimuli; black: Auditory stimuli; blue: Visual stimuli. See the text for a
detailed description; B: Shows the crossing sites of interhemispheric fibers interconnecting the sensory and motor cortical areas activated by the specific peripheral
stimuli. Vertical gray lines mark the seven CC regions according to Witelson[8].

investigations of callosotomy patients[134,135] point to a
role for the splenium in transferring taste information.
The recruitment of the splenium in the transfer of information other than visual information could be related to
the large role of the visual representation of the external
environment characteristic of humans, where different
sensory experiences tend to be associated with a visual
component. Its flexibility sets the splenium apart from
more anterior callosal regions, and parallels other differences stemming from the development[14], fiber composition[12] and chemical specificity of this region[136]. These
morpho-functional observations are also in line with the
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fact that patients where this part of the CC is extant do
not exhibit disconnection syndromes[19,28], and also suggest that the splenium might subserve most of the interhemispheric connectivity and the plasticity required for
functional recovery after callosotomy or other insults.
The next step in this line of research should be the
direct demonstration that functionally activated regions
displaying a BOLD response correspond with the site
where interhemispheric fibers interconnecting sensory or
motor cortical areas involved in processing the peripheral
stimuli applied cross through the commissure.
Another important issue to be addressed with the
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newer techniques, like diffusion fMRI[137], is whether the
anterior and posterior portions of the CC have different
roles.

6

CONCLUSION
This review provides a brief outline of key notions and
examines recent DTI studies of the topographic organization of the CC in healthy subjects and in patients
with different extents of callosal resection examined
by fMRI during administration of peripheral sensory
stimuli. These studies have documented a BOLD response in various portions of the commissure; they have
demonstrated that it can be induced by peripheral stimuli
and motor tasks; and have shown CC activation foci are
found at discrete sites in relation to the sensory stimulation applied and the motor tasks performed. The resulting functional topographic map agrees with earlier findings. Additional fMRI and DTI data are clearly needed if
we are to gain further insights into the callosal activation
map and establish or rule out that functionally activated
CC areas displaying a BOLD response correspond with
sites where callosal fibers, interconnecting sensory or motor cortical areas involved in processing specific stimuli,
cross through the commissure. The organization of the
callosal fibers relaying information regarding different
sub-modalities or areas of the sensory periphery also deserves further investigation.
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Abstract
Functional magnetic resonance imaging (fMRI) is one
of the leading brain mapping technologies for studying
brain activity in response to mental stimuli. For neuroimaging studies utilizing this pioneering technology,
there is a great demand of high-quality experimental
designs that help to collect informative data to make
precise and valid inference about brain functions. This
paper provides a survey on recent developments in
experimental designs for fMRI studies. We briefly introduce some analytical and computational tools for
obtaining good designs based on a specified design
selection criterion. Research results about some commonly considered designs such as blocked designs, and
m-sequences are also discussed. Moreover, we present
a recently proposed new type of fMRI designs that can
be constructed using a certain type of Hadamard matrices. Under certain assumptions, these designs can be
shown to be statistically optimal. Some future research
directions in design of fMRI experiments are also discussed.

WCR|www.wjgnet.com

INTRODUCTION
Recent years have seen an upsurge of functional brain
imaging experiments for a better understanding of how
humans learn, remember and make decisions. Such experiments are also widely conducted by researchers to
help provide paths to treat/prevent some terrifying brain
disorders such as Alzheimer’s disease, and are thus very
valuable. As in many scientific investigations, designing
a high-quality experiment is an important first step for
successful functional brain imaging studies. A carefully
designed experiment allows experimenters to collect
informative data to make precise inference on the goals/
hypotheses at minimal cost. On the other extreme, data
collected from a poorly designed experiment may fail to
provide valid answers to the research questions of interest, resulting in a waste of resource. The importance of
the use of a carefully selected experimental design (or
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data collection plan) cannot be overemphasized.
This paper provides a survey on some recent developments in experimental designs for functional magnetic
resonance imaging (fMRI) experiments. Functional MRI
is one of the most common functional brain mapping
technologies. This pioneering, noninvasive technology
helps to study experimental subjects’ brain activity when
they are cognitively engaging with mental stimuli such
as viewing pictures, tapping fingers, solving problems,
recalling events, or making decisions. It is used in various research areas including psychology, economics, and
cognitive neuroscience[1], and has great clinical potentials
as highlighted in a special issue on clinical applications of
fMRI in Neuropsychology Review, Vol. 7, No. 2, 2007.
However, fMRI experiments are usually expensive, and
the collected data is notoriously noisy, making it difficult
to draw precise statistical inference on brain functions.
We thus would like a high-quality experimental design to
help us make the best use of the limited resources to collect informative fMRI data.
An fMRI design is a sequence of mental stimuli to be
presented to an experimental subject in an fMRI experiment. While the subject is performing the tasks determined by the selected stimulus sequence, an MRI scanner
repeatedly scans his/her brain to acquire fMRI data for
making statistical inference about the brain activity. The
quality of the collected data depends on the selected design. However, due to the complexity of fMRI, obtaining
the “best” fMRI design suited to the goal(s) of the experiment is a challenging task. We usually need to consider
not only the statistical efficiency in achieving one or more
(competing) study objectives, but also some unwanted
psychological effects that can contaminate the data. In
addition, we may want the obtained design to fulfill some
practical constraints. The large diversity of the fMRI experimental settings and protocols also contributes to the
difficulty of design selection. In almost all cases, we deal
with a very challenging combinatorial problem.
There are some advances in the selection of fMRI
designs, but much more work is needed to move this new
emerging research area forward. The purpose of this article is to provide a brief overview of stochastic and deterministic computational tools for designing efficient fMRI
studies as well as recent insights obtained for such studies
using analytical methods. We begin in the next section
with background information on fMRI studies, and introduce terminology and notation used in this article. We
then present the general linear models widely used for the
design and analysis of fMRI studies and popular design
criteria in this area. Some recently obtained results and
guidelines for selecting fMRI designs are discussed. We
close the article with a summary and discussion.

periods of rest or, say, visual fixation is presented to each
experimental subject. These stimuli give rise to neuronal
activity at some brain regions that triggers an increased
inflow of oxygenated blood, leading to a decrease in the
concentration of deoxygenated blood. This change in the
ratio of oxy- to deoxy-blood can influence the strength
of the magnetic field, and results in a rise and fall in the
intensity of signals collected by the MRI scanner. Specifically, the MRI scanner collects MRI measurements by
repeatedly scanning each of the, say, 64 × 64 × 30 brain
voxels, which are volumetric image elements that cover
(part of) the subject’s brain. Some voxels may fall outside
the brain; see also Subsection 2.1.1 of Lazar[2]. At each
voxel, MRI measurements are collected every τTR (e.g., 2)
seconds to form a blood oxygenation level dependent
fMRI time series. The pre-specified time τTR is called the
time to repetition. These time series serve as surrogate
measurements of the underlying neuronal activity, and
are analyzed to make inference about how the brain reacts to the stimuli; see also Lazar[2].
The inference on brain activity is mainly based on
some characteristics of the hemodynamic impulse response function (HRF). The HRF is a function of time
describing the rise and fall of the noise-free MRI measurements following a brief neuronal firing that occurs
at a voxel. Previous studies suggest that the HRF may
increase from baseline in about two seconds after the
onset of a brief stimulus, reach the peak in five to eight
seconds, and possibly fall down below baseline before
its complete return to baseline[1,3]. This process may
take about 30 s, counting from the onset of the brief
stimulus to the HRF’s complete return to baseline. If
there are other neuronal firings (e.g., due to the onset of
other stimuli) before the cessation of the previous HRF,
the evoked HRFs overlap and their heights accumulate.
Since fMRI time series is typically very noisy, identifying
the characteristics of the HRF by visual inspections is
difficult, if not impossible. Statistical methods are thus
needed to help extract useful information from the data.
As an integral part of the statistical process, we would
like to select a “good” fMRI design that helps to make
valid inference.
An fMRI design is a sequence of mental stimuli of
one or more types. When the sequence is presented to an
experimental subject, each stimulus may last as brief as
several milliseconds or as long as, say, a minute. Stimuli
with extended presentation duration, e.g., 10-60 s, are
used in traditional blocked designs, which are also termed
as boxcar designs. In such a design, the stimulus of the
same type can appear at multiple time points during the
experiment, but each long stimulus is immediately followed by a long stimulus of another type or by a period
of control (e.g., rest). It also is not uncommon to replace
each long stimulus by a short sequence of separate but
brief stimuli of the the same type. The resulting designs are still called blocked designs. For experiments
with Q stimulus types, a typical blocked design may be
the repetitions of {A1A2…AQA0}, where, for q =1, ...,

BACKGROUND
Terminology and notation
In a typical fMRI experiment, a sequence of mental stimuli (e.g., pictures) of one or more types interlaced with
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allowing for a trend or drift of y(t); and (3) noise[7,8]. We
consider the foxllowing continuous-time model:
y (t) = ∑Qq =1 ∫t0 cq (t-τ)hq (τ; bq)dτ + s(t; g) + e(t)
(1)
where xq(t) is the stimulus function for the stimuli of
the qth type, hq(τ; βq) is the HRF evoked by the qth-type
stimulus, βq is an unknown parameter vector, q = 1, ..., Q,
s(t; g) is a nuisance term approximating the drift/trend
of the time series, g is the corresponding unknown parameter vector, and e(t) is noise. The stimulus function
xq(t) indicates the appearances of the qth-type stimuli, and
may be a sum of boxcar functions or a sum of (shifted)
Dirac delta functions; see also Henson and Friston[9].
Boxcar functions are often employed in experiments
with blocked designs. In this case, xq(t) takes a positive
value during the “on-periods” of the qth-type stimulus of
a block design, and is 0, otherwise. The resulting model
is sometimes referred to as the epoch model[10]. In an
event-related model, the xq(t) is a sum of (shifted) Dirac
delta functions that indicates the onset times of the brief
stimuli of the qth type.
The most commonly used fMRI data analysis method
is probably the general linear model approach[1]. Partly
due to this popularity, existing studies on fMRI designs
mainly focus on linear models such as models (2) and (3)
that are extensions of (1), and are linear in the parameters βq’s and γ. In the fMRI literature[11,12], dual models
are commonly considered for two popular study objectives, namely the detection of brain activations (or detection) and the estimation of the HRF (or estimation). The
main difference between the two models is that they used
different sets of basis functions to describe hq(τ; βq) of
model (1); see also Friston et al[4].
For detection, the HRF hq(τ; βq) is typically approximated by θqh*(τ), where h*(τ) is an assumed shape of the
HRF, and θq is the unknown amplitude (or maximum
height) of the HRF. Thus, βq contains only one parameter θq that signals the strength of brain activation due to
the qth-type stimulus. Since the MRI measurements y(t)
is collected every τTR seconds, we consider the following
discrete-time model:
y = ∑Qq =1 zqθq + Sg + e.
(2)
Here, y=(y1, ...., yT)’ with yt = y((t-1)τTR). The vector
zq is obtained by subsampling the convolution of xq(t)
and h*(τ) with a sampling rate of τTR seconds. Sγ corresponds to s(t; γ) of (1) with S being a specified matrix.
For example, the tth element of Sγ might be γ0+γ1t+γ2t2.
The vector e in model (2) represents the noise. The focus of model (2) is typically on C1θ for a given matrix C1
whose rows contain coefficients of linear combinations
of θ1,…, θQ; here, θ = (θ1,…, θQ)’. When C1= IQ is the
identity matrix of order Q, the focus is on the strength
of brain activation due to each stimulus type. It is also
common to study (θp - θq) for p ≠ q. In such a case, the
rows of C1 contain the coefficients of the pairwise comparisons between the HRF amplitudes.
The estimation of the HRF is a study objective that
has gained much popularity with the advent of ER-fMRI.

Q, Aq represents a presentation of a long stimulus (or
a sequence of brief stimuli) of the qth type, and A0 is a
period of control. At a brain voxel responding to the qthtype stimulus, neuronal firings can be expected throughout the time span of each “on-period” Aq. This leads to
an accumulation of overlapping HRFs. With a long onperiod of the stimulus, the MRI signal intensity increases
to a high level, and may reach a plateau before dropping
down to baseline following the cessation of the stimulus.
The large contrast between the elevated signal intensity
and baseline facilitates the detection of brain voxels (or
regions) that respond to the stimulus. Blocked designs are
thus often recommended for detecting brain voxels that
are activated by the stimuli; see the Results on Design Selection section for a further discussion.
Moving away from blocked designs, some studies
showed that an individual stimulus that is as brief as several tens of milliseconds can evoke a detectable change in
the MRI measurements; see Rosen et al[3] and references
therein. In addition, the heights of overlapping HRFs
following multiple brief stimuli tend to be (roughly) additive when the time between stimulus onsets is not overly
short (e.g., at least 2 s); see also Friston et al[4]. These observations make it possible to consider event-related (ER-)
fMRI designs that consist of brief stimuli whose order
may be randomized. An ER-fMRI design of Q stimulus
types is often written as a finite sequence of elements 0,
1, ..., Q, and may look like d = (1012021…1). A positive
integer q in d represents an onset of a qth-type stimulus,
and 0 means no stimulus onset. Specifically, when the ith
element of d is di = q (> 0), a qth-type stimulus appears
briefly at time (i-1)τISI for a pre-determined τISI; time 0
may be synchronized to the first valid MRI scan. For example, when d3 = 1 and τISI = 4 s, a stimulus of the first
type (e.g., a picture of a familiar face) will occur briefly at
the (3-1)τISI = 8th second after the first valid MRI scan.
With d4 = 2, a stimulus of the second type (e.g., a picture
of an unfamiliar face) will appear at the 12th second after
the first valid MRI scan. When di = 0, there is no stimulus
onset at time (i-1)τISI. With these 0’s in the design, time between stimulus onsets may be “jittered”[5], and thus, may
not be fixed to τISI. Typically, the control (e.g., a visual
fixation or rest period) fills in the time between the offset of a brief stimulus to the onset of the next stimulus.
Due to its flexibility, ER-fMRI designs have gained much
popularity[6]. However, a typical design can easily contain
tens or hundreds of elements, making it very challenging
for selecting good designs. In this paper, we discuss some
recently developed approaches for finding high-quality
fMRI designs, including both blocked and ER-fMRI
designs. Most of these approaches are built upon the
popular general linear model framework. This framework
is described below.
The general linear model framework
The fMRI time series, {y(t): t ≥ 0}, of a brain voxel is
typically modeled as the sum of (1) the convolution of
the stimulus function and the HRF, (2) a nuisance term
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A widely used model for this objective is:
y = ∑Qq =1 Xqhq + Sg + e.
(3)
Here, hq = (h1q, ..., hKq)’ is an unknown parameter
vector representing the heights of the HRF that contribute to y. Specifically, hkq= hq((k-1) ∆T; βq) is the HRF
height at (k-1)∆T seconds after the onset of a qth-type
stimulus, where ∆T is the greatest real value making
(τISI/∆T) and (τTR/∆T) integers; k=1, ...,K. The value of
K is selected so that hq((k-1) ∆T; βq) becomes negligible
when τ > (K-1)∆T. For a commonly considered 32-second HRF, K = [32/∆T] with [a] being the integer part
of a. The consideration of hq is equivalent to modeling
hq((k-1) ∆T; βq) of (1) by a linear combination of K
shifted Kronecker delta functions; i.e., hq((k-1) ∆T; βq)
= ∑Kk = 1 hkqδk(τ), where δk(τ) = 1 when τ = (k-1)∆T,
and δk(τ) = 0, otherwise; βq thus contain all the K coefficients (HRF heights) h1q, ..., hKq. Xq = [x1q, ..., xKq] in
model (3) is the 0-1 design matrix of size T-by-K for the
qth-type stimuli. The tth element of xkq is 1 when hkq contributes to yt. The remaining terms in (3) are as in (2). In
contrast to model (2) for detection, model (3) does not
assume a known shape for the HRF. The goal is to estimate all the unknown HRF heights hkq or to study some
linear combinations C2h of these heights with h = (h1’,
..., hQ’)’ and a given linear combination coefficient matrix
C2.

{C2[M2(d)]-C’2}’
(5)
where r2 is the number of rows of C2, X=[X1, ..., XQ] is
the design matrix depending on the selected design d,
M2(d) is the information matrix for h, and all the remaining terms are as in (4).
The D-optimality criterion seeks to minimize the
volume of the (asymptotic) confidence ellipsoid of C2h.
For the detection of brain activation with model (2) and
the estimation of the HRF with model (3), D-optimal designs are found by maximizing the following two criteria,
respectively:
D
’ -1/r1
(6)
j q (d) = det{C1[M1(d)]-C 1}
D
’ -1/r2
(7)
j h (d) = det{C2[M2(d)]-C 2}
All the terms in (6) and (7) are as in (4) and (5), respectively. For the D-optimality criteria, the coefficient
matrices C1 and C2 are required to be full row rank. The
selection between the A- and D-optimality criteria depends on the need and preference of the experimenter.
As indicated in Maus et al[14], while early works on fMRI
designs mainly focused on the A-optimality criterion,
there is no obvious reason to generally prefer one criterion over the other. In the subsequent sections, we discuss
some results on fMRI design selection. Most of these
results are based on the A- or D-optimality criterion.

Design selection criteria
With models (2) and (3) respectively for detection and
estimation, the main design goal is to select an fMRI
design that yields the most precise parameter estimates
of the parametric functions of interest. Some statistically meaningful optimality criteria have been proposed
for evaluating the goodness of competing designs. Two
popular criteria in the fMRI literature are A- and D-optimality criteria. For detection problems with model (2),
the A-optimality criterion can be defined as the following
‘larger-the better’ criterion:
A
’
j q (d) = r1/trace {C1[Z’V’(IT-ω{VS}VZ)]-C 1 } = r1/trace
’
{C1[M1(d)]-C 1}’
(4)
Here, r1 is the number of rows of C1, and Z = [z1, ...,
zQ]. V is a whitening matrix such that cov(Ve) = σ2 VRV’
= σ2IT, where σ2 is the error variance, and R = corr(e)
is the correlation matrix of errors. The matrix ω{A} =
A (A'A)-A’ is the orthogonal projection matrix onto the
column space of A. A- is a generalized inverse of A, and
M1(d) = Z’V’(IT - ω{VS}VZ is the information matrix of
θ. We note that V may be obtained by, e.g., the Cholesky
decomposition of R-1, and, depending on the assumptions made at the design stage, it may or may not contain
unknown parameters; see also the Results on Design Selection section and Maus et al[13]. The criterion in (4) depends on the selected design d through the design matrix
Z, and is inversely proportional to the average variance
of the least-squares estimates of the parametric functions
defined by C1θ. For estimating the HRF with model (3),
the A-optimality criterion can be written as:
A
’
j h (d) = r2/trace {C2[X’V’(IT-ω{VS}VX)]-C 2 } = r2/trace

Blocked designs for detecting brain activations
There is some guidance on selecting blocked designs for
detecting brain activations in the literature. For example,
Henson[15] advocated the use of blocked designs having
a 15-s-on-15-s-off pattern. For such a blocked design
formed by {A1A2…AQA0}, the duration of each Aq is
fixed to 15 s. This suggestion is based on the Fourier
transformations of the convolution in (1) by assuming
that the HRF has the form of the double-gamma function:
g*(τ) = τse-τ/S! - 1/6 × τ1se-τ/1S!
(8)
The double-gamma function is widely used as the
HRF shape, and is built in a software package, called
SPM (http://www.fil.ion.ucl.ac.uk/spm/), for fMRI data
analysis. In the frequency domain, this HRF acts as a
low-pass filter that `passes’ low-frequency signals and reduces the amplitude of high-frequency signals. As demonstrated in Henson[15], after the Fourier transformation,
a large proportion of the signal energy of a 15-s-on15-s-off blocked design is retained by the selected HRF
shape. In addition, the use of an on-period Aq that is
longer than 50 seconds is not recommended. This is because the signal energy of the resulting blocked designs
may be lost after accounting for the low-frequency nuisance signals such as heartbeats or respirations which is
modeled by s(t; γ) in (1).
Setting the block length (or duration of Aq) to 15 s
may not be optimal for an HRF shape that is different
from (8). For example, Liu et al[16] considered cases with
one stimulus type (Q = 1), and evaluated the performance of designs with the A-optimality criterion. They
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putational tools. In what follows, we first describe some
guidelines for selecting ER-fMRI designs for estimating
the HRF. We then discuss computer algorithms for obtaining good fMRI designs.

observed that the blocked design with a block length of
64 s tends to have a high statistical efficiency in detection
when a single gamma density function is used to model
the HRF shape. This latter HRF shape is also not uncommon, especially for cases where the HRF does not fall
below baseline when returning from its peak. In addition,
Liu et al[16] suggested that the selection of block length
also depends on s(t; γ). In particular, they demonstrated
that the blocked design with a 64-s block length can yield
a smaller jAq-value than designs with a shorter (e.g., 32 s)
blocked length when the statistical model also allows for
a second- or third-order Legendre polynomial drift.
To provide additional information on design selection, Maus et al[14] studied blocked designs of two stimulus
types (Q = 2) with selected block lengths (10, 15, 20, 30
or 60 s), and patterns (repetitions of {A1A2 }, {A1A2A0},
or {A1A0A2A0}). Each block Aq is formed by a sequence
of 1-second stimuli of the qth type; q = 1, 2, and the time
between the onsets of consecutive stimuli in the same
block is τISI = 1, 2, or 3 s. They compare the statistical efficiencies of these blocked designs in detecting brain activations via model (2). In their model, the nuisance term
Sγ corresponds to a linear trend, and the HRF shape used
to construct zq is set to the double-gamma function of
(8). The errors are assumed to have one of the three possible structures, including uncorrelated errors, first order
autoregressive (AR1) process, and an AR1 process plus a
measurement error (AR1+ME).
Considering both jAq (d) and jDθ (d), Maus et al[14] suggested to keep τISI as short as possible. In addition, they
recommended to use the design pattern {A1A2A0} for
studying the HRF amplitudes θ1 and θ2. When the focus
is on comparing the amplitudes (i.e., θ1 - θ2), blocked designs formed by {A1A2} are recommended. The results
of Maus et al[14] also indicate that the selection of block
length may hinge on the assumed error correlation. When
the focus is on θq’s, a block length of 15 s is recommended for both uncorrelated and AR1 errors. As for AR1 +
ME errors, a block length of 10 s is the best among the
selected blocked lengths. For studying the contrast between the HRF amplitudes, the suggested block lengths
are 20 s and 15 s for uncorrelated errors and correlated
errors (AR1 or AR1 + ME), respectively.
These previous studies provide some guidelines on
selecting blocked designs for detecting brain activations.
It can also be seen that the selection of blocked designs
depend on a few factors. These factors include the parametric function C1θ of interest, the selected HRF shape,
the model for capturing the drift/trend of the fMRI
time series, and the error correlation structure. For cases
that are not covered by these guidelines, we may obtain a
good design for detection by using a computer algorithm.
Some algorithms have already been proposed in the fMRI
literature. Most of these computational approaches can
be employed for cases considering the detection of brain
activations, the estimation of the HRF, or when both
detection and estimation are of interest. Some practical
constraints may also be imposed when using these com-
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ER-fMRI designs for estimating the HRF
The estimation of the HRF helps to make inference
about some characteristics of the underlying neuronal
activity as also described in Lindquist et al[17]. For this
objective, model (3) may be considered, and the goal
is to obtain a design yielding the most precise parameter estimates of C2h for a given C2. By considering the
A-optimality criterion of (5), Dale[18] suggested to allow
for variable time intervals between onsets of consecutive
stimuli, and the average of these time intervals should
be kept small. This suggestion can also be applied to the
D-optimality criterion of (7). However, one should take
caution that if the time between stimulus onsets is overly
short (e.g., < 2 s), the accumulated heights of the overlapping HRFs may saturate at a certain level. Consequently,
the assumption of the additivity of the HRF heights can
be violated. For such a case, the nonadditive HRF heights
should be taken into account when evaluating the goodness of designs; see also, Wager et al[19] and Wager et al[20].
However, current methods for accounting for the nonadditive HRF heights tend to be ad hoc, and additional
investigations are needed.
While rendering useful information, Dale [18] did
not provide a systematic way for design construction.
Buračas and Boynton[21] worked on the same design issue, and advocated the use of maximum length shiftregister sequences (or m-sequences). Such a design can
be generated by a primitive polynomial over a Galois
field GF(Q+1) consisting of Q+1 elements, where Q+1
is a prime power. To construct an m-sequence, one may
select a primitive polynomial f(x) = xr - ∑ri = 1 aixr-i from,
e.g., Table 3.5, 3.6 or 3.7 of Golomb and Gong[22]. The
m-sequence d = (d1, ..., dN) is then determined by the relation, dn + r = ∑ri = 1 aidn + r - j (mod Q+1) with a nonzero
initial r-tuple (d1, ..., dr); see also Lidl and Niederreiter[23],
and MacWilliams and Sloane[24]. Such a design can also be
obtained via an MATLAB program developed by Liu[11].
For an m-sequence of length N = (Q+1)r - 1, every nonzero r-tuple appears exactly once in the set {(d1, ..., dr), (d2,
..., dr+1), ..., (dN,d1 ..., dr-1)}.
Buračas et al[21] and Liu[11] reported the high performance of m-sequences in terms of the jAh-value when C2
= IQK is the QK-by-QK identity matrix. However, when
Q > 1, the frequency of the appearance of each stimulus
type of an m-sequence can be different from the optimal stimulus frequency approximated by Liu et al[12] for
A-optimality. In particular, Liu and Frank[12] indicated that
the optimal stimulus frequency of an A-optimal design
for estimating the HRF h is about 1/(Q + √Q) for each
of the Q stimulus types. The optimal number of 0 is thus
approximately N/(1 + √Q). Since the stimulus frequency
of m-sequences is about 1/(Q+1), these designs may not
be A-optimal; see also Kao et al[25]. For jDh with C2 = IQK,
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the optimal stimulus frequency approximated by Maus
et al[13] is 1/(Q+1), and is close to that of m-sequences.
Maus et al[13] thus suggested that the optimality of m-sequences may depend on the selected criterion.
However, attaining the (approximated) optimal stimulus frequency does not guarantee an optimal design. To
derive additional insightful results, Kao[26] also studied
model (3) with the following assumption: Assumption 1.
(a) The number of MRI scans T equals the length N of
the design d and τTR = τISI; (b) S = jT is the T-by-1 vector
of ones, and cov(e) proportional IT; and (c) the last K 1 elements of design d are also presented to the subject
before the first valid MRI scan.
Assumptions 1(a) and 1(c) are mild, and can often
be controlled by the experimenters. Assumption 1(b) is
mainly for mathematical simplicity, and is also considered
in some previous studies such as Liu et al[16] and Maus et
al[27]. Following an argument in Kushner[28], for the results
to be discussed in the remaining of this subsection, Assumption 1(b) can be relaxed to include cases with cov(e)
= αIT + λjT’ + jTλ', where α is a constant and λ is a vector of constants. The results thus hold for a compound
symmetric covariance matrix with cov(e) = αIT + λJT,
where λ is a constant, and JT is the T-by-T matrix of ones.
For estimating the K-by-1 HRF parameter vector h1 with
one stimulus type (Q = 1), Kao[26] showed that a design
of length N having n1 = N/2 and nr(11) = (n1)2/N for all
r = 1, ..., K - 1 is universally optimal. Here, nq is the frequency of the qth-type stimuli in the design d, and nr(pq) is
the number of times (dn-r, dn) = (q,p) for n = 1, ..., N; dn-r
= dN+n-r when n ≤ r. We also note that an universally optimal design can be shown to be optimal in a large class
of optimality criteria, including A- and D-optimality[29].
For Q > 1, a similar sufficient condition for an ER-fMRI
design to be D-optimal can also be found in Kao[26]. In
particular, if all the symbols 0, 1, ..., Q appear equally often in a design d of length N, and that nr(pq) = npnq/N for
all p, q = 1, ..., Q and r = 1, ..., K - 1, then the design d
maximizes jDh of (7) under Assumption 1 and C2 = IQK.
As described in Kao[26], designs satisfying the previously mentioned sufficient conditions can be constructed
by inserting an additional 0 to any (K - 1)-tuple of zeros
in an m-sequence of length (Q+1)K - 1. The resulting design is a de Bruijn sequence[22,30]. Aguirre et al[30] proposed
to use de Bruijn sequences for estimating the HRF. The
results of Kao[26] help to establish the optimality of such
designs.
Clearly, m-sequences do not satisfy the sufficient conditions provided by Kao[26]. Additional results are thus
needed for establishing the optimality of these popular
designs. Kao[31] worked on this direction, and proved that
a binary m-sequence of length N ≥ 2K - 3 is D-optimal
for estimating the HRF h1 under Assumption 1 with Q =
1. He also proposed a new type of ER-fMRI designs for
estimating the HRF. This new type of designs, which are
termed as Hadamard sequences, can be constructed by a
normalized Hadamard matrix, H, having a circulant core.
Specifically, the elements of the first row and column of
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H are 1 and all the other entries are +1 or -1 with HH’
proportional I. After deleting the first row and column
of H, we have a circulant matrix called the circulant
core. As described in Kao[31], a D-optimal design can be
achieved by replacing +1 and -1 in any column of the
circulant core by 0 and 1, respectively. It is noteworthy
that binary m-sequences can also be generated using this
same method and are thus special cases of Hadamard
sequences. Nevertheless, Hadamard sequences exist in
many different lengths for which a binary m-sequence is
unavailable. These newly proposed designs are thus much
more flexible than m-sequences and the previously mentioned de Bruijn sequences in terms of design length.
Kao[31] also conducted some case studies on the performance of Hadamard sequences when Assumptions
1(b) and 1(c) are violated. Based on empirical results,
Hadamard sequences tend to remain efficient when the
nuisance term Sγ in model (3) corresponds to a secondorder polynomial drift, the noise follows an AR1 process,
and/or no stimulus is presented before the first valid
MRI scan. This result is especially true when the autocorrelation coefficient of the AR1 noise is not as high as ρ
= 0.5 or when the design is not too short (e.g., N < 100).
We also note that a violation of Assumption 1(a) can
have a great impact on the performance of Hadamard
sequences. For cases with τTR ≠ τISI, we may consider
efficient computational methods for obtaining good designs. Some computational approaches are introduced in
the next subsection. These approaches are also applicable
when both estimation and detection are of interest.
Computational tools for obtaining fMRI designs
In the fMRI literature, some computer algorithms are
proposed for finding an ER-fMRI design of the form
d = (d1, ..., dN) with dn belong to {0, 1, ..., Q} that optimizes a specific single- or multi-objective optimality
criterion. To efficiently search over the enormous space
of ER-fMRI designs for good designs, Wager and Nichols[19] advocated the use of the genetic algorithm (GA)
technique. Due to their versatility, GAs can accommodate
various experimental settings to find designs suited to
individual fMRI experiments. Following Wager and Nichols[19], Kao et al[25] put forward an efficient GA that takes
advantage of knowledge on the performance of some
ER-fMRI designs to improve the efficiency of the GA
search. Some well-known designs such as m-sequences,
blocked designs, and their combinations are employed in
the algorithm of Kao et al[25] to increase the diversity of
the designs being explored, and to maintain a supply of
good traits (or building blocks) that help to form good
designs during the GA search. As demonstrated in Kao et
al[25], this strategy is very effective.
With the previously mentioned GAs, one can find
a (near-)optimal design for user-specified number of
stimulus types Q, design length N, τISI, τTR, and model
assumptions, including the model for drift/trend of the
time series, error correlation structure, and, if model (2)
is considered, the HRF shape. Depending on the study
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function. We note that the function g*(τ) in (8) is a special
case of (10) with u = (6, 0)’. Specifically, the HRF shape
h*(τ) in model (2) depends on g*(τ), and is fixed. By contrast, the HRF shape in model (9) is determined by g(τ; u),
and involves unknown parameters to be estimated from
the data. The latter model is thus more flexible.
When making inference about θq for detecting brain
activations, model (9) allows for an uncertain HRF shape.
However, obtaining a good design for such a flexible
model is quite challenging. Again, we would like a design
optimizing some function (e.g., the A- or D-optimality
criterion) of the information matrix of θ. For model
(9), this information matrix, denoted by M(d; θ, u), can
be approximated by first-order Taylor approximation.
In contrast to M1(d) and M2(d) in (4)-(7), M(d; θ, u) depends not only on the design d, but also on the unknown
model parameters θ and u; see Kao[39] and Kao et al[36] for
details. By treating θ and u as random variables, and assuming the availability of a (prior) distribution of θ and
u, Kao[39] targeted a (pseudo-)Bayesian design that maximizes E{φ(M(d; θ, u))} for a larger-the-better criterion
φ, where the expectation E{.} is taken over the (prior)
distribution of the parameters.
When a prior distribution of the parameters is unavailable, it is common to consider to maximize the minimum of φ(M(d; θ, u)), where the minimum is taken over
the possible values of θ and u. It also is popular to maximize the the minimum of the relative efficiency, which is
defined as
min (θ ∈ u, u ∈ U) {φ[M(d; θ, u)]/φ[M(d*θ,u; θ, u)]}
Here, Θ and U contain the possible values for θ and
u, respectively; and d*θ, u is a locally optimal design that
maximizes φ (M(d; θ, u)) for given θ and u. Designs
maximizing the former criterion are termed as maximin
designs, whereas those optimizing the latter criterion are
maximin-efficient designs. Both criteria are popular in
the literature; see also Kao et al[36] and references therein.
However, obtaining maximin-type designs is computationally very expensive. Kao et al[36] proposed an efficient
shortcut. Building on some analytical results, they showed
that the size of the parameter space of Θ can be greatly
reduced when obtaining maximin-type designs. Specifically, when Q=1, we may find a very efficient maximin (or
maximin-efficient) design by focusing on θ1 = 1 (or θ1
belong to {0,1}). For Q > 1, instead of setting Θ to the
entire Q-dimensional space, we may focus on a subspace
consisting of (1/Q!) of the surface of the Q-dimensional
unit hemisphere centered at the origin when obtaining
a maximin design; the origin needs to be included in
the subspace for finding a maximin-efficient design. To
further reduce computing time, Kao et al[36] focused on
a restricted class, Ξ0, of designs when using a search algorithm to find maximin-type designs. Specifically, each
design of length N in Ξ0 is formed by a short design of
length [N/Q], where [a] is the smallest integer greater
than or equal to a. For any short design, a full-length design is constructed by cyclically permuting the labels of
the Q stimulus types with 0's staying intact, and then leav-

objective(s), the optimality criterion for evaluating the
quality of designs may be jAq , jAh , jDq , jDh or a weighted
sum of some of these criteria; weights are user-selected
to reflect the relative importance of detection and estimation. In a weighted sum criterion, one may also include
other individual criteria to account for quantifiable constraints/requirements of the study. For example, Wager
et al[19] included a counterbalancing criterion for avoiding
psychological confounds such as anticipation and habituation. By optimizing this criterion, the order of the stimuli in the resulting design cannot be easily predicted by
the experimental subject. Moreover, we may include an
additional individual criterion to measure the departure
from a target frequency of appearances of each stimulus
type; see also, Kao et al[25]. Such a customized requirement
on the stimulus frequency may help to increase the subject’s engagement in the presented mental tasks[32].
The GA of Kao et al[25] has been applied for studying
several fMRI design issues. For example, this algorithm
was used to obtain designs for cases where both individual stimulus effects (h and θ) and pairwise comparisons
(hp - hq and θp - θq for p ≠ q) are of interest. Maus et al[13]
used the GA to work on cases where the autocorrelation
coefficient ρ of the AR1 noise is uncertain. The GA is
also adapted in Kao et al[33,34] for finding designs suited to
experiments with multiple scanning sessions.
In addition, Maus et al[35] and Kao et al[36] utilized the
GA to tackle the design problem concerning an uncertain
HRF shape. The need for considering the uncertainty
of the HRF shape is manifested in some previous studies[37,38]. These studies pointed out that the HRF shape
may vary across brain voxels, and that specifying a wrong
HRF shape in, say, model (2) for detection may lead to
an incorrect conclusion. To accommodate different HRF
shapes, Kao[39] considered at the design stage the following nonlinear model:
y = ∑Qq =1 Cq h(u)qq + sg + e
(9)
where h(u) is a K-by-1 vector representing the shape of
the HRF, u is an unknown parameter vector that needs to
be estimated from data, and all the remaining terms are
as in (2) and (3). The vector h(u) may be determined by
the double-gamma function of (8) with free parameters
for accounting for the variability in the HRF shape; see
also Wager et al[20]. In particular, the kth element of h(u) is
g((k - 1) ∆T; u)/maxs g(s; u) with u = (u1, u2)’ and
g(τ; u) = [(τ-u2)u1-1e-(τ-u2)]/Γ(u1) - 1/6 × [(τ-u2)1S-1e-(τ-u2)]/15!
(τ ≥ u) or 0 (otherwise)
(10)
Here, u1 is the time-to-peak parameter, which mainly determines the time for the HRF to reach the peak, counting from its onset time. The time-to-onset parameter u2
determines the time when the HRF starts to increase
from baseline, counting from the onset of a stimulus. As
indicated by Wager et al[20], these two parameters are the
most influential, although some additional free parameters may also be included in (10). For example, one may
use a free parameter to replace the coefficient 1/6 in the
second term of the non-zero part of (10). The function
Γ(u) = ∫∞0 tu-1e-1dt = (u-1) Γ(u - 1) in (10) is the gamma
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ing out the excess elements, if any. The stimulus frequencies in the resulting design are thus (nearly) equal across
stimulus types. Kao et al[36] showed that their approach is
quite efficient and effective when obtaining maximin-type
designs when the HRF shape is uncertain.
In addition to the GA technique, a deterministic optimization algorithm for obtaining optimal fMRI designs
has recently been proposed and studied by Kao and
Mittelmann[40]. Without stochastic explorations, this latter approach has been demonstrated to be efficient for
some cases for which the GA requires much CPU time
in finding a good design. The main idea is to combine
a greedy hill-climbing algorithm with the previously
mentioned cyclic permutation method for constructing
designs of Ξ0. In particular, the algorithm first systematically perturbs a small fraction (e.g., the first four elements) of a short design ds of length [N/Q] to create
some neighboring short designs that are close to ds in
terms of Hamming distance. The search then moves
to the neighboring short design ds that yields the best
full-length design via the cyclic permutation method.
After this movement, the algorithm continues to work
on perturbing another small fraction (e.g., the fifth to
eighth elements) of ds. This process is repeated until no
improvement can be achieved. Based on our experience,
this approach tends to lead to very efficient designs with
greatly reduced CPU time, although the obtained design
might not be optimal. Kao and Mittelmann [40] demonstrated the usefulness of their algorithm by finding
maximin designs that are robust to mis-specified error
autocorrelation coefficients when stationary AR2 errors
are assumed. For this case, the GA approach can be very
challenging in terms of CPU time.
The algorithms described so far are used to optimize
a single objective function. For experiments with two
or more study objectives, these previous studies mainly
considered weighted-sum criteria that are convex combinations of all the individual criteria of interest. However,
selecting appropriate weights for such a weighted-sum
criterion might be challenging for some cases, and the
assigned weights may not guarantee a satisfactory design.
For example, assigning equal weights does not always
lead to a design with equal relative efficiency across all
the study objectives of interest. To address this fMRI design issue, Kao et al[41] proposed a multi-objective optimization algorithm by modifying the nondominated sorting
GA Ⅱ (NSGA Ⅱ) of Deb et al[42]. With a single run of
the algorithm, the experimenter can obtain not one, but
a class of diverse designs for approximating the Pareto
frontier; a Pareto frontier is formed by the best possible
solutions in a multi-objective optimization problem. A
design best suited to the needs of the experiment can
then be selected from the obtained design class. The
algorithm can also be used to find fMRI designs when
there is a constraint such as a required stimulus frequency. This algorithm is recommended when weights on the
multiple study objectives are hard to determine.
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CONCLUSION
Design of fMRI experiments is an exciting research area.
Several analytical and computational approaches have
been proposed for obtaining designs that attain high efficiencies in terms of certain practically meaningful design
selection criterion. As demonstrated in Jansma et al[43],
among others, fMRI designs with theoretically superior
performance are often very useful in real-world experiments. The designs obtained in the previous studies are
thus valuable. However, much work remains to be done
in this area. As indicated by Lindquist[1] in his recent survey on statistical methods for fMRI studies, “as research
hypotheses ultimately become more complicated, the
need for more advanced experimental designs will only
increase further.”
One possible direction of future research is on developing designs for cases with compound stimuli, each
containing two or more components; e.g., each stimulus
is formed by a cue followed by a task. To our knowledge,
there is no systematic study on this important design issue. In addition, fMRI is also widely considered for studying the functional connectivity between brain regions.
High-quality experimental designs for this type of studies
are also in a great demand. Moreover, developing powerful computational approaches, and insightful analytical
results for optimal fMRI designs should always be helpful.
For example, the analytical results described in the Results
on Design Selection section are mainly for cases where
Assumption 1 holds and C2 = IQK. It is also useful to consider the case where C2 is not the identity matrix when
contrasts between the HRFs are of interest. Developing
novel, insightful analytical results by relaxing Assumption
1 can also help to move this new research field forward.
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Core tip: Mindfulness training is used for stress and
as an adjunctive treatment for psychiatric disorders.
Functional neuroimaging studies are beginning to provide insights into neural processes associated with the
practice of mindfulness. These studies clearly indicate
that the practice of mindfulness changes brain function in areas including the medial cortex, default mode
network, insula, amygdala, lateral frontal regions and
basal ganglia.
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Abstract
Mindfulness is the dispassionate, moment-by-moment
awareness of sensations, emotions and thoughts. Mindfulness-based interventions are being increasingly used
for stress, psychological well being, coping with chronic
illness as well as adjunctive treatments for psychiatric
disorders. However, the neural mechanisms associated
with mindfulness have not been well characterized.
Recent functional and structural neuroimaging studies
are beginning to provide insights into neural processes
associated with the practice of mindfulness. A review of
this literature revealed compelling evidence that mindfulness impacts the function of the medial cortex and
associated default mode network as well as insula and
amygdala. Additionally, mindfulness practice appears to
effect lateral frontal regions and basal ganglia, at least
in some cases. Structural imaging studies are consistent with these findings and also indicate changes in
the hippocampus. While many questions remain unanswered, the current literature provides evidence of
brain regions and networks relevant for understanding
neural processes associated with mindfulness.

WCR|www.wjgnet.com

INTRODUCTION
Mindfulness has been described as dispassionate, nonevaluative, and continuous moment-by-moment awareness of, sensations, perceptions, emotions and thoughts[1].
A similar definition explains mindfulness as “the awareness that emerges through paying attention on purpose,
in the present moment, and non-judgmentally to the unfolding of experience moment by moment[2].”
Mindfulness training involves meditation. Mindfulness
meditation practice is the framework used to develop the
state, or skill, of mindfulness. The word “meditation”
stems from the Latin meditari, which means to participate
in contemplation or deliberation. Meditation includes
a variety of practices aimed at focusing attention and
awareness. Two general forms of meditation exist. These
are focused attention and open monitoring[3]. Initially a
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practitioner will often utilize focused attention practice
to enhance attentional skills[4]. Then, it will be possible to
engage in open monitoring, which involves moment-bymoment awareness of whatever occurs in one’s awareness[4].
Mindfulness originated in Buddhist spiritual practices.
However, secular, group therapy approaches utilizing
manuals and standardized methods have been developed
for clinical use. Two of these are Mindfulness-Based
Stress Reduction (MBSR) and Mindfulness-Based Cognitive Therapy (MBCT). As reviewed elsewhere[5], there has
been increased interest in mindfulness and meditation in
recent years. In particular, there has been increased use
of the secular mindfulness-based interventions for stress,
coping with physical illness and as adjunctive treatments
for psychiatric disorders[5].
This manuscript reviews recent neuroimaging studies
that enhance our understanding of the neural mechanisms of mindfulness.

STRUCTURAL IMAGING STUDIES
A growing body of literature indicates that mindfulness is associated with changes in brain structure. While
this review focused on functional imaging a number of
structural imaging studies were reviewed as well. These
findings are summarized in Table 2. Studies reviewed
used magnetic resonance imaging (MRI) to investigate
brain morphometry[19,41-50] as well as fractional anisotropy
(FA)[51,52] and gyrification[53].

DISCUSSION
Though many questions remain unanswered, there is
now a body of literature that provides important insights
into the neural mechanisms associated with mindfulness.
This evidence indicates brain regions that may be generally associated with mindfulness. More importantly, it is
now possible to begin to understand neural processes
that underlie the cognitive and emotional benefits of a
mindfulness practice.

SEARCH
Several PubMed searches were conducted with terms
mindfulness and neuroimaging, mindfulness and fMRI,
mindfulness and MRI and mindfulness and mechanisms,
meditation and neuroimaging, meditation and fMRI and
mediation and MRI. These initial searches resulted in the
review of 248 abstracts. Those most relevant for understanding neural mechanisms of mindfulness are included
herein.

BRAIN REGIONS ASSOCIATED WITH
MECHANISMS OF MINDFULNESS
The functional imaging studies reviewed herein indicate that mindfulness is associated with neural mechanisms involving multiple brain regions (Table 3). It is
difficult to draw firm conclusions given the variability
of methods utilized and diversity of the populations
studied. Nonetheless, there is convincing evidence that
mindfulness is associated with brain activation and/or
connectivity of several regions as outlined in Table 3.
Multiple studies implicate mechanisms involving frontal
regions[6,10,11,14,16-18,20,25,28,32-36,39]. A few studies implicate lateral regions[11,16,25] including ventrolateral prefrontal cortex
(VLPFC)[16] and dorsolateral prefrontal cortex (DLPFC)[11].
However, the strongest evidence is for medial frontal
regions[6,10,13,14,17,18,20,25,27,28,33,36] including anterior cingulate
cortex (ACC)[10,18,20,25,36]. Posterior medial regions are also
involved[13,22,29-31,33,36,37] primarily in the area of the posterior cingulate cortex (PCC) and precuneus[13,22,30,31,33,36,37].
Thus, there is very strong evidence that anterior and posterior cortical midline structures (CMS) play a key role
in the mechanisms of mindfulness[6,10,13,14,17,18,20,25,27-33,36,37].
Since the CMS are key components of the default mode
network (DMN), this circuitry is clearly implicated and a
number of investigations have specifically focused on the
role of the DMN[21,24,26,30,33,37]. In addition, there is strong
evidence for involvement of the insula[6,10,14,18,23,25,32,35,38] and
amygdala[8,12,16,24,32,35,39]. A few studies also suggest involvement of the basal ganglia[22,28] and thalamus[10].
Structural imaging investigations (Table 2) provide
strong evidence of mindfulness-related changes in the hippocampus[19,41,45-49]. Other results are consistent with functional imaging studies and implicate CMS/DMN[42,48,51], insula[49,53], amygdala[43-45], basal ganglia[44,45,50] and thalamus[45].

STUDIES OF NEUROBIOLOGICAL
MECHANISMS OF MINDFULNESS AND
MEDITATION
A relatively large number of functional neuroimaging
studies now enhance our understanding of the neural
processes associated with mindfulness. A smaller number
of structural imaging studies have been conducted as
well.

FUNCTIONAL IMAGING STUDIES
The review focused on recent functional imaging studies that enhance our understanding of neural processes
associated with the practice of mindfulness meditation.
Results are summarized in detail in Table 1.
Many investigations studied individuals who had completed mindfulness training[6-19]. A relatively large number
studied experienced meditators[20-33]. Additionally, some
studies focused on brief mindfulness training[34,35], state[36]
and trait[37-39] mindfulness. One study compared expert
and novice meditators [40]. Finally some investigation
focused on using mindfulness interventions for social
anxiety disorder (SAD)[8,13,15], generalized anxiety disorder
(GAD)[16] and bipolar disorder[17].
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Table 1 Functional imaging studies of mindfulness and meditation
Ref.

Mindfulness intervention or
condition

Allen et al[11]
Baerentsen et al[22]

Mindfulness
Meditators

Brefczynski-Lewis et al[40]

Creswell et al[39]

Desbordes et al[12]
Dickenson et al[34]
Farb et al[6]

Farb et al[7]

Farb et al[14]
Gard et al[25]

Garrison et al[30]
Garrison et al[31]
Goldin et al[8]
Goldin et al[13]

Goldin et al[15]

Hasenkamp et al[26]
Hasenkamp et al[27]
Hölzel et al[16]

Hölzel et al[20]
Ives-Deliperi et al[17]

Ives-Deliperi et al[36]
Kilpatrick et al[9]

Kirk et al[23]

Kozasa et al[28]

Result

Diminished Stroop conflict and greater DLPFC responses during executive processing.
At onset of meditation, activations occurred bilaterally in putamen and supplementary
motor cortex with deactivations in the precuneus, the posterior cingulate cortex and the
parieto-temporal area. With sustained meditation, activations were found in the caudate and
deactivations were in right hemisphere white matter.
Experienced meditators
Activation during sustained attention showed an inverted curve. Expert meditators (average
19000 h) of practice had more activation than novices but experts (average 44000 h) had less
activation. In response to distracter sounds, expert meditators had less brain activation in areas
associated with discursive thoughts and emotions but more activation in regions related to
response inhibition and attention compared to novices.
Dispositional mindfulness Dispositional mindfulness was associated with widespread prefrontal cortical activation, and
decreased bilateral amygdala activity during affect labeling. Negative associations were found
between prefrontal cortex and right amygdala responses in participants high in mindfulness.
Mindfulness training
Decreased right amygdala activation in response to positive images.
Brief mindfulness induction Focused breathing activated a parietal and prefrontal attention network and trait-level
mindfulness correlated with parietal activation.
MBSR
Interoceptive attention predicted greater activity in anterior insula but decreased
recruitment of the DMPFC as well as altered functional connectivity between the DMPFC
and the insula.
Mindfulness training
Experiential focus resulted in reductions in cortical midline regions associated with narrative
focus in novices. In trained participants, experiential focus was associated with reductions in
the mPFC and increased engagement the lateral PFC, insula and somatosensory area. Analyses
of functional connectivity revealed coupling between the insula and the mPFC in novices that
was uncoupled in the mindfulness group.
Mindfulness training
Participants had right-lateralized recruitment, including visceral and somatosensory areas
associated with body sensation.
Healthy meditators
Mindfulness practitioners experienced reduced unpleasantness of pain, which was associated
with decreased activation in the lateral PFC and increased activation in the right insula.
Anticipation of pain was associated with increased anterior cingulate cortex activation.
Healthy meditators
“Undistracted awareness" was associated with PCC deactivation. In contrast, "distracted
awareness" corresponded with PCC activation.
Healthy meditators
Volitional decrease of the feedback graph was associated with deactivation of the PCC.
MBSR for social anxiety
MBSR yielded greater reductions in negative emotion and increased activation in attentiondisorder
related parietal cortex compared to aerobic exercise.
MBSR for social anxiety
MBSR led to increased activation in the PCC during negative self-view condition. DMPFC
disorder
activation increases during negative self-view were associated with decreased disability and
enhanced mindfulness.
MBSR for social anxiety
MBSR associated with decreased anxiety and depression symptoms and improved selfdisorder
esteem. Breath-focused attention task associated with decreased negative emotion and reduced
amygdala activation.
Healthy meditators
Brain activation in DMN during mind wandering, and in salience network regions during
awareness of mind wandering.
Healthy meditators
Meditation experience was associated with increased connectivity within attention networks
and between regions involved with attention and medial frontal cortex.
MBSR for GAD
Amygdala activation in response to neutral faces decreased, VLPFC activation increased and
functional connectivity between amygdala and PFC increased. Changes in VLPFC activation
and amygdala-PFC connectivity correlated with changes in Beck Anxiety Inventory scores.
Vipassana meditators
Meditation associated with increased activation in ACC and dorsal medial prefrontal cortex.
MBCT for bipolar disorder Activation increased in the medial PFC and posterior parietal lobe, in response to a mindfulness
task. There was a correlation between activation changes in medial PFC and increased
mindfulness.
State mindfulness
Decreased activation in anterior insula, ACC, medial prefrontal cortex and bilateral precuneus
during mindfulness meditation.
MBSR
Increased functional connectivity of auditory and visual networks as well as between
auditory cortex and areas associated with attention and self-referential processes. Enhanced
anticorrelation between auditory and visual cortex as well as between visual cortex and
attention and self-referential processing areas.
Experienced meditators
During the Ultimatum Game, controls recruit the anterior insula during unfair offers. In
contrast, meditators display attenuated activity in high-level emotional representations of
the anterior insula and increased activity in the low-level interoceptive representations of the
posterior insula.
Healthy meditators
Meditators had decreased activity relative to non-meditators in medial frontal, temporal,
precentral, postcentral and basal ganglia regions during the incongruent conditions of the
Stroop task.

WCR|www.wjgnet.com
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Lutz et al[32]

Healthy subjects

Lutz et al[35]
Pagnoni et al[21]

Pagnoni et al[29]
Paul et al[38]
Shaurya Prakash et al[37]
Taylor et al[24]
Taylor et al[33]

Wells et al[19]
Baerentsen et al[22]
Zeidan et al[10]
Zeidan et al[18]

Mindfulness increased activations in prefrontal regions during expectation of negative
pictures. During perception of negative stimuli, reduced activation was found in amygdala and
parahippocampal regions. Prefrontal and insular activations when expecting negative pictures
correlated negatively with trait mindfulness.
Experienced meditators
Enhanced activity in the anterior insula and the mid-cingulate was associated with decreased
pain-related unpleasantness.
Experienced meditators
vPMC activity was lower in meditators and was correlated with performance on a test for
sustained attention. Functional connectivity analysis with a vPMC seed revealed attention
performance was associated with the degree of temporal correlation between vPMC and the
temporoparietal junction.
Zen meditators
Practitioners displayed reduced duration of the neural response linked to conceptual processing
in regions of the DMN.
Healthy subjects
Non-reactivity was inversely correlated with insula activation during inhibition to negative
stimuli.
Mindfulness disposition
Mindfulness disposition was associated with greater connectivity of the DMN, particularly in
the PCC and the precuneus.
Experienced and beginning Experienced meditators had weaker functional connectivity between DMN regions.
meditators
Experienced and beginning Mindfulness attenuated emotional intensity. For experienced meditators, mindfulness induced
meditators
a deactivation of DMN areas. For beginners, mindfulness induced a down-regulation of the left
amygdala.
MBSR
Increased functional connectivity between the PCC and medial prefrontal cortex and left
hippocampus.
Mindfulness training
Reduced smoking craving associated with reduced activation of ACC. Mindful attention
reduced functional connectivity between ACC and other craving-related regions.
Mindfulness training
Anxiety relief associated with activation of the PFC and insula.
Mindfulness training
Meditation decreased pain-associated activation of the contralateral somatosensory cortex.
Reductions in pain were associated with increased activity in the ACC and insula. Decreased
pain unpleasantness was associated with orbitofrontal activation and thalamic deactivation.

ACC: Anterior cingulate cortex; DMN: Default mode network; PCC: Posterior cingulate cortex; DMPFC: Dorsomedial prefrontal cortex; mPFC: Medial prefrontal cortex; vLPFC: Ventrolateral prefrontal cortex; vPMC: Ventral posterior medial cortex.

mindfulness impacts attention, emotional regulation and
thinking patterns. The following sections review evidence
suggesting neural mechanisms underlying these effects.

Table 2 Brain regions where structural imaging studies have
demonstrated mindfulness related changes
Anterior cingulate cortex[42,51]
Orbitofrontal cortex[41]
Inferior temporal gyrus[49]
Insula[49,53]
Lingual gyrus[45]
Cuneus[45]
Sensorimotor cortex[42,53]
Fusiform gyrus[53]
Cuneus[53]
Corpus callosum[52]
Posterior cingulate cortex[48]
Cerebellum[48]
Hippocampus[19,41,45-49]
Amygdala[43-45]
Putamen[50]
Caudate[44,45]
Thalamus[45]

ATTENTION
The development of attentional skills is the central component of mindfulness meditation practice[3,4,54]. Training
of attention skills enhances the capability to sustain nonjudgmental awareness of one’s thinking patterns, emotions, and sensory perceptions[4,55]. This awareness facilitates gain distance from thoughts and emotions such that
these become less powerful and compelling. In particular,
mindfulness supports the recognition of automatic thinking patterns (discussed below).
Three neural networks, the alerting, orienting and executive, are thought to play specific roles in the attention
process[56,57]. The alerting network modulates task-specific
alertness and attentional engagement and involves right
frontal cortex, including DLPFC and ACC, as well as
right parietal cortex[57]. The orienting network controls
stimulus selection, which is the capability to select precise
information from numerous sensory stimuli. This network includes the frontal eye fields, superior parietal cortex, superior colliculus and temporal parietal junction[57].
Finally, the executive control circuitry mediates control
of attention. This function includes top-down control
as well as monitoring and resolution of conflict between
computations involving planning or decision-making, error detection and regulation of thoughts and feelings[57].
In regard to brain regions involve, the ACC, lateral frontal

Taken together, these studies provide convincing evidence that neural mindfulness mechanisms involve the
CMS/DMN, insula, hippocampus and amygdala. There is
also evidence implicating lateral prefrontal regions, basal
ganglia and thalamus.

NEURAL MECHANISMS OF THE
COGNITIVE AND EMOTIONAL BENEFITS
OF MINDFULNESS
As reviewed elsewhere[5], the literature indicates that
WCR|www.wjgnet.com
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default mode during mind wandering, and in the salience
network during awareness of mind wandering. Finally the
executive network was active when shifting and sustaining attention.
Taken together, these investigation suggest that enhanced attention is associated with neural mechanisms
involving attention-related parietal cortical regions[15],
vPMC[29], TPJ[29], CMS[28], temporal cortex[28], sensorimotor cortex[28] and basal ganglia[28]. Thus, mindfulness likely
impacts all of the three attention networks.
In addition to training general attention processes,
mindfulness facilitates the enhancement of interoceptive
attention (IA) to visceral bodily sensations as they occur
in the present moment. An fMRI study examined functional plasticity in accessing interoceptive representations
in MBSR trained individuals[14]. Mindfulness training predicted enhanced activity in anterior insula and diminished
recruitment of dorsomedial prefrontal cortex (DMPFC)
during IA, as well as changed functional connectivity between the DMPFC and insula.
In summary, mindfulness training appears to modify
neural processes in the three attention networks and insula, which result in improved general and interoceptive
attention respectively.

Table 3 Brain regions involved with mindfulness mechanisms
Frontal cortex[6,10,11,14,16-18,20,25,28,32-36,39]
Lateral frontal cortex[11,16,25]
Ventrolateral prefrontal cortex[16]
Dorsolateral prefrontal cortex[11]
Medial frontal cortex[6,10,13,14,17,18,20,25,27,28,33,36]
Anterior cingulate cortex[10,18,20,25,36]
Orbitofrontal cortex[10]
Posterior medial cortex[13,22,29-31,33,36,37]
Posterior cingulate cortex/precuneus[13,22,30,31,33,36,37]
Ventral posteromedial cortex[29]
Insula[6,10,14,18,23,25,32,35,38]
Temporal cortex[28,33]
Temporoparietal junction[29]
Sensorimotor cortex[6,10,28]
Inferior parietal lobule[6,33]
Parahippocampal gyrus[35]
Amygdala[8,12,16,24,32,35,39]
Basal ganglia[22,28]
Thalamus[10]

cortex, and basal ganglia contribute to executive control
processes[56].
Several studies suggest neural mechanisms associated
with mindfulness-related improvements in attention. An
MBSR study examined the neural processes of deploying
attention to control responses to negative beliefs about
self in social anxiety disorder[15]. MBSR yielded decreased
negative emotion and increased activation in attention
modulating parietal regions. In a study to investigate
meta-awareness and regulation of mind wandering and
related influence on DMN activity, investigators collected fMRI data from a group of Zen meditators and a
meditation-naive control group engaging in an attentionto-breathing task[29]. Results indicated the incidence of
states of elevated ventral posterior medial cortex (vPMC)
activity was lower in meditators and was significantly correlated with performance on a test for sustained attention. Analysis of functional connectivity using the vPMC
seed revealed an association between attention performance and the degree of temporal correlation between
right temporoparietal junction (TPJ) and vPMC. Another
study aimed to evaluate the performance of meditators
and non-meditators during an fMRI adapted Stroop
Task, which requires impulse and attention control[28].
Non-meditators showed increased activity compared to
meditators in the middle temporal, medial frontal, pre
and postcentral gyri and basal ganglia during the incongruent conditions. The authors conclude that their results
suggest that meditation improves efficiency, perhaps by
enhancing the ability to sustain attention and control impulses[28]. A study examined a model[26] that proposes four
cognitive cycle intervals relevant for meditation: mind
wandering, awareness of the wandering of one’s mind,
varying of attention, and prolonged attention. Fourteen
meditators executed breath-focused meditation during
scanning[26]. Study participants were instructed to press a
button when they realized their mind had wandered and
then return their focus to the breath. Analyses of results
indicated brain activity in regions associated with the

WCR|www.wjgnet.com

AUTOMATIC THOUGHTS AND SELFREFERENTIAL THINKING
Cognitive neuroscience suggests two general types of
mental processes, those that are controlled and those that
are automatic. Automatic processes may be innately automatic or become automated as a result of learning and
practice. Automated thoughts are initiated unconsciously
and are not easy to interrupt or prevent[57]. For example,
when attention involuntarily drifts away from an object
of conscious attention, the DMN and automatic thinking
is engaged as an involuntary process[58]. Objective awareness of automatic thoughts is understood to be a primary
mechanism by which mindfulness decreases symptoms
of depression, anxiety and stress[5]. Objective awareness
allows one to interpret thoughts as “just thoughts” and
prevents experiencing irrational negative thinking as fact.
There is compelling evidence that mindfulness impacts DMN neural processes[21,24,26,30,33,37]. Modification of
this network likely plays a significant role in the objectification of the experience of automatic thoughts.
Most of the medial cortex acts as a functional unit
known as the CMS[59]. The CMS are part of the DMN[60,61]
and play a key role in stimulus independent thought
(SIT)[58,62]. Decreased activation of the CMS is correlated
with decreased SIT[63]. Therefore, the CMS may be the
specific portion of the DMN involved with mindfulnessinduced modification of automatic thinking.
As reviewed elsewhere[5], self-referential thinking is
a type of automatic cognitions particularly relevant for
mood and anxiety disorders. The CMS are involved in
self-referential thinking[59,62,64]. A study of MBSR for Social anxiety disorder (SAD)[13] used a self-referential en-
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ages of all valences. Another fMRI study explored the
effects of mindfulness on the neural responses to emotional stimuli[24]. Experienced and novice meditators were
scanned as they viewed negative, positive, and neutral
pictures in both a mindful state and non-mindful state.
The mindful condition attenuated emotional intensity
and imaging data indicated that this effect was achieved
through distinct neural mechanisms for each group. For
the experienced cohort, mindfulness produced deactivation of DMN areas but did not influence responses in
brain regions involved in emotional reactivity. For beginners, mindfulness down-regulated the left amygdala
during emotional processing. The authors conclude that
the long-term practice of mindfulness leads to reduced
emotional reactivity by promoting tolerance of emotion
and enhanced present-moment awareness. A study investigated MBSR-induced changes in of emotional reactivity
and regulation of negative beliefs about self in subjects
with seasonal affective disorder (SAD)[8]. Sixteen patients
were scanned while reacting to negative beliefs and while
regulating negative emotions. MBSR resulted in improved
anxiety and depressive symptoms and self-esteem and
during a breath-focused attention task. Subjects also
showed diminished negative emotion and amygdala activity as well as increased activity in brain regions involved
in attentional deployment.
These investigations indicate that mindfulness enhancement of emotional regulation appears involve
modification of processing in lateral frontal regions[16]
CMS/DMN[7,17,24], regions involved with IA[7] and amygdala[8,12,16,24,35]. Interestingly, there is evidence that these
mechanisms may change based upon amount of meditation experience[24]. The CMS are of particular interest in
emotional regulation as these regions play a role in emotional processing[65,66] including mediating the experience
of sadness[7]. Thus, these areas may represent a key link
between self-referential thinking and emotional dysregulation in affective disorders.

coding paradigm, which was administered at baseline and
post-intervention in order to examine changes in neural
and behavioral responses during fMRI. MBSR produced
reductions in negative, as well as increases in positive
views of self. MBSR led to increased brain responses
in the PCC during the negative self-view. MBSR-related
increased DMPFC activity during negative self-view was
correlated with diminished social anxiety and augmented
mindfulness. These findings suggest that mindfulness
specifically attenuates maladaptive habitual self-views – at
least in part - by impacting DMN regions and in particular the CMS.

EMOTIONAL REGULATION
A number of studies provide evidence of how mindfulness may contribute to enhanced emotional regulation.
An fMRI study compared neural reactivity to provocation
of sadness in participants completing 8 wk of mindfulness training (MT) and controls[7]. Sadness caused activation of regions associated with self-referential thinking
in the CMS. MT participants had a distinct activation
pattern, with enhanced right hemisphere recruitment,
including areas associated with body sensation. Another
fMRI study examined effects of a short mindfulness intervention during the cued expectation and perception of
pictures that were negative or potentially negative[35]. The
mindfulness intervention was correlated with increased
activation of prefrontal cortex during the expectation of
negative pictures. Perception of negative stimuli was associated with reduced activation in amygdala and parahippocampal gyrus. A study of MBCT for bipolar disorder
using fMRI[17] revealed improvements in the treatment
group in measures of mindfulness, anxiety, affect regulation working memory, spatial memory and verbal fluency.
Blood-oxygen level-dependent (BOLD) signal increases
occurred in the medial prefrontal cortex (PFC) and parietal lobe. Analysis also revealed a correlation between
signal changes in medial PFC and increased mindfulness.
A study of MBSR for GAD[16] found changes in amygdala and VLPFC activation as well as increased functional
connectivity between amygdala and PFC regions comparing pre- to post-intervention. VLPFC activation and
amygdala-prefrontal connectivity changes were correlated
with change in Beck Anxiety Inventory scores. Another
study of the longitudinal effects of meditation training
on amygdala responses examined how 8 wk of meditation training impacts amygdala responses to emotional
when in a non-meditative state[12]. Adults with no prior
meditation experience took part in Mindful Attention
Training, Cognitively-Based Compassion Training or a
control intervention. Participants underwent an fMRI experiment pre and post-intervention. In the scanner, they
were presented images with positive, negative, and neutral
emotional valences while remaining in a non-meditative
state. Findings indicated decreased right amygdala activation in the Mindful Attention group in response to im-
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CONCLUSION
The studies reviewed herein increase our understanding
of the neural processes associated with mindfulness. A
limitation of the literature is the fact that multiple methodologies have been utilized and a diverse population
studied. Thus direct comparison of studies is not feasible. Nonetheless, the current literature begins to define
the neural mechanisms of mindfulness and provides the
groundwork for future investigations.
This review of this literature revealed compelling evidence that mindfulness impacts the function of the medial cortex and associated default mode network as well
as insula and amygdala. Additionally, mindfulness practice
appears to effect lateral frontal regions and basal ganglia,
at least in some cases. Structural imaging studies are consistent with these findings and also indicate changes in
the hippocampus.
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INTRODUCTION
The quality of radiation therapy depends on the ability to
maximize the tumor control probability (TCP) while minimize the normal tissue complication probability (NTCP)
at the same time. Since these two quantities are directly
dependent on the absorbed dose in the targets and in the
organs at risk (OARs) respectively, accurate knowledge
of dose distribution within the patient are crucial in radiation therapy. International Commission on Radiation
Units and Measurements (ICRU)[1] has recommended an
overall dose accuracy within 5%. Considering the uncertainties resulting from patient setup, machine calibration
and dose calculation from treatment planning systems, it
is necessary to have a dose calculation algorithm that can
predict dose distribution within 3% accuracy.
Accurate calculation of dose distribution in an inhomogeneous medium such as human body is a complicated task, especially for tumors located in the lung. To
date, only the Monte Carlo method is considered to be
the most accurate algorithm for dose calculation but it
requires the greatest processing time. Apart from Monte
Carlo method, all other methods make different degrees
of approximation and simplification which lead to much
faster calculation speed but also result in less accurate
dose distribution comparing with the Monte Carlo simulation.

Abstract
The quality of radiation therapy depends on the ability
to maximize the tumor control probability while minimize the normal tissue complication probability. Both of
these two quantities are directly related to the accuracy
of dose distributions calculated by treatment planning
systems. The commonly used dose calculation algorithms in the treatment planning systems are reviewed
in this work. The accuracy comparisons among these
algorithms are illustrated by summarizing the highly
cited research papers on this topic. Further, the correlation between the algorithms and tumor control probability/normal tissue complication probability values
are manifested by several recent studies from different
groups. All the cases demonstrate that dose calculation
algorithms play a vital role in radiation therapy.
© 2015 Baishideng Publishing Group Inc. All rights reserved.

Key words: Dose calculation; Algorithm; Radiation therapy; Tumor control probability; Normal tissue complication probability
Core tip: This paper is a review of the impact of cur-

WCR|www.wjgnet.com

571

March 28, 2015|First Edition|

Chen WZ et al . Impact of dose calculation algorithm

The purpose of this study is to review the effect of
dose calculation algorithms on the radiation therapy for
different disease sites and special focus is given for the
lung region. As mentioned in the American Association
of Physicists in Medicine (AAPM) Report No. 85[2], the
level of dose differences can be detected clinically. In
order to quantify the clinical effects, we review the studies on the correlation of dose calculation algorithms with
computed values of tumor control probability and normal tissue complication probability. The impact of the
accuracy of the algorithms is directly related to the quality of radiation therapy.

some treatment planning systems for a quick dose calculation to give the planner a rough idea about the absorbed
dose and by some dose verification systems to perform a
second independent check to catch the gross errors.
In type (2) methods, the model-based convolution/
superposition algorithms[9-13] are widely used in commercial radiotherapy treatment planning systems (TPSs),
which perform dose calculations with accuracies close to
the results of Monte Carlo simulation while take much
less time. All convolution algorithms have two essential
components: one representing the energy imparted to
the medium by the interactions of primary photons,
called Terma (total energy released per unit mass) and
one representing the energy deposited about a primary
photon interaction site, the kernel. The kernel can be further separated into two parts: the primary kernel which
calculates the primary dose and the scatter kernel which
calculates the first and multiple scatter doses. The dose at
any point can be calculated from the convolution of the
Terma with the kernel. In order to account for tissue heterogeneities in a patient, kernel is scaled by radiological
distances which are calculated from the material densities
defined by CT images. Rigorously speaking, when the
scaled kernel is used, the process is not a convolution any
more since the kernel is not invariant in space and it is in
fact a superposition of varying kernels with the Terma.
The treatment planning systems that use the superposition algorithm include, for example, XiO (Elekta, Inc.).
Several variations of the convolution/superposition algorithms exist today and two typical and mostly used ones
are collapsed cone convolution (CCC) and pencil beam
convolution (PBC) techniques[4]. The collapsed cone convolution method uses a polyenergetic Terma and kernel,
where the kernel is represented analytically and expressed
in polar coordinates. There are a finite number of polar
angles with respect to the primary beam. The interaction site can be considered to be at the apex of a set of
radially directed lines spreading out in three dimensions.
Each line is considered to be the axis of a cone. The kernel along each line is actually the energy deposited within
the entire cone collapsed onto the line. The advantage of
the CCC method over standard convolution is that the
computation time increase with MN3 as opposed to N6,
where M is the number of cones and N is the number
of voxels along one side of the calculation volume. The
treatment planning systems that use the CCC method include, for example, Pinnacle (Philips, Inc.) and Oncentra
MasterPlan (Nucletron, Inc.). In the pencil beam convolution method, the dose deposited at a point is calculated
as a convolution of Terma with a pencil-shape-like kernel
which is derived from the measured beam data. The pencil-beam kernel describes the dose distribution of a very
narrow beam entering a water phantom along the beam’
s central axis. Inhomogeneity correction is performed
with an equivalent path length correction for the primary
dose contribution and a one-dimensional convolution
along fan lines for scattered radiation[14,15]. The anisotropic analytical algorithm (AAA)[16,17] used by Eclipse TPS

DOSE CALCULATION ALGORITHMS
The Monte Carlo dose calculation method is considered
to be the most accurate algorithm and has always been
used as the generation of benchmark dose distribution
with which to compare the results of other less-computer-intensive dose calculation methods[3]. The Monte Carlo
method uses photon and electron transport physics to
consider the trajectories of individual particles and thus
the pattern of dose deposition. Each particle’s history is
determined by the random number generator and millions of particles’ histories are traced. The dose distribution is built by summing the energy deposition in each
particle’s history.
Apart from the Monte Carlo simulation, all other
commonly used dose calculation algorithms can be categorized into two groups[2,4,5]: (1) Methods based on equivalent path length (EPL)[6] scaling or equivalent tissue-air
ratio (ETAR)[7] for inhomogeneity corrections. In these
methods the changes in lateral transport of electrons
are not modeled; and (2) Methods based on convolution
techniques, in which the inhomogeneities are handled
either by an equivalent path length correction or scaled
kernels and the lateral electron transport is considered in
an approximate way. In this work, these two types of algorithms are referred to as type (1) and type (2) methods.
In type (1) methods, the equivalent path length correction is a one-dimensional method that takes into account
of electron density information along a ray path from the
source to the point in question. There are two methods:
ratio of tissue-air ratio (RTAR) method[2] and power law
method which is also referred as modified Batho method[8]. These methods correctly account for the change
in the attenuation of the primary dose but not in the
scatter contribution, thus result in an overestimation of
dose when the electron density is less than unity and an
underestimation when the electron density is greater than
unity. The equivalent tissue-air ratio method is a threedimensional correction method which is based on full
three-dimensional density information acquired from CT
images. This method applies a ray trace to determine the
change in the primary dose and calculate the scatter dose
based on the three-dimensional density data. Although
methods in type (1) do not perform an accurate dose
distribution calculation in patients, they are still used by
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(Varian Medical Systems) is based on the pencil beam
convolution technique. The AAA uses spatially variant
convolution scatter kernels which are derived from Monte Carlo simulation, and separate modeling for primary
photons, scattered photons, and contaminant electrons.
Inhomogeneity is handled with radiological scaling of the
dose deposition functions in the beamlet direction and
electron-density-based scaling of the photon scatter kernels in 16 lateral directions. The final doses are obtained
by superposing the doses from the photon and electron
convolutions[18,19]. The anisotropic analytical algorithm is
an attractive option for routine clinical use because of its
relatively short computation time and accuracy comparing with the Monte Carlo method.

for the higher energy, due to less scatter in the high energy beam. The dose to 95% of the PTV showed no significant change when moving from type (1) methods to type
(2) methods for both low and high energies. The ETAR
method of type (1) resulted in doses closer to that calculated with type (2) methods, due to the improved scatter
integration which took into account the 3D extension
of the volume more accurately. In the breast case, two
equally weighted opposed tangential beams were used.
The average PTV doses were decreased by 0.7% and 1.6%
for low and high energies, respectively, when comparing
type (1) with type (2) methods. In general, larger differences in dose calculation were found in high energy treatment due to the longer range of electrons, especially in
the low density lung tissues. In the pulmonary case, for 6
MV, the average dose per MU to the PTV was decreased
by 2.5% when the type (2) methods were used, compared
with that calculated with type (1) methods. Changing the
energy to high energies increased the difference to 3.7%.
The high dose volume within the PTV was decreased by
3.4% and 4.6%, moving from type (1) methods to type
(2) methods for low and high energies, respectively. This
implies that accurate tumor doses are different from the
doses predicted with those methods, and accurate tumor
doses needs to be predicted with advanced dose calculation algorithms, i.e., Monte Carlo algorithm. Thus the
algorithm directly affects the local control of tumors in
lung cancer. That is, less coverage for tumor is presented
when more realistic and accurate methods is used. This
paper and other references[19-22] showed that the dose calculation algorithms have a significant impact on radiation
therapy for lung cancer treatment.
Remarkable impact of dose calculation algorithms on
radiation therapy has been observed in the treatment of
lung cancer, when tissue density correction was taken into
account. Differences between dose calculations with and
without density corrections in the thoracic region have
been reported[23-28]. In Xiao et al[27]’s paper, a retrospective
dosimetric study was carried out based on the treatment
plans submitted to Radiation Therapy Oncology Group
(RTOG) 0236 clinical trials of non-small-cell lung cancer
(NSCLC) treatment with stereotactic body radiotherapy
(SBRT). The protocol required each institution to submit
two plans: one plan without heterogeneity correction
and one plan with heterogeneity correction, with identical MUs. In Xiao et al[27]’s study, the authors found that
the planning target volume receiving greater than 60 Gy
was decreased, on average, by 10.1% when heterogeneity
corrections were applied. The maximal dose to any point
greater than 2 cm away from the planning target volume
increased from 35.2 Gy to 38.5 Gy.
The impact of heterogeneity corrections of dose algorithms on target coverage in the SBRT lung treatment
was studied in more details in Ding et al[22]’s paper. The
dose calculations using four different algorithms were
compared with experimental measurements. The pencil
beam algorithm with no heterogeneity corrections (PBNC) and with modified Batho heterogeneity corrections

COMPARISON OF DOSE CALCULATION
ALGORITHMS AND THEIR CLINICAL
IMPACT
Comparisons of dose calculation algorithms for clinical
treatment disease sites have been studied in many references[4,19-21]. In this review, we first summarize the comparisons of dose calculation algorithms for four commonly treated disease sites, which demonstrate that dose
calculation algorithms that can calculate dose accurately
in inhomogeneous environment are essential for lung
tumor treatment. Then we focus on the dose calculation
algorithms for lung tumor treatment planning. Different
treatment techniques are discussed. Finally we show the
correlation of the algorithms with TCP/NTCP.
In Knöös et al[4]’s paper, the authors studied the performance of different dose calculation algorithms from
five commercial radiotherapy treatment planning systems
for four common treatment disease sites: prostate, head
and neck, breast and lung. The Monte Carlo algorithm
was used as a benchmark for comparison between different algorithms. Increasing the complexity from the
relatively homogeneous pelvic region to the very inhomogeneous lung region resulted in less accurate dose
distributions. Improvements in the accuracy of dose
calculation were observed when the methods taking into
account of volume scatter and changes in electron transport were used, that is, when type (2) algorithms were
used. That was especially important when the extension
of the irradiated volume was limited such as in the breast
case and when low densities were presented such as in
the lung case. In the prostate case, no significant differences were found in the results calculated with different
algorithms. For instance, when 6 MV was used, the dose
to 95% of the PTV was in a range of 96.2% to 100.3%
for all studied systems, with an average value of 98.2%.
Qualitatively, all the plans which were calculated with different methods, were very similar. The similar situation
existed in the head and neck case. The average dose per
monitor unit (MU) to the PTV was decreased by 1% for
the low energy if more accurate methods, i.e., type (2)
methods, were used. This difference was not presented
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Table 1 Calculated percent mean tumor control probability values (ranges in parentheses) for all algorithms as a function of
planning target volume volume
3

PTV bins (cm )

Mean PTV volume
3
(range, cm )

n

4 ≤ v < 10
10 ≤ v < 20
20 ≤ v < 30
30 ≤ v < 40
40 ≤ v < 60
60 ≤ v < 100
V ≥ 100

7.8 (4.8-9.9)
15.0 (10.4-19.8)
24.3 (20.4-29.6)
34.9 (30.2-39.8)
47.3 (40.2-58.4)
78.0 (60.4-95.9)
162.4 (100.5-360.2)

15
27
29
18
17
16
11

EPL-1D
100.0 (100-100)
100.0 (99.8-100)
98.5 (99.8-100)
99.8 (97.4-100)
99.5 (93.1-100)
99.5 (95.6-100)
99.2 (96.1-99.9)

EPL-3D

AAA

99.9 (99.6-100)
99.9 (99.5-100)
98.9 (77.6-100)
99.6 (98.2-100)
99.1 (95.6-100)
99.0 (95.8-100)
98.7 (95.0-100)

93.1 (76.3-99.8)
91.3 (61.7-100)
92.7 (74.9-99.9)
92.0 (63.4-99.9)
92.6 (78.6-99.9)
92.7 (70.7-99.8)
96.3 (89.9-100)

CCC
91.3 (63.0-99.9)
91.3 (50.4-100)
90.5 (46.4-99.9)
92.1 (69.7-99.9)
91.4 (64.4-99.9)
92.8 (66.2-99.9)
95.6 (91.6-99.8)

Acuros
91.8 (60.8-99.8)
91.4 (65.4-99.9)
90.9 (65.1-99.9)
90.9 (61.6-99.8)
93.6 (77.6-99.9)
93.4 (70.4-99.8)
95.3 (83.0-99.9)

MC
90.5 (51.1-99.9)
91.1 (53.2-100)
91.1 (48.4-99.9)
92.4 (56.3-99.9)
92.3 (63.6-99.9)
94.7 (74.6-99.9)
97.1 (88.8-99.9)

PTV: Planning target volume; EPL-1D: 1-D equivalent path-length (pencil beam-type); EPL-3D: 3-D equivalent-path-length (pencil beam-type); AAA:
Anisotropic analytical algorithm; CCC: Collapsed cone convolution-superposition; Acuros: Acuros AXB; MC: Monte Carlo. (Cited from Chetty et al[30] 2013).

(PB-MB), the anisotropic analytical algorithm (AAA)
and Monte Carlo simulation were investigated in ten patients’ treatment planning. The plans included 8-10 nonopposed photon beams and 2-4 of the beams were noncoplanar. The field sizes ranged from 3.5 cm × 3.5 cm to
6 cm × 6 cm with the mean value close to 4 cm × 4 cm.
The mixed 6 and 10 MV energies were used. The authors
found that the differences in calculated doses to 95%
or 99% of the PTV, between calculations using the PBNC and the AAA, were within 10% of prescribed dose.
Compared to that calculated with the AAA, the minimum
doses to 95% of PTV calculated using the PB-MB were
overestimated by up to 40% of the prescribed dose. The
calculated maximum doses were underestimated by up
to 27% using the PB-NC and overestimated by 19% using the PB-MB. The dose distributions near the interface
calculated with the AAA agreed with those from Monte
Carlo calculations and the measurements.
The above publications demonstrated the impact
of dose calculation algorithms on the lung cancer treatment. These comparisons were mainly between type (1)
and type (2) methods. The direct comparisons between
type (2) algorithms and Monte Carlo simulation have
been done extensively. For instance, in Vanderstraeten et
al[20]’s study, the authors compared the accuracy between
Monte Carlo, convolution/superposition, and pencil
beam dose calculations for intensity modulated radiation
therapy (IMRT) of lung cancer, and they found that the
convolution/superposition methods showed an excellent
agreement with Monte Carlo method for dose calculation within the target structures, whereas the best agreement in OAR doses was found between collapsed cone
convolution model and Monte Carlo simulation. Results
from pencil beam algorithm were unsatisfying for both
target and OARs. In Li et al[28]’s paper, the authors compared superposition algorithm with Monte Carlo method
for SBRT non-small-cell lung cancer treatment and they
found that the important dosimetric parameter R50 (ratio
of 50% prescription isodose volume to PTV) recommended by RTOG 0813 protocol had 12% difference on
average between superposition and Monte Carlo calculations.
All these research studies have demonstrated that
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for dose calculation in lung region the advanced type (2)
methods are necessary, and the collapsed cone convolution algorithm and anisotropic analytical algorithm are
appropriate options for their relative accurate calculation
results compared with the Monte Carlo method.
In the above, we have discussed that the different
dose calculation algorithms could give different levels
of dose distribution accuracy. Further we will discuss
that this different levels of accuracy could be detected
clinically, which affect the quality of radiotherapy. The
American Association of Physicists in Medicine (AAPM)
Report No. 85[2] on tissue inhomogeneity corrections
mentioned that a 5% change in dose may result in a significant change in tumor control probability (TCP) and
normal tissue complication probabilities (NTCP). In this
report, the authors mentioned two examples[29]: A 7% difference in dose delivered to different groups of patients
was discovered by a radiation oncologist; and two experiences from the Institut Gustave Roussy, which were
related to tumor regression and normal tissue reactions,
respectively.
Although it is still a relative new topic, the correlation between dose algorithms and local control, TCP and
NTCP, has already been investigated by several groups
and more research is expected to be done in the future.
In Chetty et al[30]’s study, 133 NSCLC patients with stereotactic ablative radiotherapy (SABR)-based treatment were
chosen for the correlation study. The correction-based
pencil-beam algorithm, model-based convolution/superposition algorithm, and Monte Carlo algorithm were applied for dose calculation. TCP was computed using the
Marsden model[31,32] and associations between dose and
outcome were inferred. The authors found that modelbased mean TCP’s were approximately 8%-9%, 6%-8%,
and 3%-5% lower than those of correction-based algorithms for volumes < 60, 60-100, and > 100 cm3, respectively, when the same treatment arrangement was applied.
This was because that the advanced type (2) methods
simulated the dose deposition physics in a more realistic
way than that type (1) methods. Further, the maximum
decrement in Monte Carlo-based TCP was about 50%
for volumes < 30 cm3. Variation in TCP ranges among
model-based algorithms is due to the differences in the
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Table 2 Relative differences calculated as (without-with)/with density corrections using each algorithm
Eclipse AAA

OTP CC

Pinnacle CC

XiO Sup

OTP PB

XiO FFT

-0.29
-0.19
-0.08
-0.06

-0.2
-0.13
-0.05
-0.06

-0.22
-0.12
-0.05
-0.04

-0.25
-0.15
-0.06
-0.03

-0.36
-0.23
-0.09
-0.05

-0.45
-0.3
-0.13
-0.07

-0.19
-0.06
-0.11

-0.15
-0.05
-0.1

-0.15
-0.05
-0.1

-0.13
-0.05
-0.08

-0.17
-0.06
-0.08

-0.21
-0.09
-0.13

-0.06
-0.05
-0.07

-0.05
-0.05
-0.04

-0.05
-0.04
-0.05

-0.05
-0.04
-0.05

-0.13
-0.1
-0.14

-0.1
-0.11
-0.09

-0.07
-0.07
-0.07

-0.06
-0.07
-0.06

-0.06
-0.06
-0.06

-0.06
-0.06
-0.06

-0.08
-0.09
-0.07

-0.1
-0.11
-0.1

Combined lungs
NTCPBurman
NTCPSeppenwoolde
Mean dose
V20
Heart
NTCP
Mean dose
V50
PTV
Mean dose
D01
D99
GTV
Mean dose
D01
D99

Negative results indicate lower values when no density corrections are included. Eclipse AAA: Eclipse Anisotropic Analytical Algorithm; OTP CC: Oncentra MasterPlan Collapsed Cone algorithm; Pinnacle CC: Pinnacle Collapsed Cone algorithm; XiO Sup: XiO Multigrid Superposition algorithm; OTP PB:
Oncentra MasterPlan Pencil Beam algorithm; XiO FFT: XiO Fast Fourier Transform Convolution algorithm. (Cited from Nielsen et al[34] 2011).

Table 3 Clinical impact of dose calculation algorithms
Ref.

Tumor site/technique Algorithms studied
[34]

Nielsen et al , 2011

NSCLC

Chandrasekaran et
al[38], 2011

Lung/3DCRT,SBRT

Liu et al[39], 2013

Lung/SABR

Bufacchi et al[33], 2013 Prostate, HN, Lung,
Breast /3DCRT
Chetty et al[30], 2013
NSCLC/SABR

Results/conclusion

Eclipse AAA OTP CC
Pinnacle CC XiO Sup OTP
PB XiO FFT
PBC, Eclipse AAA, Pinnacle
CCC, Masterplan PBC and
CCC
EPL, MC

PBC, AAA
EPL-1D, EPL-3D, AAA,
CCC, Acuros, MC

Differences in dose to target predicted by the different algorithms are of a
magnitude. Calculated NTCP values for pneumonitis are more sensitive to
the choice of algorithm than mean lung dose and V20
PBC yielded higher TCP in comparison with other algorithms. For small
tumor, TCP was overestimated by 4%-13% by PBC; for large tumor, there
was an increase of up to 6%-22%
EPL overestimates dose by amounts that substantially decrease TCP
in a large proportion. Compared with MC, prescribing based on EPL
translated to a median TCP decrement of 4.3% (range, 1.2%-37%) and a > 5%
decrement in 46% of tumors
NTCP calculated with AAA was lower than the NTCP calculated with PBC,
except for the breast treatments
Average TCP decrements (5%-10%, ranging up to approximately 50%) were
observed with model-based algorithms relative to the EPL-based methods

Eclipse AAA: Eclipse Anisotropic Analytical Algorithm; OTP CC: Oncentra MasterPlan Collapsed Cone algorithm; Pinnacle CC: Pinnacle Collapsed Cone
algorithm; XiO Sup: XiO Multigrid Superposition algorithm; OTP PB: Oncentra MasterPlan Pencil Beam algorithm; XiO FFT: XiO Fast Fourier Transform
Convolution algorithm; EPL: Equivalent path length; MC: Monte Carlo.

PTV minimum doses observed in the dose-volume histograms which were the direct products of the calculation
algorithms. Though these differences did not have a significant effect on the PTV D95, they had a strong impact
on the TCP. The results implied that more advanced algorithms are essential to assess the quality of the treatment
clinically in the more realistic way. The detailed results of
the percent mean tumor control probability (TCP) values
for all algorithms as a function of PTV volume are cited
and listed in Table 1.
In Bufacchi et al[33]’s study, the focus was shifted to the
clinical implication of algorithms on NTCP models for
four tumor sites: prostate, head and neck, breast and lung.
The pencil beam convolution and anisotropic analytical
algorithm were used for 80 treatment plans. The authors
found that when the original PBC treatment plans were
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recalculated using AAA with the same number of monitor units, the NTCP became lower, except for the breast
treatments. Further the authors concluded that this difference in NTCP between PBC and AAA treatment
plans could be clinically significant. In Nielsen et al[34]’s
paper, the study was specifically focused on the influence
of dose calculation algorithms on NTCP in NSCLC patients. Six dose algorithms from four different treatment
planning systems were investigated: Eclipse AAA, Oncentra MasterPlan Collapsed Cone and Pencil Beam, Pinnacle Collapsed Cone, and XiO Multigrid Superposition
and Fast Fourier Transform Convolution. NTCP values
for heart and lungs were calculated using the relative seriality model[35] and the LKB model[36,37], respectively. The
authors found that the influence of density correction on
the NTCP values depended on the dose calculation algo-
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rithms and the NTCP model parameter set. Compared to
mean lung dose (MLD) and V20, the calculated NTCP
values for pneumonitis were more sensitive to the calculation algorithms. All these implied that for plan evaluation
the algorithms play an extremely important role and the
dosimetric parameters such as MLD and V20 might not
be sensitive enough for the assessment. The differences
of the quantities calculated with and without density correction using each algorithm are cited and listed in Table 2.
To summarize, we list the clinical impact of dose calculation algorithms in Table 3. Five references[30,33,34,38,39]
with their results and conclusions are summarized.

9
10
11
12
13

CONCLUSION
In this study we reviewed the commonly used dose calculation algorithms: correction-based type (1) methods and
model-based type (2) methods. The calculation accuracy
of different algorithms illustrated by several studies was
summarized. Special focus was given to dose calculation
comparison in the lung region. All the research studies
demonstrated that for dose calculation in lung region, the
advanced type (2) methods are necessary. Further, the
accuracy of dose calculation algorithms was correlated
to the quantities of TCP/NTCP, and the connection between the algorithms and clinical impact was established.
The clinically related TCP/NTCP values are sensitive to
the accuracy of dose algorithms. In conclusion, dose calculation algorithms play a vital role in radiation therapy.
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Congenital hyperinsulinism: Role of fluorine-18L-3, 4
hydroxyphenylalanine positron emission tomography
scanning
Jaya Sujatha Gopal-Kothandapani, Khalid Hussain
ease only require a limited pancreatectomy to remove
only the focal lesion thus providing complete cure to
the patient. Hence the preoperative differentiation of
the histological subtypes of CHI becomes paramount in
the management of CHI. Fluorine-18L-3, 4-hydroxyphe18
nylalanine positron emission tomography ( F-DOPAPET) is now the gold standard for pre-operative differentiation of focal from diffuse disease and localisation
of the focal lesion. The aim of this review article is to
give a clinical overview of CHI, then review the role of
dopamine in β-cell physiology and finally discuss the
18
role of F-DOPA-PET imaging in the management of
CHI.
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Core tip: This manuscript describes how the advent of
fluorine-18L-3, 4-hydroxyphenylalanine positron emis18
sion tomography ( F-DOPA-PET) scanning has revolutionised the management of patients with a very complex condition called congenital hyperinsulinism. 18FDOPA-PET scanning allows the accurate pre-operative
localisation of the focal lesion in these patients which
can then be surgically removed allowing complete cure
from the hypoglycaemia.

Abstract
Congenital hyperinsulinism (CHI) is a rare but complex
heterogeneous disorder caused by unregulated secretion of insulin from the β-cells of the pancreas leading
to severe hypoglycaemia and neuroglycopaenia. Swift
diagnosis and institution of appropriate management
is crucial to prevent or minimise adverse neurodevelopmental outcome in children with CHI. Histologically
there are two major subtypes of CHI, diffuse and focal
disease and the management approach will significantly
differ depending on the type of the lesion. Patients with
medically unresponsive diffuse disease require a near
total pancreatectomy, which then leads on to the development of iatrogenic diabetes mellitus and pancreatic
exocrine insufficiency. However patients with focal dis-
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INTRODUCTION
Congenital hyperinsulinism (CHI) is a heterogeneous
condition due to the dysregulated and inappropriate secretion of insulin from the β-cells of the pancreas leading to severe hypoglycaemia in infants. The incidence
of CHI is 1 in 50000 in the general population and 1 in
2500 in the consanguineous cohorts[1]. Based on the clinical presentation-CHI can be classified into two major
subgroups, transient or persistent and based on histology
into three forms such as focal (40%), diffuse (50%) or
atypical (10%)[2]. Transient CHI is observed in children
who are born small for gestational age, those with intrauterine growth restriction (IUGR), those subjected to
birth asphyxia and those born to mothers with diabetes
mellitus (pre or gestational diabetes) and can last up to a
week[3]. However it can last longer up to a few months in
some children with IUGR[4].
The insulin secreting β-cells of the pancreas consists
of a potassium channel (KATP channel) which plays a crucial role in insulin secretion and glucose homeostasis[5].
The KATP channel proteins are encoded by two genes.
These are “sulphonylurea receptor subunit” (SUR1 encoded by ABCC8) and the “inward rectifying potassium
channel subunit” (Kir6.2 encoded by KCNJ11) genes[6].
Both these genes are localised to chromosome 11p15.1[7].
Nearly 90% of medically unresponsive persistent CHI is
caused by loss of function (recessive inactivating) mutations in these two subunits of the KATP channel involved
in regulating insulin secretion[8]. They are predominantly
autosomal recessive (AR) and rarely autosomal dominant
(AD) in inheritance.
Mutations in genes encoding enzymes involved in
insulin secretion are rare causes of CHI. They are (1) glutamate dehydrogenase (GDH) encoded by GLUD1 gene
(AD); (2) glucokinase (GCK) encoded by GCK gene (AD);
(3) L-3-hydroxyacyl-coenzyme A dehydrogenase (HADH)
encoded by HADH gene (AR); (4) hepatocyte nuclear
factor 4-alpha (HNF4-a) encoded by HNF4A gene(AD);
(5) monocarboxylate transporter (MCT1) encoded by
SLC16A1 gene (AD); and (6) uncoupling protein 2 encoded by UCP2 gene (AD)[9]. No genetic aetiology has
been identified in about 70%-80% of patients who are
responsive to medical therapy with diazoxide.
Of the three histological forms of CHI, the typical
diffuse form is characterised by the abundant distribution of enlarged and hyperchromatic nuclei throughout
the islets[2]. It is predominantly caused by recessive loss
of function mutations in the K ATP channel (ABCC8
and KCNJ11 genes) and when unresponsive to medical
therapy requires a near total (≥ 95%) pancreatectomy[2]
(Figure 1). The focal form is characterised by an isolated
cluster of abnormal insulin producing cells with ‘normal ‘surrounding tissue within the pancreas (Figure 2).
Histologically it involves focal adenomatous hyperplasia
of the islet cells with ductuloinsular complexes and scattered giant β-cell nuclei surrounded by normal pancreatic
parenchyma[2,10,11]. Focal CHI is always sporadic in inheritance and caused by the paternal heterozygous mutation
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Diffuse:
Entire pancreas affected
Associated with mutations in ABCC8/ KCNJ11/GCK/GLUD1/HNF4A/
HADH and SLC16A1

Figure 1 Diffuse lesion where the entire pancreas is affected. It is associated with recessive and dominant mutations in the ABCC8/KCNJ11/GCK/GLUD1/
HNF4A/HADH and SLC16A1.

Focal:
Localised region of pancreas affected
Associated with a paternal mutation in ABCC8/KCNJ11 and paternal UPD
encompassing 11p5.1 to 11p15.5 in the focal area

Figure 2 Focal lesion affecting only a single region of the pancreas. It is
associated with a paternal mutation in the ABCC8 or KCNJ11 and paternal uniparental disomy encompassing 11p5.1 to 11p5.5 in the focal area.

in ABCC8/KCNJ11 genes along with somatic loss of
maternal allele in the focal hyperplastic tissue requiring a
focal lesionectomy[12].
Nearly 10% of CHI is of atypical form, the molecular mechanism and histopathological differentiation of
which is yet to be completely understood[13]. Children
with persistent CHI often require high glucose concentrations (> 8mg/kg/min) to maintain euglycemia. The
diagnosis of CHI is primarily made by biochemical investigations demonstrating detectable levels of insulin in
relation to hypoglycaemia along with reduced/absent free
fatty acids and ketone bodies[12]. Current medical management for CHI includes Diazoxide along with Chlorothiazide as the first line therapy and Octreotide as a second
line drug[12].
Children who are not responding to medical management, and in whom the genetic testing is inconclusive or
in favour of a focal lesion, should undergo 18F-DOPAPET scan to ascertain the type of lesion whether it is fo-

579

March 28, 2015|First Edition|

18

Gopal-Kothandapani JS et al . Role of F-DOPA-PET scanning

a major role in neuropsychiatric and movement disorders
such as Schizophrenia and Parkinson’s disease[15]. It also
acts as a local chemical messenger in other organs such
as bloods vessels, kidney, gastrointestinal mucosa and including pancreas[16].
Dopamine exerts its effects by binding to and activating receptors on the surface of cells. In humans five
subtypes of dopamine receptors have been identified,
labelled D1 through D5[16]. All of them exert their effects
via a complex second messenger system [e.g., cyclic AMP].
Dopamine signalling is mediated by five cloned receptors,
grouped into D1-like (D1 and D5 receptors) and D2-like
(D2, D3 and D4 receptors) families. The presence of dopamine receptors from both families has been identified
in human isolated islets[16]. D2 receptor expression was
confirmed by immunodetection revealing localization on
insulin secretory granules of human β-cells[16].
Studies carried out in mouse pancreatic islets have
shown pancreatic islets as the site for Dopamine synthesis and storage outside the central nervous system and
both Dopamine and L-Dopa exerts a negative feedback
action on insulin secretion in correlation with the reduction in intracellular [Ca2+] influx[17,18].
A study done recently has shown a negative feedback
regulatory circuit for glucose-stimulated insulin secretion in purified human islets in vitro[19]. The release of
dopamine and insulin together in response to the glucose
load is demonstrated by the in-vitro infusion of dopamine
into the insulin-containing secretory granules of human
β-cells. Dopamine in turn exerts an antagonistic action
on the D2 receptors that are also expressed on β-cells
and thus inhibiting insulin secretion[19].
Neuroendocrine cells and pancreatic islets take up
L-DOPA and convert it into Dopamine by the enzyme
DOPA decarboxylase, which is expressed in β-cells of
the pancreatic islets[20-23]. Thus decarboxylation of the
L-DOPA to dopamine in the β-cells of the pancreatic
islets allows localization of the lesion by means of PET
scanning, using radioactive isomer 18F-L-DOPA[24]. 18FDOPA is a radiotracer analogue of DOPA and this
radioactive tracer is taken up, decarboxylated and stored
in cytoplasmic secretory granules by both the endocrine
and exocrine cells of the pancreas[23,25]. This mechanism
acts as the principle behind the use of this non-invasive
18
F-DOPA-PET imaging technique as the diagnostic tool
of choice in localising the focal lesion. Both focal and
diffuse forms have high DOPA decarboxylase activity
and in focal lesions there is excessive tracer uptake in the
lesion when compared to the rest of the pancreas (Figure
4).
In diffuse CHI there is generalised increased tracer
uptake with a relatively higher uptake in the head when
compared to the rest of the pancreas[14,26,27]. 18F-DOPA is
excreted by kidneys hence normal bio-distribution is seen
in kidneys, ureter and urinary bladder. An excessive uptake is also seen in gall bladder and biliary tract and a low
uptake is seen in liver, heart and basal ganglia[26].

Phenylalanine
O
OH
HO

NH2
Tyrosine
Tyrosine hydroxylase (rate limiting step)
O

HO

OH
NH2

HO
L-Dopa

DOPA decarboxylase

NH2

HO

HO

Dopamine

Noradrenaline

Figure 3 Dopamine biochemistry. Phenylalanine is converted into L-Tyrosine.
L-Tyrosine is then converted into L-Dopa by Tyrosine Hydroxylase. L-Dopa is
then converted into Dopamine by DOPA decarboxylase.

cal or diffuse and provide guidance towards surgery[1].
Pre-operative delineation of the subtype of the lesion
becomes extremely crucial as the management approach
and the treatment modalities differ significantly based on
the type of the lesion. Focal CHI typically does not respond to medical management and a focal lesionectomy
provides a definite cure for the condition by avoiding
further hypoglycaemic episodes and its neurological complications. A focal lesionectomy also minimises the risk
of iatrogenic diabetes mellitus and exocrine pancreatic insufficiency. Children with diffuse CHI warrant a sub total
or a near total pancreatectomy to prevent brain damage
from neuroglycopaenia, however the risk of developing
diabetes mellitus and exocrine insufficiency in later life is
quite high[14].

DOPAMINE METABOLISM
Dopamine is synthesised from a non-essential amino
acid, tyrosine which is first converted to L-dopa by tyrosine hydroxylase. This is the rate limiting step in dopamine production. Then L-Dopa is decarboxylated to
dopamine by DOPA decarboxylase. Dopamine is then
oxidised to nor-adrenaline (Figure 3).
Dopamine plays different roles in various internal organs. In the brain, it acts as a neurotransmitter and plays
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Otonkoski et al[36] used 18F-DOPA-PET/CT in 14
patients (ABCC8 mutation in 11/14 patients) and found
focal uptake in 5 patients, diffuse uptake in the remaining
9 patients. 18F-DOPA-PET/CT findings were confirmed
by histology in all 5 patients with focal uptake and 4 out
of 9 in patients with diffuse uptake. This group also measured the standardized uptake value (SUV) of 18F-DOPA
and found a SUV of > 50% higher uptake than the
maximum SUV of the unaffected part of the pancreas in
the focal group which corresponded with the histology
findings. The remaining 9 patients with a diffuse uptake
on the 18F-DOPA-PET/CT scan had a SUV ratio of <
1.5. Histology findings confirmed diffuse disease in 4 patients and pancreatic venous sampling in 4 patients. The
authors concluded by proposing 18F-DOPA-PET/CT as
the best modality of choice in locating a focal lesion[36].
Riberio et al[40] did a retrospective study in 2007 on
forty nine children with CHI who had undergone 18FDOPA-PET/CT scanning. They identified abnormal focal pancreatic uptake of 18F-DOPA in 15 children, where
diffuse radio-tracer uptake was observed in the pancreatic
area in the other 34 children. They also subjected 12 of
the 49 children for pancreatic venous sampling (PVS)
and 31 for MRI. In children who underwent both PET
and PVS, the results were concordant in 11 out of 12.
The authors concluded that PET scan with 18F-DOPA is
an accurate non-invasive technique allowing differential
diagnosis between focal and diffuse forms of CHI[40].
Arbizu Lostao et al[41] reported their first patient from
Spain in whom the diagnosis of focal CHI was made in
a 13 month old child using combined genetic analysis
[paternal heterozygous mutation (G111R) in the ABCC8
gene] and 18F-DOPA-PET/CT imaging (focal uptake in
the body of the pancreas) was successfully treated by surgery. This case report reiterates the importance of performing combined investigations towards the successful
management of CHI.
Barthlen et al[22] in 2008 reported the correlation of
18
F-DOPA-PET/CT scan findings with the intra-operative findings in 9 out of 10 children. A limited resection
was found to be curative in 8 out of 9 children. They also
reported their follow up data on these children with no
evidence of diabetes or exocrine pancreatic insufficiency[22].
Cherubini et al[42] have reported that 18F-DOPA-PET/
CT imaging can distinguish between focal and diffuse
lesions in majority of the cases and 100% accurate in
locating the focal lesion. The authors also highlighted the
potentiating effects of non-invasive imaging technique
using 18F-DOPA-PET/CT imaging combined with laparoscopic pancreatic surgery in the prompt localisation
and excision of the focal lesion, preventing iatrogenic
diabetes mellitus in later life[42].
Yorifuji et al[43] reported a boy with focal CHI whose
disease activity was not consistent with the uptake of 18F
DOPA. A diagnosis of CHI was made on day 2 of his
life when he presented with hypoglycaemic seizures. A
paternal heterozygous mutation c.4186G 1T (p.D1396Y)

SUV 2,6
SUV 5,7

Figure 4 Fluorine-18L-3, 4-hydroxyphenylalanine positron emission tomography scan showing the focal lesion in the tail of the pancreas.

DIAGNOSTIC METHODS TO LOCALISE
FOCAL LESION
Until recently the methods used to localise the focal lesion were (1) Hepatic portal venous sampling (PVS)[28,29];
(2) arterial calcium stimulation test[30,31]; and (3) tolbutamide response test[32]. PVS is invasive, time consuming, technically challenging and is associated with risk
of severe hypoglycaemia and the accuracy is only about
70%[28,33]. Arterial calcium stimulation and tolbutamide response test are not found to be accurate in distinguishing
between focal and diffuse CHI[30-32,34,35] Imaging modalities such as computed tomography (CT) and magnetic
resonance imaging (MRI) has not been found very useful
in localising the focal lesion[14].
18
F-DOPA-PET/CT was first reported for the localisation of the focal lesion by Riberio et al[13] in 2005
and Otonkoski et al[36] in 2006. Since then several studies
have shown that 18F-DOPA-PET/CT provides precise
differentiation between focal and diffuse forms albeit
exact localisation of the lesion may not be accurately
attributed by the scan technique[13,21,37]. However, 18FDOPA-PET/CT is non-invasive, relatively simple to use
and more efficient than the invasive procedures such as
PVS, and arterial calcium stimulation tests in differentiating and localising the pancreatic lesions[38]. The sensitivity
and specificity of 18F-DOPA-PET/CT in detecting focal
lesions measuring between 2 mm and 10 mm is approximately 90% and 100% respectively[39]. Thus the use of
18
F-DOPA-PET/CT has revolutionised the surgical outcome in these children with CHI.

USE OF

18

F-DOPA-PET/CT IN CHI

18

The use of F-DOPA-PET/CT in distinguishing between focal and diffuse CHI was first reported by Riberio
et al[13], where the authors subjected 15 neonates to 18FDOPA-PET scan. Abnormal focal uptake was observed
in 5 children and diffuse uptake in the rest. Histopathology findings of all 5 patients with focal lesion and
4 patients with diffuse uptake who underwent surgery
matched with their PET scan findings.

WCR|www.wjgnet.com

581

March 28, 2015|First Edition|

18

Gopal-Kothandapani JS et al . Role of F-DOPA-PET scanning

in the ABCC8 was identified followed by an uptake in
the body of pancreas in the 18F-DOPA-PET/CT scan. A
diagnosis of focal CHI was made and he was managed
conservatively with frequent feeding regime. He achieved
spontaneous remission at 1 year and 10 mo of age and a
follow up 18F-DOPA-PET/CT scan revealed no difference in uptake between the two scans despite achieving
clinical remission. Further to this an arterial stimulation
venous sampling test was done which showed a low basal
and stimulated insulin release illustrating that 18F-DOPAPET/CT uptake may not always correlate with the insulin secreting capacity of the β-cells and the spontaneous
remission of hypoglycaemia can be a functional process and not due to the apoptotic death of β abnormal
cells[43].
Zani et al[44] evaluated the accuracy of 18F-DOPAPET/CT imaging technique in differentiating between focal and diffuse lesions and localisation of the focal lesion.
The authors reviewed the results of 18F-DOPA-PET/CT
scan performed in 19 patients. Five of them had diffuse
uptake and the same was confirmed by histology. The
remaining 14 patients showed a focal uptake which was
confirmed by histology however the localisation was not
accurate in 5 children leading to incorrect surgical resection. The authors concluded that 18F-DOPA-PET/CT
scan can distinguish between focal and diffuse CHI and
the exact localisation in only 2/3 of patients with focal
lesions. The authors also suggested undertaking intraoperative histological confirmation of the focal lesion prior
to complete excision[44].
Masue et al[45] reported their experience of the use of
18
F-DOPA-PET/CT in 17 Japanese children by assessing
their results either by simple inspection or by calculating
the pancreas percentage and compared those results with
the genetic analysis and histology. Pancreas percentage is
the expression of uptake of the head, body and tail of
the pancreas as the total maximum SUV of the whole
pancreas. They found the localisation and histology was
consistent in all 17 children. However the overall results
were consistent with the molecular diagnosis and histology in only 7/17 and 6/12 patients respectively. They
also reported a substantial improvement in the accuracy
of PET studies by using pancreatic percentage[45].
Ismail et al[12] reported the marked variation in the clinical, genetic, radiological and histopathological features
of focal CHI in 3 of their patients. All 3 of them had
paternal heterozygous mutation in ABCC8 gene (c.39929G → A in the first 2 patients and c.4477G → A in third
patient). Of the 2 patients, first patient was responded
to Diazoxide but not the second patient. The focal lesions in these 2 patients were accurately localised using
18
F-DOPA-PET/CT imaging. Both of them underwent
focal lesionectomy and were completely cured. Histology
confirmed the presence of focal nodules with large nuclei along with the remaining normal pancreatic tissue in
the first 2 patients. The authors proposed that unknown
genetic or environmental factors may influence the phenotypic variation in response to treatment and some focal
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lesions can respond to medical management. The authors
have also highlighted that a paternally inherited c.3992-9G
→ A mutation in the ABCC8 gene is associated with a
mild focal phenotype responding to medical management
in some patients of Ashkenazi Jewish origin[12]. This finding is based on previous reports that nearly 90% of CHI
in Ashkenazi Jewish population is associated with c.39929G → A mutation and p.F1388del in the ABCC8 gene[46].
The third patient had undergone two 18F-DOPA-PET/
CT imaging, with an unusually large focal lesion involving
the whole pancreas. The first scan showed the tracer uptake in the body and tail and the second scan performed
post lesionectomy showed a tracer uptake in the head of
the pancreas and the patient underwent 2 pancreatic surgeries. Macroscopically this patient had a normal looking
pancreas but microscopically islet cell nodules with large
nuclei were found along with some normal pancreatic tissue. Despite undergoing the second surgery this patient
was reported to be dependent on continuous gastrostomy
feeds to maintain euglycemia[12].
Giurgea et al[47] reported that the size of the focal lesion is determined by the timing when the somatic loss
of maternal allele occurs during the gestational age[47].
The earlier it occurs the larger the size of the focal lesion
can be, as found in the 3 patient in this report. Also it has
been suggested that an unknown mechanism might play a
role in different rate of tracer uptake in different regions
of pancreas in large focal lesions[47].
Meintjes et al[26] recently evaluated and reported the
accuracy of delineating the focal and diffuse CHI using 18F fluoro-L-DOPA/CT and contrast enhanced CT.
They performed 22 18F fluoro-L-DOPA/CT and contrast
enhanced CT studies on 18 patients and assessed those
results using visual assessment followed by quantitative
comparison of SUVs measured by calculating the uptake
on head, body and tail of the pancreas. They derived an
SUV ratio using the formula-highest SUV (max)/next
highest SUV (max). The authors also proposed a time
activity curve which showed the focal pancreatic islet
uptake relatively constant over time suggesting performing imaging at 20 min and 50 min after the radio tracer
injection. The use of intravenous contrast agents during
CT provides invaluable information for the surgeons in
delineating the anatomical landmarks while performing
surgery.
Of the 18 patients 13 showed diffuse with an SUV
ratio of < 1.3 and five showed focal uptake with an SUV
ratio of > 1.5 with an SUV (max) 50% higher than that
of the unaffected area of the pancreas. Out of these five
patients four of them had paternal ABCC8 mutation. All
five patients were cured after limited focal resection with
three of them requiring second 18F-L-DOPA/CT and
contrast enhanced CT and surgery. Of the 13 patients
who had diffuse disease, 9 of them were negative for
ABCC8/KCNJ11 mutations and 3 had positive paternal ABCC8 mutation. Out of 13, 2 patients underwent
surgery and 11 patients remain on high dose Diazoxide
treatment one of them had 3 pancreatectomies without
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(0.64). Thus this review concluded that 18F-DOPA-PET/
CT is superior in diagnosing and localising focal CHI lesion in patients requiring surgery albeit the limitation of
the review is the inclusion of small sample sizes and high
probability of bias leading to the overestimation of diagnostic accuracy[38].

cure. The authors concluded by highlighting the importance of per-operative 18F-L-DOPA/CT and contrast
enhanced CT studies in not only distinguishing between
the focal and the diffuse disease but also the precise localisation of the anatomical landmarks[26].
Laje et al[48] did a retrospective review to determine
the accuracy of 18F-DOPA-PET/CT scan in diagnosing
focal CH on 105 children in whom a pre-operative 18FDOPA-PET/CT scan was undertaken. Out of 105 patients, 53 patients had focal lesion and the remaining 52
patients had diffuse disease. Eight out of 53 patients with
focal lesion were reported to have diffuse disease on their
pre-operative 18F-DOPA-PET/CT scan. The location of
the eight missed lesions was head (3), body (2) and tail
(3) which showed a homo/heterogeneous tracer uptake
throughout the pancreas. Thus the sensitivity of 18FDOPA-PET/CT scan in diagnosing a focal lesion was
85% based on this study. Two out of 52 patients with
diffuse disease were reported to have focal lesion on their
pre-operative 18F-DOPA-PET/CT scan with a specificity
of 96%. The positive predictive value of the study was
96% with 45 out of 47 patients having a true focal lesion.
The authors concluded that the sensitivity and specificity of the 18F-DOPA-PET/CT scan varies based on the
location of the lesion and the experience of the radiologists[48].
A meta-analysis was performed and published recently by Yang J and his colleagues reviewing the diagnostic
role of 18F-DOPA PET and 18F-DOPA PET/CT imaging
in CHI in 10 studies involving 181 children. The pooled
sensitivity and the specificity in detecting focal CHI using
18
F DOPA PET and PET/CT was reported to be 88%
(95%CI: 80%-94%) and 79% (95%CI: 69%-87%) respectively on a per-patient-based analysis in this systematic
review. The area under the summary receiver operating
characteristic curve (SROC) was estimated to be 0.92%
suggesting that 18F-DOPA PET and PET/CT imaging
are accurate tools for distinguishing focal diagnosing
CHI, although there is a minimal risk of both false positive and false negative results. The authors concluded that
18
F-DOPA PET is very helpful in differentiating between
focal and diffuse lesions, and should be the first investigation of choice when the genetic test results are inconclusive and 18F-DOPA PET/CT is very helpful in localising
the lesion and thereby improving the treatment outcome
in focal CHI[27].
Blomberg et al[38] conducted a systematic review and
meta-analysis recently to quantify the diagnostic performance of pancreatic venous sampling (PVS), selective
pancreatic arterial calcium stimulation with hepatic venous sampling (ASVS) and 18F-DOPA-PET/CT in diagnosing and localising focal CH. They reported that 18FDOPA-PET/CT is superior in distinguishing focal from
diffuse CH with a summary diagnostic odds ratio (DOR)
of 73.2 when compared to PVS (summary DOR 23.5)
and ASVS (summary DOR, 4.3). Also the pooled accuracy for localising a focal lesion by 18F-DOPA-PET/CT
is higher (0.82) when compared to PVS (0.76) and ASVS
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ECTOPIC PANCREAS AND THE ROLE OF
18
F-DOPA-PET/CT
The pancreas begins to develop from the distal end of
the foregut endoderm during the fourth week when
both the dorsal and ventral pancreatic buds grow into
the mesogastrium[49]. Thus the pancreatic acinar and the
islet cells are derived from the endodermal cells lining the
upper and duodenal region of the foregut[50]. During the
course of this development an ectopic pancreatic tissue
may occur in the stomach, duodenum, jejunum, ileum
and rarely in Meckel’s diverticulum, appendix, biliary tract
or lungs[49].
There have been reports of ectopic pancreatic tissue
causing CHI in both adults and children. We reported a
child with persistent and severe hyperinsulinaemic hypoglycaemia (HH) despite undergoing three pancreatectomies with a choledochoduodenostomy and a cholecystectomy. An 18F-DOPA-PET/CT scan localised the ectopic
lesion in the vicinity of the former head of pancreas.
The same lesion was found to be localized near the duodenum, either in the duodenal wall or cavity on the magnetic resonance scan (MRI). He is subsequently managed
medically[33].
Peranteau et al[51] in 2007 reported another patient
with persistent hypoglycaemia despite undergoing a neartotal pancreatectomy. A subsequent 18F-DOPA-PET/CT
scan demonstrated one focus in the remnant pancreatic
head and 3 in the abdomen. The lesion in the pancreatic
remnant was removed completing a total pancreatectomy
and further abdominal exploration revealed 4 pancreatic
ectopic rests in the jejunum. The lesions were surgically
removed and the histopathology confirmed focal islet cell
hyperplasia in all the lesions. This patient required insulin
therapy for a short term post operatively.
In both of these patients 18F-DOPA-PET/CT scan
was performed post near total pancreatectomy with the
persistence of hypoglycaemic symptoms. However a
preoperative localisation of the focal lesions would have
led to the removal of local and ectopic lesions and preservation of the rest of the pancreas. Thus the use of
18
F-DOPA-PET/CT scan in the management of CHI is
justified in identification of both focal lesions within the
pancreas and ectopic pancreatic tissue[51].
A standardised protocol for the use of 18F-DOPAPET/CT was derived in 2005 and advocated to achieve
maximum acquisition with minimum radiation. This
guideline was derived based on the survey conducted in
2005 reviewing the experience of all the PET centres.
The result of the survey showed that 18F-DOPA-PET/
CT has 94% sensitivity and 100% specificity. Thus pre-
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operative performance of 18F-DOPA-PET/CT has been
proposed as the most accurate way of localising the focus
enabling limited resection and thereby preventing the risk
of iatrogenic diabetes[14]. Studies recommended performing 18F-DOPA/CT studies only in tertiary endocrine
centre equipped with necessary expertise to perform and
interpret the results[14].
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12

CONCLUSION
We conclude that 18F-DOPA-PET/CT is a safe, noninvasive and the most preferred investigation of choice
(1) to distinguish between the focal and diffuse forms of
CHI; and (2) to enable accurate localisation and enucleation of the focal lesion preventing the risk of developing iatrogenic diabetes mellitus and pancreatic insufficiency. However a multi-disciplinary team (MDT) approach
is essential and has to be undertaken in a tertiary centre
built-in with necessary expertise for the successful interpretation and management of CHI patients.
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FDG-PET/CT response evaluation during EGFR-TKI
treatment in patients with NSCLC
Matthijs H van Gool, Tjeerd S Aukema, Koen J Hartemink, Renato A Valdés Olmos, Harm van Tinteren,
Houke M Klomp
during EGFR-TKI therapy has potential in targeted
treatment for NSCLC. FDG-PET/CT response is associated with clinical and radiologic response and with
survival. Furthermore FDG-PET/CT response monitoring
can be performed as early as 1-2 wk after initiation of
EGFR-TKI treatment. Patients with substantial decrease
of metabolic activity during EGFR-TKI treatment will
probably benefit from continued treatment. If metabolic response does not occur within the first weeks of
EGFR-TKI treatment, patients may be spared (further)
unnecessary toxicity of ineffective treatment. Refining
FDG-PET response criteria may help the clinician to
decide on continuation or discontinuation of targeted
treatment.
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Key words: Non-small cell lung cancer; Epidermal
growth factor receptor-tyrosine kinase inhibitors therapy; Positron emission tomography-computed tomography; Computed tomography; Response monitoring
Core tip: Our report shows that response monitoring
using [18F]-fluorodeoxyglucose positron emission tomography (FDG-PET) acquired together with low dose
computed tomography has potential in targeted treatment for non-small cell lung cancer and can be performed as early as 1-2 wk after initiation of treatment.
Patients with substantial decrease of metabolic activity
during epidermal growth factor receptor-tyrosine kinase
inhibitors treatment will probably benefit from continued treatment. Refining FDG-PET response criteria may
help the clinician to decide on continuation or discontinuation of targeted treatment.

Abstract
Over recent years, [18F]-fluorodeoxyglucose positron
emission tomography acquired together with low dose
computed tomography (FDG-PET/CT) has proven its
role as a staging modality in patients with non-small
cell lung cancer (NSCLC). The purpose of this review
was to present the evidence to use FDG-PET/CT for
response evaluation in patients with NSCLC, treated
with epidermal growth factor receptor (EGFR)-tyrosine
kinase inhibitors (TKI). All published articles from 1
November 2003 to 1 November 2013 reporting on 18FFDG-PET response evaluation during EGFR-TKI treatment in patients with NSCLC were collected. In total 7
studies, including data of 210 patients were eligible for
analyses. Our report shows that FDG-PET/CT response
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November 2003 to 01 November 2013 reporting on
18F-FDG-PET response evaluation during EGFR-TKI
treatment in patients with NSCLC, using the algorithm:
[(Non-Small Cell Lung Carcinoma OR NSCLC) AND
(Epidermal Growth Factor Receptor OR EGFR) AND
(Diagnostic Imaging) AND (18-FDG PET)]. We also
hand-searched journals known to publish data relevant to
our search, the reference lists of all articles we recovered
and those of relevant review articles were also cross-referenced. Experts in the field were contacted to broaden
our yield of potentially eligible articles. Whenever several
reports pertained to overlapping groups of patients,
we retained only the report with the largest number of
events or largest patient population (where appropriate)
to avoid duplication of information.

NSCLC. World J Radiol 2014; 6(7): 392-398 Available from:
URL: http://www.wjgnet.com/1949-8470/full/v6/i7/392.htm DOI:
http://dx.doi.org/10.4329/wjr.v6.i7.392

INTRODUCTION
Over recent years, [18F]-fluorodeoxyglucose positron
emission tomography acquired together with low dose
computed tomography (FDG-PET/CT) has proven its
role as a staging modality in patients with non-small cell
lung cancer (NSCLC)[1-3]. In addition, FDG-PET/CT has
been evaluated as a method to monitor tumor response
to chemotherapy. Several studies demonstrated that
FDG-PET/CT is able to predict response to treatment
in various malignancies, i.e., breast cancer[4,5], malignant
lymphoma[6,7] and colorectal cancer [8]. Diagnostic CT
has been the clinical standard for response evaluation in
NSCLC. There is an ongoing discussion on the performance of FDG-PET/CT as compared to CT[9-11].
With advances in molecular research, moleculartargeted agents such as epidermal growth factor receptor
(EGFR)-tyrosine kinase inhibitors (TKI) have emerged
for the treatment of (advanced) NSCLC. EGFR-TKIs
are able to induce swift responses in selected groups of
NSCLC patients and TKI treatment is associated with
survival benefit when given as second-line treatment in
unselected patients[12]. It blocks the tyrosine kinase domain of the EGFR, thereby inhibiting downstream signaling pathways involved in cell proliferation, angiogenesis, invasion and metastasis and prevention of apoptosis.
They can be orally administered, have a relatively favorable toxicity profile, and are registered for the treatment
of patients with advanced (chemotherapy-refractory)
NSCLC[13].
The probability of response to EGFR–TKIs is
considerably higher in patients with EGFR-mutated tumors[14-16]. However, prediction of response is suboptimal
by mutation analysis only[17,18]. It is known, that several
patients without apparent sensitizing EGFR mutations
do benefit from erlotinib therapy[19]. This may be due to
heterogeneity within the tumor or the limitations of biopsy analysis not always showing relevant mutations. On
the other hand, patients who do not respond to EGFRTKI’s, despite the presence of activating mutations, could
be spared unnecessary toxicity and costs. Therefore early
decision making as to the effect of treatment is essential.
In this perspective, we present the evidence to use
FDG-PET/CT for response evaluation in patients with
NSCLC, treated with EGFR-TKI.

Inclusion and exclusion criteria
The inclusion criteria were as follows: (1) histologically
proven NSCLC; (2) use of 18F-FDG as a tracer; (3) use
of an 18F-FDG-PET/CT scanning apparatus in humans;
(4) use of EGFR-TKI; and (5) articles reported in English.
Studies examining EGFR-targeted agents in combination with other agents were considered eligible, as were
single agent anti-EGFR studies, whether they were single
arm non-randomised studies, phase Ⅱ or Ⅲ randomised
studies, prospective studies, or retrospective studies. Abstracts, meeting proceedings and case reports, defined
as studies reporting on fewer than five patients, were excluded. When datasets were incomplete for required data,
corresponding authors were contacted; however, no additional data were obtained by this process. Our literature
search was limited to published studies.
Data extraction
The following information was manually extracted from
each recovered article: first author, journal and year of
publication, number of patients screened, EGFR mutational rate, stage of disease correlations with clinicopathologic and demographic data (i.e., smoking status,
history, gender, histologic type), and also for data to treatment outcome [i.e., CR, PR CR + PR, stable disease (SD),
progressive disease (PD), and nonassessable patients]
with the TKIs gefitinib and erlotinib when administered
as single agent, i.e., monotherapy TKI. No stratification
has been made according to TKI with respect to response data. Information recorded about each recovered
reference is listed in Table 1. Data extraction was done
independently by two of the authors (MG and TA) and
discrepancies were resolved by consensus including a
third author (HK).

SEARCH

RESEARCH

Study eligibility and identification
We performed a systematic computerized search of
the of PubMed and Medline databases (last search: 01
November 2013) and the Cochrane library (Issue 10, 31
October 2013) to identify all published articles from 01
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During the search period, a total of 20 articles of potential interest have been screened for 18F-FDG-PET/CT
response evaluation during EGFR-TKI treatment in patients with NSCLC. Of these, 13 were excluded because
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Table 1 Patient characteristics n (%)
Year of
n
publication

Ref.

Age,
yr

M/F

Study type

Study protocol FDG
response

Stage of
disease

Riely et al[20]

2007

13

56

Aukema et al[21]

2010

23

63

2/11 Prospective 21 d after stopping and
Ⅳ
21 d after restarting
8/15 Prospective
After 7 d
Ⅰ-Ⅲ

Mileshkin et al[11]

2011

51

61

30/21 Prospective

After 14 d and 56 d

Ⅲ-Ⅳ

Zander et al[22]

2011

34

61

17/17 Prospective

After 7 d and 42 d

Ⅳ

Benz et al[23]

2011

22

64

6/16 Prospective

After 14 d and 78 d

Ⅲ-Ⅳ

O'Brien et al[24]

2012

47

63

18/29 Prospective

After 42 d

Ⅲ-Ⅳ

Takahashi et al[25]

2012

20

69

5/15 Prospective

After 2 d and 28 d

Ⅲ-Ⅳ

Histology

EGFR Selection

Adenocarcinoma 11 (85)
Only EGFR
Other (including NOS) 2 (15)
mutated tumors
Adenocarcinoma 17 (73)
No selection
Other 6 (26)
Adenocarcinoma 37 (72)
No selection
Squamous cell carcinoma 8 (16)
Large-cell carcinoma 1 (2)
Other (including NOS) 5 (10)
Adenocarcinoma 26 (76)
No selection
Squamous cell carcinoma 4 (12)
Large cell carcinoma 1 (3)
Bronchioloalveolar carcinoma 3 (9)
Adenocarcinoma 17 (78)
No selection
Squamous cell carcinoma 3 (14)
Other (including NOS) 1 (4)
Large cell carcinoma 1 (4)
Adenocarcinoma 28 (60)
No selection
Squamous cell carcinoma 6 (13)
Bronchioalveolar carcinoma 7 (14)
Other (including NOS) 6 (13)
Adenocarcinoma 20 (100)
No selection

FDG: [18F]-fluorodeoxyglucose; EGFR: Epidermal growth factor receptor.

free survival varying from 3.0 to 8.7 mo. Mileshkin et
al[11] showed that response at FDG-PET/CT on day 14
was associated with improved PFS using EORTC criteria
and Wahl et al[27] using Response Criteria in Solid Tumors
(PERCIST). In addition Zander et al[22] reported the same
association on day 7. Takahashi et al[25] found no significant relation at 2 d using a cut-off value of 30%, however when a cutoff value of 20% was used, metabolic
responders had significantly longer PFS compared with
metabolic non-responders.

they did not meet the defined inclusion criteria. In total,
data of 210 patients were eligible for analyses[11,20-25]. The
characteristics of eligible studies are summarised in Table
1.
FDG-PET/CT and response
The majority of studies used European Organization for
Research and Treatment of Cancer (EORTC) criteria to
determine response[26] (Tables 2 and 3). Cut-off values to
determine response varied from 15% to 30% change in
SUVmax between baseline and response FDG-PET/CT
scan. Median cut-off value was 15%. Time between initiation of EGFR-TKI therapy and response FDG-PET/
CT scan varied from 2-78 d[11,14,20-25].

FDG-PET/CT and overall survival
Five studies reported on metabolic response and overall
survival (OS)[11,22-25] (Tables 2 and 3). Metabolic response
was associated with improved OS. Both Mileshkin et al[11]
and Zander et al[22] reported early FDG-PET/CT response (resp. 14 d, 7 d) to be significantly associated with
longer OS. Metabolic response as shown during later
FDG-PET/CT evaluation (resp. 56 d, 42 d) was also associated with longer survival, although this trend was not
statistically significant. Similarly O’ Brien et al[24] reported
that responders on FDG-PET/CT scan at 42 d lived longer than patients with metabolic stable disease. Takahashi
et al did not find significant survival differences between
metabolic responders and non-responders.

FDG-PET/CT vs diagnostic CT
Four studies analysed FDG-PET and CT according to
Response Evaluation Criteria in Solid Tumors (RECIST)
criteria for response (Tables 2 and 3). There was a large
variety in days between initiation of EGFR-TKI therapy
and response FDG-PET/CT scan (2-56 d) and response
CT scan (28-84 d). However all studies showed that
FDG-PET response correlated with CT response. The
majority of patients with response on FDG-PET/CT
scan also showed response on CT-scan. In addition, zero
patients with progressive disease on FDG-PET/CT scan
had a response on CT-scan[11,14,22,24,25].

FDG-PET/CT EGFR
Forty-eight patients (23%) had an EGFR mutant tumor
(Table 4). In one study patients were selected based on
EGFR mutation. As shown before, patients with an
EGFR mutant tumor were more likely to respond to
EGFR therapy and thus to have response on FDG-

FDG-PET/CT and progression free survival
Four studies reported on progression free survival
(PFS)[11,22,23,25] (Tables 2 and 3). In general, patients with
metabolic response showed a prolonged progression
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Table 2 Early [18F]-fluorodeoxyglucose positron emission tomography acquired together with low dose computed tomography
reponse results \< 21 d
Ref.

Year of
publication

n SUV Response FDG response Cut-off FDG response, FDG-PET/CT vs RECIST
criteria
time
value n (%)

Riely et al[20]

2007

13 Max EORTC

21 d

15%

Aukema et al[21]

2010

22 Max EORTC

7d

25%

Mileshkin et al[11] 2011

51 Max EORTC

14 d

15%

Zander et al[22]

2011

34 Peak EORTC

7d

30%

Benz et al[23]

2011

22 Max PRECIST 14 d

30%

20 Max EORTC

25%

Takahashi et al[25] 2012

2d

PR 6 (46)
SD 7 (54)
PR 6 (26)
SD 16 (70)
PD 1 (4)
PR 13 (26)
SD 17 (33)
PD 21 (41)
PR 8 (24)
SD/PD 26 (76)
PR 6 (27)
SD 7 (32)
PD 9 (41)
PR 10 (50)
SD 8 (40)
PD 2 (10)

PFS

OS

FDG PR: PR 4 SD 7 PD 2
FDG SD: PR 0 SD 12 PD 5
FDG PD: PR 0 SD 7 PD 14
FDG PR: PR/SD 6 PD 2
FDG SD/PD: PR/SD 5 PD 21

R 5.5 mo
R 11.6 mo
NR 2.5 mo NR 7.6 mo

FDG PR: PR 8 SD 2 PD 0
FDG SD: PR 2 SD 5 PD 1
FDG PD: PR 0 SD 1 PD 1

R 10.4 mo
NR 1.7 mo

R 7.8 mo
NR 1.5 mo
R 11.1 mo
NR 2.4 mo

R 16.1mo
NR 3.4mo
R 16.4 mo
NR 14.7 mo

FDG: [18F]-fluorodeoxyglucose positron emission tomography acquired together with low dose computed tomography; RECIST: Response Evaluation Criteria in Solid Tumors; PFS: Progression free survival; EORTC: European Organization for Research and Treatment of Cancer.

18

Table 3 Late [ F]-fluorodeoxyglucose positron emission tomography acquired together with low dose computed tomography
response > 21 d
Ref.

Year of
n
publication

SUV Response
criteria

Cut-off
value

FDG response FDG Response FDG-PET vs RECIST
time
n (%)

Mileshkin et al[11]

2011

51

Max EORTC

15%

56 d

Zander et al[22]
Benz et al[23]
O'Brien et al[24]

2011
2011
2012

34
22
47

Peak EORTC
Max PRECIST
Max EORTC

25%

42 d
78 d
42 d

Takahashi et al[25]

2012

20

Max EORTC

PR 8 (16)
SD 12 (23)
PD 31 (61)
n/a
n/a
PR 15 (32)
SD 8 (17)
PD 15 (32)
NE 9 (19)
n/a

28 d

PFS

OS

FDG PR: PR 4 SD 4 PD 0
R 6.5 mo R 11.9 mo
FDG SD: PR 0 SD 11 PD 1
NR 2.7 mo NR 7.6 mo
FDG PD: PR 0 SD 11 PD 20
n/a
n/a
FDG PR: PR 11 SD 2 PD 2
FDG SD: PR 0 SD 4 PD 4
FDG PD: PR 0 SD 2 PD 7
n/a

FDG: [18F]-fluorodeoxyglucose positron emission tomography acquired together with low dose computed tomography; RECIST: Response Evaluation Criteria in Solid Tumors; PFS: Progression free survival; EORTC: European Organization for Research and Treatment of Cancer; n/a: Not applicable.

PET[11,23,25].

difficulty increases in the preoperative setting where attempts at tumor classification in small diagnostic samples
are hampered by the paucity of tumor cells and the absence of tissue architecture[30]. Although the efficacy of
EGFR–TKIs is higher in patients with EGFR-mutated
tumors, prediction of response is not optimal by mutation analysis only. It is known, that several patients without sensitizing EGFR mutations do benefit from EGFRTKI therapy. This may be due to heterogeneity within the
tumor and biopsies will not always show relevant mutations[31]. Tumor response monitoring is of value since
unnecessary toxicity and additional cost of administering
ineffective treatment can be avoided, especially if monitoring is feasible and informative early during treatment.
For categorization of metabolic response, varying
response criteria were used (EORTC, PRECIST). Different cut-off values were used between studies, resulting in suboptimal comparison. However overall, results

DISCUSSION
This review summarizes the available data regarding the
potential of FDG-PET/CT to predict or monitor treatment efficacy and the relation of metabolic data to clinical outcome in NSCLC patients who are treated with
EGFR-TKIs. Our report shows that FDG-PET/CT
response during EGFR-TKI therapy is associated with
clinical and radiologic response and with survival. FDGPET shows informative results as early as 7-14 d after
initiation of treatment .
This report includes a heterogeneous group of
NSCLC subtypes. Over time, it has been come clear that
adenocarcinomas are more likely to respond to EGFRTKI treatment[28]. However, histological classification of
squamous-cell and adenocarcinoma is challenging[29]. This
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Table 4 Epidermal growth factor receptor
Ref.

Year of publication

n

EGFR selection

EGFR mutation (n ) Cut-off value

Riely et al[20]
Aukema et al[21]
Milishkin et al[11]

2007
2010
2011

13 Only EGFR mutated tumors
22
No selection
51
No selection

8
4
4

Zander et al[22]

2011

34

No selection

4

Benz et al[23]
O'Brien et al[24]
Takahashi et al[25]

2011
2012
2012

22
47
20

No selection
No selection
No selection

5
11
12

n/a
25%
> 15%

FDG

PFS

EGFR + PR 3 PD 2 SD 0
EGFR - PR SD PD
EGFR + 6.4 mo
EGFR - 1.6 mo

EGFR+ PR 8 SD 3 PD 1
EGFR- PR SD PD

EGFR: Epidermal growth factor receptor; FDG: [18F]-fluorodeoxyglucose positron emission tomography acquired together with low dose computed tomography; PFS: Progression free survival; n/a: Not applicable.

suggest that any significant metabolic response on FDGPET/CT is associated with radiologic response later
on and longer survival. For example, Mileshkin et al[11]
and Benz et al[23] show similar distributions of response
relations using different cut-off values 15% vs 30% and
different response criteria. As natural variability (repeatability) of FDG-PET is also relevant for implementation
of response assessment, lower cut-off values (15%-20%)
may increase false positive results for identification of
response[9].
Furthermore there is no consensus regarding the optimal timing in performing FDG-PET/CT after initiation
of treatment. Several authors suggest that in advanced
NSCLC metabolic response on FDG-PET/CT scan as
early as 1-2 wk after chemotherapy can predict progression free survival and overall survival17,26-29]. In this review
with studies on EGFR-TKI’s, Mileshkin et al[11] and Zander et al[22] found significant associations of early response
(day 14, day 7) with survival data. Other authors report
the same trend. However, changing FDG-uptake on PET
(early) during treatment may reflect all kinds of tissue reactions, as tumor regression (or progression) but also senescence, fibrosis formation, and inflammatory reactions
as macrophage infiltration.
Several authors in this report use RECIST criteria
as golden standard for response evaluation. However
early diagnostic CT for response evaluation in EGFRTKI therapy has severe limitations. EGFR-TKI therapy
is expected to induce response via cytostasis rather than
objective morphologic response[32]. RECIST is further
confounded by structural abnormalities, before and after
treatment, which may not actually contain tumor[33]. In
this report all early FDG-PET-CT responses were associated with CT responses (according to RECIST), when
CT was performed after a period of 28-84 d presuming
that morphologic response have took place[11,22,24,25].
Presumably, in patients with NSCLC treated with
EGFR-TKI’s, the potential value of FDG-PET/CT response monitoring is best described by its possibilities of
early response identification. If metabolic response does
not occur within the first weeks of EGFR-TKI treatment, patients may be spared (further) unnecessary toxic-
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ity of ineffective treatment. Furthermore, even disregarding EGFR mutation, metabolic response during EGFRTKI treatment is associated with favorable (progression
free) survival[11,22-25].
Concluding, our report shows that response monitoring using FDG-PET/CT has potential in targeted treatment for NSCLC and can be performed as early as 1-2
wk after initiation of treatment. Patients with substantial
decrease of metabolic activity during EGFR-TKI treatment will probably benefit from continued treatment. Refining FDG-PET response criteria may help the clinician
to decide on continuation or discontinuation of targeted
treatment.
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Nuclear medicine and the failed joint replacement: Past,
present, and future
Christopher J Palestro
have been explored, but have their own limitations and
the results have been inconsistent. Fluorodeoxyglucose
(FDG)-positron emission tomography (FDG-PET) has
been extensively investigated for more than a decade
but its role in diagnosing the infected prosthesis has yet
to be established. Antimicrobial peptides bind to bacterial cell membranes and are infection specific. Data
suggest that these agents may be useful for diagnosing
prosthetic joint infection, but large scale studies have
yet to be undertaken. Although for many years nuclear
medicine has focused on diagnosing prosthetic joint
infection, the advent of hybrid imaging with singlephoton emission computed tomography (SPECT)/electronic computer X-ray tomography technique (CT) and
the availability of fluorine-18 fluoride PET suggests that
the diagnostic paradigm may be shifting again. By providing the anatomic information lacking in conventional
radionuclide studies, there is renewed interest in bone
scintigraphy, performed as a SPECT/CT procedure, for
detecting joint instability, mechanical loosening and
component malpositioning. Fluoride-PET may provide
new insights into periprosthetic bone metabolism. The
objective of this manuscript is to provide a comprehensive review of the evolution of nuclear medicine imaging of joint replacements.
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Abstract
Soon after the introduction of the modern prosthetic
joint, it was recognized that radionuclide imaging provides useful information about these devices. The bone
scan was used extensively to identify causes of prosthetic joint failure. It became apparent, however, that
although sensitive, regardless of how the images were
analyzed or how it was performed, the test was not
specific and could not distinguish among the causes of
prosthetic failure. Advances in anatomic imaging, notably cross sectional modalities, have facilitated the diagnosis of many, if not most, causes of prosthetic failure,
with the important exception of infection. This has led
to a shift in the diagnostic paradigm, in which nuclear
medicine investigations increasingly have focused on
diagnosing infection. The recognition that bone scintigraphy could not reliably diagnose infection led to the
development of combined studies, first bone/gallium
and subsequently leukocyte/bone and leukocyte/marrow imaging. Labeled leukocyte imaging, combined
with bone marrow imaging is the most accurate (about
90%) imaging test for diagnosing joint arthroplasty
infection. Its value not withstanding, there are significant disadvantages to this test. In-vivo techniques for
labeling leukocytes, using antigranulocyte antibodies
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Core tip: Advances in anatomic imaging, notably cross
sectional modalities, have facilitated the diagnosis of
many, if not most, causes of prosthetic failure, with the
important exception of infection. This has led to a shift
in the diagnostic paradigm, in which nuclear medicine
investigations increasingly have focused on diagnosing infection. This article is a comprehensive review of
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ganisms commonly encountered in infected joint replacements include Staphylococcus epidermidis and Staphylococcus
aureus. Streptococcus viridans, Escherichia coli, Enterococcus faecalis, and group-B Streptococcus are occasionally identified[4].
Early prosthetic joint infections occur by three months
after implantation, while delayed infections develop
within three months to one year after implantation. Late
infections are defined as infections that occur more than
one year after surgery. Early and delayed infections are
thought to be due to organisms introduced at surgery;
late infections are more likely to be due to hematogenous
spread[7].
The infected joint replacement is accompanied by an
inflammatory reaction characterized by a neutrophilic response, often intense[6]. Management of the infected joint
replacement consists of removal of the device, a lengthy
course (weeks to months) of antibiotic treatment, and
eventually a reimplantation procedure[8].
The correct therapeutic approach often depends on
the accurate differentiation of aseptic loosening and infection. This differentiation is not always obvious. Signs
and symptoms, except for pain, frequently are lacking.
Laboratory tests may be suggestive, but are not diagnostic, of infection. Joint aspiration with culture, the definitive preoperative test is specific, but sensitivity is variable[9,10]. Plain radiographs are not specific and prosthesis
related artifacts limit, to some degree, cross sectional
imaging studies.
Nuclear medicine procedures have, for many years,
contributed useful information about the painful joint
replacement. This manuscript is a comprehensive review
of the evolution of nuclear medicine imaging of joint
replacements.

the evolution of nuclear medicine imaging of joint replacements. In addition to conventional planar imaging
studies such as bone, gallium, and labeled leukocyte
imaging, single-photon emission computed tomography/electronic computer X-ray tomography technique
18
and positron emission tomography imaging with F18
fluorodeoxyglucose and F (NaI) are covered.
Original sources: Palestro CJ. Nuclear medicine and the failed joint
replacement: Past, present, and future. World J Radiol 2014; 6(7):
446-458 Available from: URL: http://www.wjgnet.com/1949-8470/
full/v6/i7/446.htm DOI: http://dx.doi.org/10.4329/wjr.v6.i7.446

INTRODUCTION
Contemporary joint arthroplasty procedures began less
than 75 years ago, when the predecessor of the modern
day hip replacement was introduced. A total hip arthroplasty includes both femoral and acetabular components; a hemiarthroplasty consists of only the femoral
component. These prostheses are anchored to bone by
various methods including polymethylmethacrylate and
osseous ingrowth into the device’s surface. Some devices
are coated with hydroxyapatite which induces new bone
formation and attaches to newly produced periprosthetic
osseous tissue. The acetabular component can be forced
into the acetabulum or secured by screws[1].
The predecessor of the contemporary knee prosthesis, developed about 40 years ago, consisted of a metallic
femoral component, together with plastic patellar and tibial components. Today’s devices provide improved range
of motion and greater durability of the components[1].
The vast majority of lower extremity joint replacement surgeries are successful; complications like infection, fracture, dislocation, and heterotopic ossification are
uncommon. At the present time the most common cause
of prosthetic failure is aseptic loosening, which develops
in more than a quarter of these devices and frequently
results from an inflammatory reaction instigated by prosthetic components[2,3]. The debris created by component
breakdown activates and draws surrounding leukocytes,
triggering secretion of cytokines and enzymes damaging
osseous tissues and leading to prosthetic loosening. The
cellular response is characterized by an influx of various types of leukocytes. Neutrophils, however, rarely are
present[4-6]. Most cases of aseptic loosening are treated
with one surgery, the single stage exchange arthroplasty.
Infection, which occurs in up to 2% of primary
implants, and up to 5% of revision implants is an uncommon complication of prosthetic joint surgery. Risk
factors for infection include operative suite characteristics, surgical complexity, condition of the osseous tissue
surrounding the prosthesis, and immune status of the
patient.
Bacteria bind to most joint replacement components
and once attached they secrete a protective biofilm[3]. Or-
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LITERATURE SEARCH
An electronic search with no language restrictions was
conducted in the bibliographic database PubMed using
the terms infection, osteomyelitis, arthroplasty, joint replacement, prosthetic joint, bone scintigraphy, bone marrow scintigraphy, gallium, labeled leukocytes, besilesomab,
sulesomab, sulfur colloid, antimicrobial peptides, positron
emission tomography, positron emission tomography
(PET), fluorodeoxyglucose (FDG), fluoride and 18F. The
list of articles generated was augmented by crosschecking
the reference lists of the retrieved papers. This was designed as a comprehensive review, not a meta analysis, of
the failed joint replacement and therefore neither specific
inclusion criteria nor any evidence based quality assessment tools were used to select the included articles.

RADIONUCLIDE IMAGING
Bone scintigraphy
The first, and undoubtedly the most extensively investigated, radionuclide procedure used for imaging joint
arthroplasties was bone scintigraphy. Technetium-99m
(99mTc) labeled diphosphonates, usually methylene di-
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A

Figure 1 Aseptically loosened right hip arthroplasty. A:
X-ray reveals medial protrusion of the acetabular component
of a painful 15 year old hip replacement. There is heterotopic
ossification around both greater trochanters (arrows); B:
On the 99mTc-methylene diphosphonate bone scan, there is
focally increased radiopharmaceutical accumulation at the
distal tip of the femoral component (arrow) of the right hip
replacement and lateral to the femoral neck (arrowhead)
corresponding to the heterotopic bone seen on the X-ray.
An aseptically loosened prosthesis was revised. Focally
increased radiopharmaceutical accumulation is present at
the tip of the femoral component of the asymptomatic left hip
arthroplasty (double arrows) which also was 15 years old.

B

A

B

C

D

Figure 2 Infected right hip arthroplasty. A: On the 99mTc-methylene diphosphonate bone scan, there is irregularly increased radiopharmaceutical accumulation
around the entire femoral component of the 2 years old cementless (revision) prosthesis, a pattern which some investigators have reported as specific for infection;
B-D: On the 99mTc-MDP bone scan, there is diffuse hyperperfusion, and hyperemia around the prosthesis on the flow and blood pool images, and diffusely increased
periprosthetic radiopharmaceutical on the delayed, bone image (same patient illustrated in Figure 2A); B: Flow; C: Blood pool; D: Bone.

tion critical to patient management[12].
In an effort to enhance its specificity, investigators
have studied periprosthetic uptake patterns on bone
scans. Williamson et al[13] suggested that focal periprosthetic uptake indicated loosening and diffuse uptake indicated infection (Figures 1, 2A). Williams et al[14] reported
that diffuse periprosthetic uptake was sensitive (100%),
but not specific (54%) for infection. Another group of
investigators came to the opposite conclusion: diffuse
periprosthetic uptake was specific, but not sensitive, for
infection[15]. Aliabadi et al[16] reported that bone scintigraphy did not differentiate septic from aseptic loosening
(Figure 3A).
Further confounding the analysis of periprosthetic
uptake is the numerous uptake patterns present around

phosphonate (MDP), are used for this study. Radiopharmaceutical incorporation into the bone depends on perfusion and rate of new bone formation. Imaging usually
is performed two to fours after injection. The procedure
also can be performed as a three phase bone scan: the
flow or perfusion phase, acquired immediately after radiopharmaceutical injection, followed immediately by the
soft tissue or blood pool phase. The third, or bone, phase
is performed between two and four hours later.
Gelman et al[10] reported that bone scintigraphy was
85% accurate for prosthetic hip loosening. Weiss et al[11]
reported that bone scintigraphy accurately identified
prostheses requiring surgical intervention. Another group
of investigators, however, observed that bone scintigraphy cannot determine the cause of the failure, informa-
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A

B

C

D

Figure 3 Aseptically loosened left hip replacement. A: On the 99mTc-MDP bone scan, there is diffusely increased radiopharmaceutical accumulation around the
femoral component of the cemented 2 years old prosthesis. Compare with Figure 2A; B-D: On the 99mTc-MDP bone scan, there is diffuse hyperperfusion, and hyperemia around the prosthesis on the flow and blood pool images, and diffusely increased periprosthetic radiopharmaceutical on the delayed, bone image (same patient
illustrated in Figure 3A), B: Flow; C: Blood pool; D: Delayed. The scan appearance is nearly identical to that of the infected prosthesis in Figure 2B.

tive study was not reliable for diagnosing either loosening
or infection. Complicating matters further is the paucity
of data on radionuclide bone imaging of hybrid and bipolar prostheses.
Assessment of knee replacements also is challenging. In one investigation periprosthetic activity was seen
around more than sixty percent of femoral components
and nearly 90% of tibial components of asymptomatic
devices for up to several years[22] (Figure 4). In an investigation of asymptomatic knee replacements with serial
bone scans periprosthetic activity generally diminished
over time after implantation. There was considerable
variation among patients. The authors stated, in order to
determine the significance of periprosthetic activity, serial scans need to be performed[23] (Figure 5A). Another
group of investigators reported that bone scintigraphy
does not accurately diagnose the infected knee arthroplasty[24].
Performing radionuclide bone imaging as a threephase study has been advocated to enhance its specificity[25]. Nagoya et al[26] reported that the test was 88% sensitive and 90% specific for hip replacement infection. Most
other investigations, however, have reported low sensitivity, low specificity, or both[24,27-30] (Figures 2B and 3B).
Regardless of how bone scintigraphy is performed, its
accuracy for diagnosing complications of lower extremity
joint prostheses is about 50%-70%. At the present time
this test is used primarily for screening purposes. A nor-

Figure 4 Asymptomatic right knee arthroplasty. On the 99mTc-MDP bone
scan, there is irregular, intense radiopharmaceutical accumulation around the
long stemmed tibial component of a three year old right knee replacement. The
femoral component is unremarkable. The patient had a history of breast carcinoma and bone scintigraphy was performed as part of a routine evaluation for
metastatic disease.

asymptomatic devices. For up to 12 m after insertion of
a hip prosthesis, periprosthetic uptake is very variable;
after this time ten percent of asymptomatic cemented
hip prostheses still demonstrate uptake[17]. Increased periprosthetic uptake is even more frequent in cementless
devices[18-20].
Gallo et al[21] studied 27 hydroxyapatite coated hip replacements, observing that while a normal study excluded
aseptic loosening with a high degree of certainty, a posi-
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Figure 5 Aseptically loosened right knee
arthroplasty. A: On the 99mTc-methylene diphosphonate (MDP) bone scan, performed
about 6 mo after implantation (left), shows
mildly increased radiopharmaceutical accumulation around the femoral and tibial components. On the repeat study, performed 9
mo later (15 mo after implantation), there
is intensely increased radiopharmaceutical accumulation around the tibial component, while activity around the femoral
component has resolved. An aseptically
loosened tibial component was revised; B:
On the 99mTc-MDP bone scan (left) there is
increased radiopharmaceutical accumulation around the tibial component of both the
symptomatic right and asymptomatic left
knee prostheses. There is normal periprosthetic distribution around both prostheses
on the gallium-67 image (right), and the
combined study is negative for infection; C:
On the 99mTc-MDP bone scan (left) there is
increased radiopharmaceutical accumulation around the tibial component of the
symptomatic right and faintly increased
accumulation around the tibial component
of the asymptomatic left knee prosthesis.
On the gallium-67 image (right), in contrast
to the bone scan, there is increased radiopharmaceutical accumulation around the
femoral component (arrows) of the right
knee replacement, while activity around the
tibial component is normal. There is normal
periprosthetic gallium activity around the asymptomatic left prosthesis. The distribution
of activity around the right knee prosthesis
on the bone and gallium studies is spatially
incongruent and the combined study is
(false) positive for infection. Aseptic loosening of joint replacements often is accompanied by an intense inflammatory response
and gallium cannot reliably differentiate
infection from inflammation.

A

B

C

Figure 6 Normal 99mTc-methylene diphosphonate
bone scans of bilateral hip (left) and right knee (right)
prostheses. A normal bone scan is defined as a scan in
which periprosthetic activity is indistinguishable from adjacent, non-articular bone. The bone scan has a high negative predictive value and therefore a normal study makes
it very unlikely that the patient’s symptoms are related to
the prosthesis.

mal study makes it very unlikely that the patient’s symptoms are related to the prosthesis (Figure 6).

(gallium) imaging. Gallium uptake in infection likely is
due to several factors including increased blood flow and
vascular membrane permeability at inflammatory sites,
lactoferrin binding and siderophore and bacterial uptake
of gallium. Some gallium may be transported by leukocytes. Imaging typically is performed two to three days
after injection[31].

Gallium scintigraphy
Over the years various techniques designed to overcome
the limitations inherent in bone scintigraphy have been
investigated. One of the earliest was gallium-67 citrate
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Reing et al[32] observed that bone scintigraphy was
sensitive (100%), but not speciﬁc (15%), while gallium
was sensitive (95%) and specific (100%). Other investigators have reported similar results[15,33,34]. Aliabadi et al[16], in
contrast, found, for the infected hip replacement, gallium
scintigraphy was specific (100%) but insensitive (37%).
While some investigators have evaluated gallium imaging alone, other investigators have interpreted bone
and gallium imaging together. Standardized criteria for interpretation of the combined study have been developed.
The test is positive for osteomyelitis when distribution
of the two tracers is different or, when their distribution
is the same and the relative intensity of gallium uptake
exceeds that of the bone agent. The test is equivocal for
osteomyelitis when the distribution of the two radiotracers is the same, both spatially and in intensity. The test is
negative for osteomyelitis when the gallium images are
normal, regardless of the bone scan findings, or, when
the distribution of the two tracers is the same and the
relative intensity of gallium uptake is less than that of the
bone agent (Figure 5B and 5C)[1].
Tehranzadeh et al[35] reported that bone/gallium imaging was 95% accurate for prosthetic joint infection. In
most other series the test has been less successful. In 30
patients the test identified only 50% of the infected joint
replacements[14]. Gómez-Luzuriaga et al[36] found that
bone/gallium imaging was 80% accurate for prosthetic
joint infection. Kraemer et al[37] reported that the combined test was 38% sensitive, and 100% specific for hip
replacement infection. Merkel at al[38,39] evaluated bone/
gallium imaging in an animal investigation and in patients
and reported similar results.
Over the years the use of gallium for joint replacement infection has declined, and it has been replaced in
most circumstances by labeled leukocyte imaging.

observed that WBC activity around infected prostheses
was always significant. Rand et al[43] found that sensitivity
and specificity for prosthetic knee infection was 83% and
85% when moderately to markedly increased periprosthetic activity was present. Magnuson et al[27], in an investigation of 98 patients reported sensitivity and specificity
for WBC imaging of 88% and 73% respectively, for
lower extremity joint replacement infection.
In some studies, WBC imaging was specific, but not
sensitive for prosthetic joint infection, while in others the
test was sensitive but not specific[15,34,44,45].
Poor sensitivity has been ascribed to the chronicity
of the process; i.e., presumably the neutrophilic response
had ceased, or at least waned, by the time the patient underwent imaging. Neutrophils, however, almost always are
present in the infected joint replacement, regardless of
the duration of symptoms, so chronicity does not explain
low sensitivity.
Poor specificity often has been attributed to nonspecific inflammation. It was thought that false positive
results were secondary to labeled leukocyte accumulation
in aseptic inflammation. Although aseptic inflammation
around a prosthetic joint replacement is often accompanied by an intense leukocyte response, neutrophils rarely
are present. In most situations, primarily neutrophils are
labeled and the sensitivity of WBC imaging is greatest
for detecting infections characterized by a neutrophilic
response. The test is not at all sensitive, however, for detecting inflammation that is not neutrophil mediated[40].
Given the lack of a neutrophilic response in the aseptically inflamed prosthesis, inflammation cannot be the
sole explanation for poor specificity.
What is the reason for the variable and often contradictory observations? WBC images usually are interpreted
by comparing intensity of periprosthetic uptake to intensity of uptake in some predefined reference point, typically an area of presumably normal bone marrow. Studies
in which intensity of labeled leukocyte activity in the area
of interest exceeds intensity of activity in the reference
point are classified as positive for infection; otherwise the
study is negative. The likelihood of infection, however, is
not related to intensity of periprosthetic activity (Figures
7A and 8A). In one investigation[46] the accuracy of the
test varied with the manner in which the studies were
interpreted. The mere presence of periprosthetic activity, regardless of intensity, was 100% sensitive and 23%
specific. Using periprosthetic activity exceeding activity in
the contralateral extremity as the criterion for infection,
sensitivity was 65%, specificity was 61%[46].
There is another problem inherent in the interpretation of WBC images. Leukocytes, labeled or
otherwise, accumulate in bone marrow, the normal
distribution of which can be variable. Generalized, as
well as localized, marrow expansion alter the “normal”
distribution of marrow making it difficult to differentiate
labeled leukocyte uptake in unusually located, but normal,
marrow from uptake in infection[47].
In a manner analogous to bone/gallium imaging, it

Labeled leukocyte scintigraphy
The accumulation of in-vitro labeled white cells at a site
of infection depends on chemotaxis, the quantity and
sorts of leukocytes labeled, and the primary cellular response in a particular situation. Neutrophils usually comprise the majority of leukocytes labeled and consequently
sensitivity of WBC imaging is highest for neutrophilmediated inflammatory processes[40]. When indium-111 is
the radiolabel, images are acquired 18-30 h after administration. When technetium-99m is the radiolabel, imaging
usually is performed four to six and repeated 18 to 30 h
after administration.
One would anticipate that, because neutrophils invariably are present labeled leukocyte (WBC) imaging would
accurately diagnose prosthetic joint infection. Interestingly, for quite some time, the value of the test was a subject
of controversy.
In a canine study, Merkel et al[38] reported that WBC
imaging was 94% sensitive and 86% specific for prosthetic infection. Pring at al[41] found that WBC imaging
was 100% sensitive and 89.5% specific for the infected
prosthetic joint. In another investigation, Pring et al[42]
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Figure 7 Infected left hip arthroplasty. A: On this anterior image from an indium-111 labeled leukocyte study, periprosthetic activity (arrows) is similar in intensity
to activity in the contralateral lower extremity and less intense than pelvic activity, areas typically used as reference points when interpreting these studies. Because
studies in which the intensity of labeled leukocyte activity in the region of interest does not exceed intensity of activity in the reference point, this study could be erroneously interpreted as negative for infection; B: The distribution of periprosthetic activity on the labeled leukocyte (left, 111In-WBC) and sulfur colloid bone marrow
(right, 99mTc-SC) images is spatially incongruent (arrows), i.e., there is activity in the left hip joint on the labeled leukocyte image, but not on the bone marrow image.
The combined study is positive for infection. (Same patient illustrated in Figure 7A); Although the planar combined indium labeled leukocyte/bone marrow study (C,
left, 111In-WBC; right, 99mTc-SC) is positive for infection (arrows), precise information about the location and extent of infection is lacking. On the fused images (bottom
row) from the labeled leukocyte SPECT/CT (D) the location of the abnormal labeled leukocyte accumulation (arrows) can clearly be seen adjacent and extending to
the prosthesis at the level of the greater trochanter. Note also the adjacent hypodense area in the soft tissues, consistent with abscess. Bone marrow SPECT/CT images (E) acquired simultaneously with the labeled leukocyte images in 16a confirm that the activity on the labeled leukocyte component of the examination is due to
infection. Whether or not the bone marrow component of the SPECT/CT study contributes additional information beyond what planar imaging provides remains to be
determined.

fection, but improved to 85% with the addition of bone
imaging[44]. Johnson et al[45] observed that the combined
test was more speciﬁc and only slightly less sensitive than

has been suggested that interpreting WBC images together with bone scans improves results. In one study, WBC
imaging alone was 45% speciﬁc for prosthetic joint in-

WCR|www.wjgnet.com

600

March 28, 2015|First Edition|

Palestro CJ. Nuclear medicine and the failed joint replacement

A

B

Figure 8 Aseptically loosened left knee arthroplasty. A: On this anterior image from an indium-111 labeled leukocyte study, there is intense periprosthetic activity
around both the tibial and femoral components (arrows), while there is no activity around the contralateral knee. The study could be interpreted erroneously as positive for infection. Compare the intensity of activity around this prosthesis with the intensity of activity around the infected hip arthroplasty in Figure 7A. As these two
cases illustrate, the intensity of labeled leukocyte activity around a prosthetic joint is not a reliable criterion for determining the presence or absence of infection; B:
The distribution of periprosthetic activity on the labeled leukocyte (left, 111In-WBC) and sulfur colloid bone marrow (right, 99mTc-SC) images is virtually identical (spatially
congruent) and the combined study is negative for infection. The periprosthetic activity on the labeled leukocyte image is due to marrow, not to infection. Performing
complementary bone marrow imaging eliminates the two major difficulties inherent in the interpretation of labeled leukocyte images: variable intensity of periprosthetic
activity and differentiating bone marrow activity from infection. Same patient illustrated in Figure 8A.

WBC imaging for hip replacement infection.
Palestro et al[24] observed that the addition of bone
imaging did not increase the accuracy of WBC imaging
for knee arthroplasty infection. In another investigation,
the accuracy of the combined test for lower extremity
joint replacement infection was only 76%[48]. In an investigation of patients with asymptomatic cementless hip
replacements, using standard interpretive criteria, WBC/
bone imaging would have been classified as positive for
infection 15% of the time[18].
Another approach to WBC imaging of the prosthetic
joint is to combine the test with bone marrow imaging,
which usually is performed with 99mTc sulfur colloid. Both
radiopharmaceuticals accumulate in the reticuloendothelial cells of the bone marrow. The distribution of marrow
activity on WBC and bone marrow images parallel one
another in most situations. The one exception is osteomyelitis, in which the distribution of these two agents
differs, i.e., the images are spatially incongruent (Figures
7B and 8B)[47].
Mulamba et al[49] reported 92% sensitivity and 100%
specificity for prosthetic hip infection. Palestro et al[24,46]
reported similar results for infected hip and knee arthroplasties. Love et al[50] studied 59 lower extremity joint
prostheses and reported that WBC/marrow imaging was
95% accurate for infection. El Espera et al[51] reported
91% accuracy for lower extremity prosthetic joint infection.
Virtually all of the investigations published to date
indicate that WBC/marrow imaging is specific for joint
replacement infection. In most of the investigations the
test has proved to be sensitive as well. Joseph et al[52] however, reported that although test was 100% specific, the
test was only 66% sensitive. Pill et al[53] reported similar
results. It is unfortunate indeed that no illustrations of
false negative studies, the salient point of these investigations, were provided in either publication.
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There are some data that indicate performing WBC
imaging at more than one time point could obviate the
need for marrow imaging. The hypothesis is that images
acquired shortly after injection represent marrow while
images acquired later represent infection. Difference in
uptake patterns over time is indicative of infection. The
accuracy of the test improved from about 75% when images were interpreted visually, to about 95% when semiquantitative analysis was performed[54].
There are, unfortunately, disadvantages to WBC/
marrow imaging. The leukocyte labeling procedure is
demanding, not routinely available, and involves contact
with blood products. Labeling enough leukocytes to produce diagnostically useful studies can be difficult in immunocompromised individuals. Image quality, especially
when using indium-111, is not ideal. The need to perform
marrow imaging is another disadvantage. Radiolabeled
antigranulocyte antibodies and antibody fragments have
been explored as alternatives.
Besilesomab is a murine monoclonal G1 immunoglobulin that binds to Normal Cross-reactive Antigen-95
on leukocytes[55]. Using visual image analysis the sensitivity and specificity for joint replacement infection range
from 67%-91% and 57%-75%, respectively. By performing complementary bone imaging or semiquantitative
analysis, sensitivity ranged from 67% to 100%; specificity
ranged from 84% to 100%[56-59].
Sulesomab is a fragment antigen binding (Fab’) portion of a murine monoclonal G1 immunoglobulin that
binds to Nonspecific Cross-reactive Antigen-90 on leukocytes[55]. Reported sensitivity and specificity for prosthetic
joint infection have ranged from 75% to 93% and 65% to
86%, respectively[60-62]. Dual time point imaging and time
activity curve analysis may improve test accuracy[63-65].
Somewhat surprisingly, even though in-vivo labeled
leukocytes accumulate in the marrow, in much the same
way that in-vitro labeled leukocytes do, scant attention has
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was 95% sensitive and 93% specific for diagnosing infection. Fifty one of the prostheses, including ten infected
devices, also were studied with WBC/marrow imaging.
The sensitivity and specificity of WBC/marrow imaging
in this subgroup were 50% and 95.1%, respectively.
Manthey et al[72] reported that FDG was 96% accurate
for prosthetic joint infection. They also reported that activity around the femoral head and neck indicated synovitis plus infection, observations that contradict those of
previous investigations[68,69].
Stumpe et al[30] observed that, in patients with painful
hip replacements, intense bone prosthesis interface activity was reasonably specific (81% for reader 1 and 85% for
reader 2), but not sensitive (33% for reader 1, 56% for
reader 2) for diagnosing infection (33% for reader 1, 56%
for reader 2). The accuracy of the test, for both readers, was 69%. Bone scintigraphy was more accurate than
FDG-PET (80% vs 69%) in this investigation.
Van Acker et al[73] studied 21 patients with suspected
prosthetic knee infection. FDG-PET was 100% sensitive
and 73% specific. Sensitivity and specificity of WBC/
bone imaging was 100% and 93%, respectively. Vanquickenborne et al[74] reported similar results.
García-Barrecheguren et al[75] studied 24 hip replacements. FDG-PET was neither sensitive (64%) nor specific (67%) for infection. Delank et al[76] studied 27 patients
with failed hip and knee replacements and concluded
that FDG-PET could not reliably differentiate between
infection and aseptic inflammation.
Love et al[50] evaluated 59 failed lower extremity joint
prostheses with FDG-PET and WBC/marrow imaging.
Among the criteria used for image interpretation, bone
prosthesis interface activity, with a target to background
ratio greater than 3.6 for hip replacements and 3.1 for
knee replacements was the most accurate (71%) for diagnosing infection. The accuracy of WBC/marrow imaging, in contrast, was 95%.
In a met analysis sensitivity and specificity of FDGPET for prosthetic joint infection were 82% and 87% respectively[77]. In view of the large number of inconsistent
and contradictory results that have been reported to date,
the place of FDG-PET in the assessment of the prosthetic joint remains to be determined.

been paid to combining these studies with bone marrow
imaging. In one of the few investigations in which complementary bone marrow imaging was performed, Sousa
et al[66] reported that the specificity of 99mTc-sulesomab
increased from 20% to 100%, when complementary marrow imaging was performed.
Using in-vivo labeled leukocytes overcomes the limitations of the in-vitro labeling procedure. Based on published data however, an additional study, either bone or
marrow imaging probably still needs to be performed.
Furthermore, besilesomab, which is a murine antibody,
incites a human antimurine antibody (HAMA) response
in up to 30% of patients[57]. Patients should be screened
for HAMA and a positive result is a contraindication to
the procedure. Because of immunogenicity concerns, patients should not undergo repeat studies with this agent.
Not surprisingly, in-vivo labeled WBC imaging, using antigranulocyte antibodies, has not gained wide acceptance in
the diagnostic workup of the painful joint replacement.
18

F-fluorodeoxyglucose
F-fluorodeoxyglucose (FDG) is transported into cells
via glucose transporters and phosphorylated to 18F-2’FDG-6 phosphate but is not metabolized. FDG uptake
depends on cellular metabolic rate and the number of
glucose transporters. Activated leukocytes demonstrate
increased expression of these transporters with increased
affinity for FDG in the presence of cytokines and growth
factors. There are several advantages to FDG. The procedure is completed within two hours after injection. Target
to background ratio is high. Images obtained with positron emission tomography (PET) have much higher resolution than those obtained with conventional agents[67].
Several investigators have studied the role of FDGPET for evaluating painful lower extremity joint prostheses. Zhuang et al[68] evaluated 74 lower extremity joint
prostheses and reported that increased activity along
the bone prosthesis interface was 89.5% and 77.8 % for
diagnosing infection of hip and knee arthroplasties, respectively. Accuracy depended on location, not intensity,
of FDG uptake. Using similar criteria Chacko et al[69] reported that the test was 92% sensitive and 97% specific
for hip replacement infection. Infection could not be differentiated from aseptic loosening based on intensity of
periprosthetic uptake.
Reinartz et al[29] studied 92 hip prostheses with three
phase bone scintigraphy and FDG-PET. Sensitivity,
specificity and accuracy of three phase bone scintigraphy
were 68%, 76% and 74% vs 94%, 95%, and 95%, respectively, for FDG-PET. Activity around the acetabular component and proximal aspect of the femoral component
on FDG-PET images was not associated with infection.
Pattern, but not intensity, of periprosthetic uptake was
useful for differentiating infection from aseptic loosening.
Cremerius et al[70] reported that FDG was 89% accurate
for hip replacement infection. Gravius et al[71] reported
similar results. Pill et al[53] studied 92 painful hip prostheses, including 21 infected devices, and reported that FDG
18
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Infection-specific tracers
Given the dramatic differences in the management of
aseptic loosening and infection of prostheses, the importance of accurately differentiating between these two
conditions cannot be overstated. The development of an
infection specific imaging agent would be a welcome improvement over the current procedures.
The potential of radiolabeled antibiotics as “infectionspecific” radiopharmaceuticals has been explored. The
hypothesis is that the radiolabeled antibiotic enters, and is
metabolized by, bacteria and could be used to accurately
localize infection. Although the results of initial studies were encouraging, subsequent investigations raised
significant doubts about the validity of this concept and
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enthusiasm for radiolabeled antibiotics has faded[78-81].
Antimicrobial peptides bind to the bacterial cell membrane. Their expression may be constant or induced on
contact with microbes. They also can be transported via
leukocytes[82]. 99mTc-UBI 29-41, a radiolabeled synthetic
fragment of the naturally occurring human antimicrobial
peptide ubiquicidin, appears to be able to differentiate
between infection and sterile inflammation[83]. Recent
data suggest that this agent is both sensitive and specific
for prosthetic joint infection[84,85].

tests at different times and possibly different locations,
and a diagnosis could be made more expeditiously.
Flourine18-fluoride-PET (fluoride-PET) bone imaging shows great promise in the evaluation of joint
arthroplasties. Some investigators have used this test in
a manner analogous to that of conventional bone scintigraphy. Sterner et al[90] compared the results of fluoridePET bone scans to plain radiographs in 14 patients with
painful knee arthroplasties. Sensitivity, specificity, and
accuracy of the fluoride PET study for detecting aseptic
loosening were 100%, 56%, and 71%, respectively. Sensitivity, specificity, and accuracy of plain radiographs were
43%, 86%, and 64%, respectively.
Other investigators have explored the potential of fluoride-PET for studying bone metabolism. An important
concern in patients undergoing hip resurfacing arthroplasty is the viability of the remaining femoral head, and
the risk of postoperative fracture or avascular necrosis.
Conventional radiographs are of limited utility, because
the femoral head is obscured by the overlying metallic
components of the device. Ullmark et al[91] reported that
fluoride PET correctly identified aseptic necrosis in three
of fourteen patients with a hip resurfacing arthroplasty.
Radiographs were negative in all cases. These investigators concluded that fluoride-PET is useful for evaluating
bone metabolism at resurfacing arthroplasty. In another
investigation, Ullmark et al[92] studied bone mineralization
around the femoral component of cementless hip arthroplasties. They concluded that fluoride-PET is a valuable
tool for analysis of bone mineralization patterns around
uncemented femoral stems and together with the modified Polar Map system could be useful to study metabolic
bone responses to prosthetic implants.
There are recent data that suggest that Fluoride-PET
is a valuable tool to analyse bone formation and secondary stabilization of a press-fit acetabular cup in patients
undergoing total hip arthroplasty[93].

FUTURE
Initial data suggest that single-photon emission computed
tomography (SPECT)/electronic computer X-ray tomography technique (CT) may contribute useful information
to the evaluation of the failed joint arthroplasty. For
example, nuclear arthrography often is performed as a
dual isotope procedure, in which the bone scan provides
“anatomic detail” and another radiopharmaceutical, often
an indium-111 labeled complex, is used for the arthrographic component. A potential alternative to the dual
isotope technique is SPECT/CT arthrography, in which
the CT component provides the anatomic landmarks
necessary for radiopharmaceutical localization. In one investigation SPECT/CT was significantly better than planar imaging for the acetabular cup of hip prostheses[86].
For knee arthroplasties, SPECT/CT offered a significant
improvement over planar imaging for detecting femoral
component loosening. SPECT/CT also was better than
planar imaging for detecting tibial component loosening
but statistical significance was not reached.
Hirschmann et al[87] reported that SPECT/CT could
detect mechanical loosening, joint instability, component
malposition, and patellofemoral problems in patients with
knee arthroplasties. In another investigation of knee arthroplasties, SPECT/CT significantly altered the working
diagnosis and proposed treatment, and changed the initial
intention to revise or treat the patients non-surgically.
The diagnosis made with SPECT/CT was correct in all
patients who underwent surgery[88].
Graute et al[89] evaluated the contribution of SPECT/
CT as an adjunct to planar scintigraphy with 99mTc-besilesomab for diagnosing and localizing low-grade prosthetic
joint infection. Planar imaging was 66% sensitive, and
60% specific for infection. Combining planar imaging
with SPECT/CT, sensitivity and specificity improved to
89% and 73%, respectively.
The potential impact of SPECT/CT extends well
beyond diagnosing infection. In patients with a positive
study, for example, the examination could provide information about the extent of infection as well as other abnormalities involving the native bone and the prosthesis
(Figure 7C-E); joint aspiration and culture could be performed at the same time. In patients with negative studies
the CT component could provide information about other causes of prosthetic failure. In such a scenario patients
would be spared the need to undergo multiple imaging
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CONCLUSION
At the moment, nuclear medicine is most valuable for
determining whether or not a painful joint prosthesis is
infected. WBC/marrow imaging, currently, is the best
available imaging test for this purpose. Preliminary data
suggest that SPECT/CT, in addition to providing information about the presence and extent of infection, may
be able to provide additional information about other
conditions that cause joint replacements to fail. FluoridePET also may provide hitherto unknown insight into
periprosthetic bone metabolism.
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Echographic imaging of tumoral cells through novel
nanosystems for image diagnosis
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aging applications to non-ionizing techniques and, at
the same time, has made reachable the perspective of
combining highly accurate diagnoses and personalized
therapies in a single theranostic intervention. Main developing applications of nanosized theranostic agents
include targeted molecular imaging, controlled drug
release, therapeutic monitoring, guidance of radiationbased treatments and surgical interventions. Here we
will review the most recent findings in nanoparticles
contrast agents and their applications in the field of
cancer molecular imaging employing non-ionizing
techniques and disease-specific contrast agents, with
special focus on recent findings on those nanomaterials
particularly promising for ultrasound molecular imaging
and simultaneous treatment of cancer.
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Core tip: The development of novel nanomaterials
specifically targeting diseased cells has made possible
their employment as nanosized contrast agents also
for non-ionizing molecular imaging techniques namely,
magnetic resonance, ultrasound and optical imaging.
Among them, ultrasound imaging might represent the
best choice because of its low cost, ease of use and
wide availability in clinical practice. Unfortunately, their
actual employment in molecular imaging is limited due
to their low tissue contrast discrimination. Hence, the
described development of novel ultrasound targeted
contrast agent may play a crucial role for their use in
clinical molecular imaging.

Abstract
Since the recognition of disease molecular basis, it has
become clear that the keystone moments of medical
practice, namely early diagnosis, appropriate therapeutic treatment and patient follow-up, must be approached at a molecular level. These objectives will be
in the near future more effectively achievable thanks to
the impressive developments in nanotechnologies and
their applications to the biomedical field, starting-up
the nanomedicine era. The continuous advances in the
development of biocompatible smart nanomaterials, in
particular, will be crucial in several aspects of medicine.
In fact, the possibility of manufacturing nanoparticle
contrast agents that can be selectively targeted to
specific pathological cells has extended molecular im-
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carriers can be engineered in such a way to be activated
by changes in the environmental pH, chemical stimuli,
by the application of a rapidly oscillating magnetic field
or by the application of an external heat source[9,17-19].
Furthermore, nanoparticles for specific diagnostic purposes can be designed to act as multifunctional agents
capable, for example, to simultaneously produce signals
that are detectable by more than one imaging techniques,
like ultrasound (US) and magnetic resonance imaging
(MRI)[20,21].
Although different pathological conditions like atherosclerotic plaques, inflammation, angiogenesis and
thrombus formation have been identified as possible targets of these innovative methodologies, the most promising applications of nanomedicine are those related to the
new approaches to cancer diagnosis and therapy at cellular and molecular level[5,22-24]. Cancer is widely considered
to be one the main cause of death in modern society,
characterized by a high mortality rate often due to a late
diagnosis available with conventional techniques. Current
therapeutic strategies for cancer treatment, which include
surgery, chemotherapy and radiotherapy, are largely invasive and exhibit significant toxicities together with a
variety of side effects that worsen the quality of life of
patients. It is then conceivable that the specific targeting
of therapeutic agents (drugs or genes) to tumor tissues
may result in a great improvement of treatment effectiveness and decrease of systemic toxicity. For these reasons
nanoparticle-mediated drug targeting has been widely explored in recent years, by incorporating anticancer agents
into suitable nanocapsules or by attaching therapeutic
molecules to nanoparticle surface, and it actually exhibits
several advantages like reduced drug dosage, increased
pharmaceutical effectiveness, minimal side effects, drug
protection against degradation and enhanced drug stability[10,25,26]. Anyway, one of the aspects of absolute novelty
introduced by nanovector drug delivery is represented by
the possibility of assessing therapy response, by directly
monitoring the localization of targeted nanoparticles
through non ionizing imaging techniques. Apart from
these advantages, however, the possible toxicity related
to nanoparticles themselves is an aspect that requires
attention. The assessment of the biocompatibility of
nanomaterials and their safety profile is in fact of crucial
importance not only for patients treated, which can retain
these materials for long period of time, but also for the
production, management and disposal processes, which
should be strictly regulated.

nanosystems for image diagnosis. World J Radiol 2014; 6(7):
459-470 Available from: URL: http://www.wjgnet.com/1949-8470/
full/v6/i7/459.htm DOI: http://dx.doi.org/10.4329/wjr.v6.i7.459

INTRODUCTION
One of the hottest research topic of the last decade in
the medical field is related to nanomedicine, a new open
field of modern medicine relying on advanced nanotechnology applied to medicine. In fact, the latest advances in
nanotechnology and their application to the biomedical
environment are dramatically changing the overall disease
management process, starting from first diagnosis to the
evaluation of treatment effects, leading to the concept of
personalized medicine, characterized by very early, even
pre-symptomatic, diagnosis accompanied by highly-effective targeted therapies[1-4]. At this regard, the introduction
of novel nanotechnology-based techniques in medical
imaging and drug delivery allows to define personalized
diagnoses and therapies, employing minimally invasive
approaches based on non-ionizing imaging techniques
for early detection of diseases[5]. From these recent advances arises the concept of molecular imaging, which is
gaining an increasingly important role in both pathology
understanding and specific choice of treatment[6]. Rather
than morphological or functional characteristics, molecular imaging techniques are specifically aimed at identifying the molecular causes of disease[7], with consequent
ability to detect molecular and cellular processes in living
organisms and to allow an early and careful identification
and differentiation between healthy and pathological tissues. The basic aspect of molecular imaging is the use of
smart contrast agents able to selectively identify specific
molecular targets or cellular processes, highlighting them
on the corresponding images. The rationale for the development of these new methods is that many diseases
have a molecular basis, whose visualization may result
in a number of advantages like early diagnosis, precise
staging, real-time monitoring of therapeutic treatment,
and better prognostic evaluation. The quality of the final
result depends on two key-factors: (1) actual ability of
contrast agents to reach their specific biological target
and binding to it (targeting); and (2) performance of the
detection system in terms of sensitivity and contrast enhancement.
Chemical manipulation of drugs and other nanomaterials may allow a controlled modification of some of
their properties and bioactivity such as solubility, blood
pool retention times, controlled release, highly specific
site-targeted delivery. Concerning this particular aspect,
surface functionalization with synthetic polymers and/or
specific ligands can target nanosized carriers to specific
cells and organs within the body after intravenous or subcutaneous injection[8-16]. These approaches may thus be
used to enhance detection sensitivity in medical imaging
and to improve therapeutic effectiveness with concomitant decrease of side effects. In addition, some of the
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MOLECULAR IMAGING OF TUMORS
Imaging is a tool of fundamental importance in medical
practice in general, and in cancer research in particular.
Despite the impressive amount of imaging technologies
and their applications available today, early and detailed
cancer diagnosis is made possible only by using molecular
imaging systems[27]. Among these, positron emission tomography (PET) is currently the only diagnostic technique
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Table 1 Nanoparticles contrast agents for molecular imaging applications
Nanomaterials
Liposomes
Emulsions
Polymers
Iron particles
Gold nanoshells
Carbon nanotubes
Quantum dots

Properties

Applications

Ref.

In vivo ultrasound and MRI molecular imaging
Ultrasound and MRI
Molecular imaging, drug delivery
MRI
MRI, photonics imaging, in vivo photo-thermal therapy
In vitro optical imaging
Optical imaging

Lipid spherical membranes
Oil-in-water-type mixtures
Single or multiple molecular components
Paramagnetism, superparamagnetism
Infrared absorption
Fluorescence
Fluorescence

[37,38]
[39-41]
[33]
[42]
[43-45]
[46-49]
[50-53]

MRI: Magnetic resonance imaging.

in clinical use that provides imaging of tumours at molecular level. PET systems can in fact detect abnormal cellular activity well before any anatomical change is visible
and structural anomalies detectable by other macroscopic
imaging techniques like ultrasound, magnetic resonance
(MRI), X-rays or computed tomography (CT). Nevertheless, since the high cost and the involvement of highly
ionizing radiation, with consequent risks for patients,
operators and environment, PET examinations cannot
be routinely used for patient follow-up or for population
screening purposes.
However, the recent advances in the development
of smart nanoparticle contrast agents (NPCAs) opened
new perspectives for diagnostic imaging techniques, allowing on one hand the extension of molecular imaging
applications to non-ionizing techniques[28], like MRI[29],
ultrasound[23,30] and optical imaging[31,32], and, on the other
hand, introducing the possibility of combining highly
detailed diagnoses and personalized therapies in single
theranostic interventions[5].
A short overview of the most interesting properties
of novel NPCAs and a summary of the most significant approaches to early molecular cancer diagnosis by
employing non-ionizing techniques in combination with
NPCAs will be illustrated in the next subparagraphs.

ference between normal and tumor vessels, effective targeting of cancer cells beyond the capillary endothelium
can occur also with bigger NPCAs. In fact, due to the
aberrant angiogenesis, tumor vasculature is more leaky
than normal one and exhibits the so-called EPR (enhanced permeability and retention) effect, which results
in enhanced permeability and retention of particles that
are smaller than the pore diameter of tumor endothelium
(typically between 380 and 780 nm)[34-36].
One of the most common strategies to selectively
target specific cellular receptors is functionalization,
which is the conjugation of NPCA surface with specific
ligands. Sometimes, a polymeric coating of particles may
be necessary not only to improve particle stability and to
modulate their intravascular half-life, but also to increase
biocompatibility and to avoid immediate sequestration by
the reticulo-endothelial system (RES).
Hitherto, the variety of nanomaterials synthesized
that can be used as contrast agents for molecular imaging
is very wide. Table 1 provides a list of different nanosized
materials, with their chemical-physical properties, applications and the main literature-reported studies, their
detailed description being beyond the goal of this review.

NON-IONIZING TECHNIQUES FOR MOLECULAR IMAGING

NPCAS

Magnetic resonance imaging
Owing to its high resolution and elevated anatomical
contrast, MRI is widely and successfully adopted in clinical routine. However, while standard MRI protocols are
effective in detecting global properties of a tissue (e.g.,
relaxation times T1, T2, etc.), the low sensitivity of these
techniques in normal conditions hampers their direct employment for molecular imaging purposes[6].
Nevertheless, the relatively low MRI contrast might
be enhanced by using novel nanotechnologies[22]. Indeed,
paramagnetic nanoparticles functionalized with several
copies of Gd chelates were successfully exploited in both
MRI molecular imaging and targeted therapy of atherosclerotic plaques[22,41].
Other clinical applications of MRI molecular imaging,
ranging from liver disease to several type of cancers[27],
have also been reported by using FeO nanoparticles coated with PEG (polyethylene glycol) or other polymers[54,55].

In recent years, many efforts have been made to synthesize new NPCAs suitable for cellular and molecular
imaging through non-ionizing diagnostic techniques. To
obtain an effective diagnostic imaging, NPCA must be
designed to have the following basic characteristics: long
circulating half-life, high vascular endothelium permeability, selective binding to the cellular/molecular target of
interest, significant contrast-to-noise ratio enhancement,
absence of toxicity, ease of clinical use, and compatibility with standard commercially available imaging systems[22,33].
The very crucial point is the effective interaction of
NPCAs with their molecular targets, which is strongly
dependent on nanoparticle size. In normal conditions, 50
nm can be considered as the upper size threshold to cross
the vascular endothelium and directly target extravascular
cells, larger diameters allowing only the recognition of
intravascular targets. However, since the consistent dif-
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To further improve MRI sensitivity and image contrast, alternative strategies are currently under evaluation,
based mainly on the synthesis of superparamagnetic
nanoparticles made of metal alloys with specific chemical
and physical properties (e.g., 2CoFe4O, 2MnFe4O, 2NiFe4O,
FePt-FeO)[56, 57].
Other methodological approaches are aimed at synthesizing multifunctional nanoparticles, detectable by high
resolution MRI as well as by less expensive techniques
like ultrasound or fluorescence imaging, so taking advantages of different diagnostic techniques with a single
contrast agent. At this regard, “in vitro” experiments with
dual mode silica nanospheres covered by an outer shell
of superparamagnetic nanoparticles (in order to combine
MRI and ultrasonography)[21] and with core-shell iron
oxide/fluorescent silica nanoparticles (for MRI/fluorescence imaging applications)[58] have been successfully carried out.

NPCAs show significant intrinsic advantages with respect
to microbubbles. In fact, nanoparticles can easily reach
extravascular targets through endothelium crossing, and
elude RES capturing. Moreover, the variety of specific
surface modifications available for nanosized particles is
particularly wide, with consequent effective targeting of a
wide range of selected pathologies. In the last years most
of the experimental work aimed at developing novel
NPCAs for ultrasound molecular imaging has focused
mainly on testing few type of nanoparticles, namely
liposomes, perfluorocarbon nanoemulsions and nanobubbles[67-69].
Recent studies have demonstrated, however, that the
use of solid nanoparticles as NPCAs may be even more
effective[21,70,71]. With respect to liquid nanoparticles, solid
nanomaterials exhibit in fact higher contrast enhancements, since of their higher acoustic impedance with
respect to surrounding tissues, and, at the same time, are
much more stable than nanobubbles, whose circulating
half-life is quite limited by the aforementioned gas diffusion phenomena.
First experiments performed on solid nanoparticles
as contrast agents for ultrasound imaging were carried
out by using echographic probes working at very high
frequencies (30-40 MHz)[72,73], whose clinical usefulness is
closely restricted to intravascular or dermatological applications. More recent studies, instead, have demonstrated
that silica nanospheres can be effectively detected on
conventional echographic images acquired at diagnostic
frequencies (7.5-10 MHz). In addition, the coating of silica nanospheres with a shell of smaller superparamagnetic
nanoparticles has made possible to obtain dual-mode
NCPAs, detectable by both ultrasound and MRI[21].
On the basis of these and other literature findings,
the development of silica nanoparticles-based NPCAs
for ultrasound molecular imaging seems to be particularly
promising since of their well-documented biocompatibility[74-76], ease of functionalization[75] as well as synthesis
procedures[76], potential employment as nanovectors for
controlled release of drugs[77] or genes[78].

Ultrasound imaging
Ultrasound imaging is a cheap and widely available
technique offering all the previously mentioned exciting
perspectives even if some limitations do apply, which are
mostly related to the physical needs for wave transmission pathway: some anatomical sites remain not easily
reachable because of boundary bone structures like brain,
bone marrow, pelvic organs, etc. Furthermore, some technological limitations for 3D and multi-planar imaging acquisitions still remain, which make echographic examinations the first level diagnostic approach and not the ideal
candidate for in depth more accurate investigations.
Some of the above described limitations, however,
can be overcome by employing ultrasound contrast
agents, commercially available for clinical use like microbubbles, and other novel nanosized targeted contrast
agents under research development.
All contrast agents approved for routinely use in clinical ultrasound imaging are in the form of aqueous solutions of shell-stabilized gas-filled microbubbles[59]. Under
an ultrasonic beam, microbubbles undergo volumetric
oscillations with consequent emission of detectable ultrasound signals that can be exploited to enhance image
contrast.
Upon controlled structural modifications, microbubbles can acquire targeting specificity, becoming then suitable also for molecular imaging purposes[23]. Based on the
strategy adopted[60], microbubble targeting can be passive,
in which the intrinsic properties of the shell promote cell
adhesion[61,62], or active, in which the shell is functionalized
with specific ligands toward target cells or tissues[63-66].
However, since microbubbles diameter ranges in the
micrometer scale, they cannot cross endothelium wall,
with consequent important limitations in their use to target extravascular cells. As a further limitation, half-lives
of circulating microbubbles are in the order of just a
few minutes, because of both sequestrations by reticuloendothelial system (RES) and gas diffusion phenomena[6].
As discussed before, mainly due to their lower size
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Optical and optoacoustic imaging
Since of their high sensitivity and non-invasiveness, optical imaging techniques have recently attracted the interest of researchers working on the development of novel
molecular imaging protocols[6]. Optical imaging is actually
mainly limited to cell biology and other non-clinical applications, due to the very low penetration of visible wavelengths into anatomical tissues. Interestingly, the use of
NPCAs also in optical imaging may enhance its potential
suitability in clinical applications like molecular detection
of tumours. In fact, optically detectable quantum dots targeting cancer cells have been effectively visualized in both
“in vitro” and “in vivo” studies[79,80]. Gold nanoshells have
been used for optical coherence tomography imaging in a
mouse model of colon cancer[81]. Detectable fluorescence
has been observed in carbon nanotubes excited at visible
wavelengths after uptake by breast cancer cells[82].
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A

Figure 1 Echographic detection of silica nanoparticles. Sample
pictures and corresponding echographic images of pure agarose gel (A)
and 330 nm nanoparticle-containing gel (B).

B

Optoacoustic imaging is an emerging technique that
combines high sensitivity and elevated contrast of optical
imaging with spatial resolutions and penetration depths
typical of ultrasound-based techniques[83]. Essentially,
when irradiated with near-infrared short laser pulses, tissues emit acoustic waves (photoacoustic effect) that can
be detected by ultrasound probes and used for imaging
purposes[84]. As an example, the optical absorption of
hemoglobin has allowed the optoacoustic visualization of
breast tumor microvasculature[85].
Many efforts are in progress to extend the optoacoustic techniques to molecular imaging applications.
Particularly promising seem to be, at this regard, noble
metal nanoparticles which, as a consequence of surface
Plasmon resonance, strongly absorb laser energy with
subsequent generation of ultrasound signals. Although
several plasmonic nanoparticles have been recently tested
as potential NPCAs for optoacoustic imaging[86,87], the
metal of choice seems to be gold[86,88-90] because of its
high stability, facile chemistry, easy bioconjugation and
very low toxicity[87,91-96]. Among the various type of gold
nanoparticles, the most studied for molecular optoacoustic imaging applications are nanorods[87,97-103], which are of
particular interest since of their high tendency to accumulate in tumors[24] and their potential for simultaneous
photothermal therapy[104].

Diagnostic power of silica nanospheres of three
different diameters (160 nm, 330 nm and 660 nm) was
evaluated by measuring ultrasound backscatter in agarose
phantoms containing nanoparticles at concentrations
ranging from 1010 to 1013 part/mL. Imaging was performed with a digital echograph equipped with a linear
transducer operating at 7.5 MHz and linked to a prototype platform for acquisition of unprocessed radiofrequency (RF) data.
Quantitative off-line analyses showed that while amplitude of nanoparticle-backscattered signals did increase
as a linear function of particle concentration, image
brightness did not because of saturation effects. However, when nanoparticle diameter, instead of concentration, was increased both backscatter amplitude and image
brightness showed significant increments. Taking into account the previously discussed particle size characteristics
for effective endothelial crossing and tumor targeting, the
best combination was found to be the sample containing
330 nm silica nanospheres at a concentration of about 1
to 2 × 1011 part/mL[70]. Figure 1 shows a typical picture,
with the corresponding echographic image, of agarose
sample containing 330 nm silica nanoparticles at 2 × 1011
part/mL concentration.
PEG-coating and targeting of silica nanoparticles
Among the characteristics considered basic for any
NPCA to be suitable for clinical molecular imaging, their
biocompatibility and effective target recognition are without doubt of major importance. In a recent paper[105] we
have evaluated the cytotoxicity of silica nanospheres of
different diameters (160 nm, 240 nm and 330 nm) on
two different tumor cell lines, namely MCF-7 cells (breast
cancer) and HeLa cells (cervical cancer). Moreover, since
sometimes polymeric coating of nanoparticle surface
may affect significantly their biocompatibility as well as
other parameters, we have synthesized and tested both
uncoated and Methoxy (polyethyleneoxy) propyltrimethoxysilane (PEG)-coated silica nanospheres. Acoustic
behavior of coated and uncoated particles was also investigated. The results obtained, summarized in Figure 2,
showed that the incubation of MCF-7 cells with increasing concentration (up to 5 mg/mL) of uncoated silica
nanospheres over 72 h caused a remarkable cytotoxicity,

LATEST DEVELOPMENTS OF NPCAs FOR
ULTRASOUND MOLECULAR IMAGING
Silica nanoparticles for ultrasound imaging at clinical
diagnostic frequencies
As mentioned before, solid nanoparticles exhibit both
higher ultrasound signal enhancement and longer stability
as compared to liquid and gaseous particles of the same
size. Nevertheless, ultrasound experiments carried out so
far on solid nanoparticles at very high frequencies (30-40
MHz)[72,73] have limited clinical usefulness.
We have recently demonstrated that silica nanospheres are effective ultrasound contrast agents already
at common diagnostic frequencies, and quantified the
contrast enhancement observed as a function of particle
concentration and diameter, in a range of clinical usefulness for tumor targeting purposes[70].
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Figure 2 Effect of polyethylene glycol coating on silica nanoparticle biocompatibility. MCF-7 cells were incubated for 72 h in the presence of indicated concentrations of uncoated (A) or polyethylene glycol-coated (B) silica nanoparticles (SiNP).

which was dependent on nanoparticle diameter, concentration and incubation time, reaching percentages of cell
mortality close to 80%. Conversely, in the experiments
carried out using PEG-coated silica nanospheres cell viability was only slightly affected, with percentage of cell
mortality lower than 30% (considered as threshold value
of cytotoxicity by ISO 10993-5 international guide) at
any time and at any particle concentration and diameter.
Comparable results were obtained when HeLa, instead
of MCF-7, cells were assayed.
Acoustic behavior of these nanoparticles was characterized exactly as described above and gave results in
good agreement with those already obtained. Interestingly, at the same concentrations, 240 nm nanospheres
exhibited ultrasound backscattered signals even slightly
stronger than 330 nm nanoparticles, this ensuring a good
contrast enhancement together with a more effective targeting potential since of their lower diameter.
Work is in progress in our laboratory aimed at functionalizing 240 nm silica nanoparticles incorporating a
fluorescent probe for “in vitro” molecular imaging of hepatocellular carcinoma (HCC), with both ultrasound and
laser-scanning confocal microscopy. HCC is the most
common among all liver cancer cases (around 75%)[106],
and is characterized by the particular feature to express
on its cell surface Glypican-3 protein (GPC-3) which,
therefore, is a good candidate for specific targeting of
HCC cells[107]. On the basis of recent findings by Lee
et al[108] demonstrating that a seven amino acid peptide
exhibit high affinity in GPC-3 recognizing and binding,
we have synthesized GPC-3 peptide-functionalized 240
nm fluorescent silica nanoparticles and tested them on
HepG2 cells, a GPC-3 positive human hepatocarcinoma
cell line. Interestingly, preliminary results show that, at
concentration useful for ultrasound detection, GPC-3targeted silica nanoparticles exhibit only negligible cytotoxic effects and seem to effectively bind to HepG2 cell
plasmamembrane, as revealed by confocal microscopy
and transmission electron microscopy. These results,
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which however require be further substantiating by parallel experiments on GPC-3 negative cells and, more importantly, confirming also “in vivo”, indicate that 240 nm
silica nanoparticles might be a very promising theranostic
agents since of their high biocompatibility, targeting effectiveness and acoustic behavior.

SILICA-BASED NANOCOMPOSITES FOR
DUAL-MODE MOLECULAR IMAGING
As mentioned in previous paragraphs, our interest in exploring the employability of silica nanoparticles as effective NPCAs was extended to the possibility of designing
novel silica-based hybrid nanocomposites for dual-mode
molecular imaging, combining MRI and ultrasounds.
At this regard, we have developed a simple and efficient
synthesis protocol for multi-component nanoparticles
having a spherical silica core (160 nm, 330 nm or 660 nm
in diameter) coated with an outer shell of smaller superparamagnetic nanoparticles, represented by either 15-nm
FeO or 17-nm FePt-FeO nanocrystals[21,109].
To evaluate the potential of these nanocomposites as
MRI contrast agents, proton relaxivity measurements were
performed at three radio frequency (RF) frequencies: 12.5,
23 and 60 MHz. Both the transversal relaxivity r2 and the
longitudinal relaxivity r1 values were calculated for the different silica host nanospheres covered by IO or FePt-IO
nanoparticles. As the ratio r2/r1 was greater than 2, all the
synthesized systems were classified as good T2-relaxing
systems. In particular, for each employed RF frequency
and SiNP-core diameter, the r2/r1 ratios of FePt-IO
coated SiNPs were higher than those of IO coated SiNPs,
indicating that FePt-IO-coated SiNPs are more efficient
as MRI negative contrast agents with respect to IO coated
SiNPs[110].
Ultrasound measurements were carried out on silica
nanospheres dispersed in agarose gel samples, with the
employment of a 10-MHz incident ultrasound frequency.
As shown in Figure 3, all the nanoparticle-containing phan-
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Figure 3 Morphological and echographic characterization of dual mode silica nanoparticles.
A-C: Transmission electron microscopy and (D-F)
corresponding ultrasound images of uncoated (A,
D), IO-coated (B, E) and FePt-IO-coated (C, F) 330
nm silica nanoparticles; G: Image of pure agarose
gel (negative control).

G

toms exhibited a clear image enhancement with respect
to the pure agarose gel, that was almost completely transparent to ultrasound. Among the three nanoparticle type
tested, uncoated silica nanospheres provided the highest
image brightness for each considered size, as compared to
IO-coated silica nanospheres, whereas FePt-IO nanocrystals showed image enhancements qualitatively analogous to
those of pure silica but with a slightly less uniform brightness.
Therefore, the acoustic and magnetic characterization of coated SiNSs shows that FePt-IO, rather than
IO, seems to be the best magnetic coating for realizing
NPCAs suitable for dual mode molecular imaging through
US and MRI techniques.

of particular interest for their potential medical applications. In particular, halloysite clay is a double-layered aluminosilicate spontaneously forming empty tubular structures in the submicrometer range. They size 1 ± 0.5 µm
in length, 50 to 70 nm in external diameter and around 15
nm diameter lumen, and are capable of entrapping a wide
variety of active agents in the inner lumen, followed by
their retention and slow release[111-119]. Moreover, owing
to their easy surface functionalization[120] as well as high
level of biocompatibility[121], halloysite clay nanotubes
(HNTs) present an ideal profile for cell targeting and
drug delivery purposes. In fact, HNTs have been recently
demonstrated to be successful in intracellular delivery of
antisense oligonucleotides[122]. Furthermore, Resveratrolloaded HNTs have been shown to effectively promote
apoptotic cell death in MCF-7 breast cancer cell line[112].
It is then conceivable that therapeutic protocols involving
HNTs may take enormous advantage from the possibility of monitoring them through non-invasive imaging
techniques. On the basis of these considerations, we have
recently explored the feasibility of using HNTs as ultra-

HALLOYSITE CLAY NANOTUBES FOR
ECHOGRAPHIC IMAGING AT CONVENTIONAL DIAGNOSTIC FREQUENCIES
Nanostructured aluminosilicates are other new materials
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Figure 4 Ultrasound detection of halloysite clay nanotube. A: Gel sample echographic images of pure and agarose containing halloysite clay nanotube (HNT) at
the indicated concentrations; B: Quantitative analysis of backscattered signal as a function of ultrasonic frequency and HNT concentration. SER: Signal enhancement
ratio; CoFI: Contribution of frequency increment.

ly diagnosis of major social diseases, targeted tissue local
therapies instead of systemic approaches, etc. Echography
and ultrasonography provided so far, in the research arena, one of the most promising result by supporting very
interesting future clinical perspectives for both diagnosis
and therapies still presenting the above mentioned limitations.
Several research applications unveiled many classes
of novel nanosystems as effective “theranostic” agents
based on both organic and inorganic components. For
ultrasound cellular applications the latter certainly offer a
wide range of advantages in terms of contrast enhancement, drug loading capabilities, highly effective cell targeting even making possible gene therapy approaches at
very low costs.
Nevertheless, many challenges need to be faced in order to translate in clinics those research findings, mainly
related to classical difficulties faced by all new drug development steps prior to reach the human clinical trials
with additional incognita for the new physical features of
novel nano-materials and their eventual toxicity.
Nowadays, our society is experiencing a rapid evolution in terms of population aging, social dynamic modifications accompanied by significant cost reductions in
government spending. The real challenge for modern
medicine is offering higher medical standards at reduced
costs: this ideal objective is not reachable relying on actual classical approaches, but that can be done only pushing

sound contrast agents for clinical echographic imaging.
HNT at different concentrations (1.5, 3 and 5 mg/
mL) were dispersed in agarose gel and imaged through
a commercially available echographic system, employing
conventional ultrasonic frequencies (5.7-7 MHz) at an intermediate level of power (50%) of the signal emitted by
clinical equipment (Figure 4A).
Acquired data were processed through a dedicated
prototypal platform for ultrasonic signal amplitude extraction. The signal enhancement ratio (SER) was calculated between different values of HNT concentration at
the considered echographic frequency; additionally, the
contribution of frequency increment (CoFI) to the image
backscatter was also quantified (Figure 4B). The average
contribution of frequency increment from 5.7 to 7 MHz
was found to be 4.86 ± 0.80 (corresponding to about
20%), indicating that the increasing HNT concentration determined a nonlinear increment of absolute SER.
Hence, it might be useful to study a wider range of HNT
concentration in order to achieve safe and effective dose
optimization in future clinical application.

CONCLUSION
Recent progresses in the field of nanotechnology applied
to medical diagnostic imaging are overcoming most of
the constraints offered by classical clinical approaches:
molecular imaging without using ionizing techniques, ear-
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medical research toward the new frontiers made feasible
by nanotheranostics and nanomedicines, whose main
potentialities and challenges still remain unexpressed and
unexplored.
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life in castrate resistant prostate cancer patients with
wide-spread bone metastatic disease. In a phase Ⅲ,
randomized, double-blind, placebo-controlled study 921
patients with castration-resistant prostate cancer and
bone metastases were randomly assigned. The analysis
223
confirmed the Radium survival benefit compared to
the placebo (median, 14.9 mo vs 11.3 mo; P < 0.001).
In addition, the treatment results in pain palliation and
thus, improved quality of life and a delay of skeletal
related events. At the same time the toxicity profile of
223
223
Radium was favourable. Since May 2013, Radium
dichloride (Xofigo®) is approved by the US Food and
Drug Administration.
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Core tip: The incidence rate of prostate cancer worldwide is high. Ninety percent of patients dying of
prostate cancer have bone metastases with varying
symptoms which are significantly impairing their qual223
ity of life. Radium is the first therapeutic that results
in a survival benefit for patients with bone metastatic,
223
castrate resistant prostate cancer. Radium was also
associated with low myelosuppression rates and fewer
adverse events.This article provides an overview of the
223
pre-clinical and clinical trials with Radium.

Abstract
Various single or multi-modality therapeutic options
are available to treat pain of bone metastasis in patients with prostate cancer. Different radionuclides that
153
89
emit β-rays such as Samarium and Strontium and
achieve palliation are commercially available. In con223
trast to β-emitters, Radium as a a-emitter has a short
path-length. The advantage of the a-emitter is thus a
highly localized biological effect that is caused by radiation induced DNA double-strand breaks and subsequent
cell killing and/or limited effectiveness of cellular repair
mechanisms. Due to the limited range of the α-particles
the bone surface to red bone marrow dose ratio is also
223
lower for Radium which is expressed in a lower my223
elotoxicity. The a emitter Radium dichloride is the
first radiopharmaceutical that significantly prolongs
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INTRODUCTION
According to estimates from the International Agency
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Table 1 Physical characteristics of
Radionuclide
89

Sr
153
Sm
223
Ra

89

Strontium,

153

223

Samarium and

Radium

Half-life

Maximum energy (MeV)

Mean energy (MeV)

Maximum range

y-Emission (keV)

50.5 d
1.9 d
11.4 d

1.4 (b)
0.81 (b)
5.78 (a) average

0.583 (b)
0.229 (b)
-

7 mm
4 mm
< 10 µm

None
103
154

for Research on Cancer (IARC, GLOBOCAN 2008),
the incidence rate of prostate cancer worldwide is 13.6
per 100000 inhabitants per year, with a mortality of 6.1
per 100000 per year[1]. The incidence rate differs quite
significantly among the various regions of the world. It
is lowest in Central Asia with 4.1 per 100000 and highest in Australia/New Zealand with 104 per 100000[1].
Ninety% of patients dying of prostate cancer have bone
metastases[2]. Patients with bone metastases have varying
symptoms such as pain, pathological fractures, neurological disorders, spinal cord compression, and bone marrow
failure, which are significantly impairing their quality of
life[3,4].
An optimal therapy leads to pain reduction, improved
quality of life, and prolonged survival. Various single or
multi-modality therapeutic options are available to treat
bone pain. These include analgesics, hormone therapy,
chemotherapy, external beam radiation, biphosphonates,
or β-emitting radionuclides.
Combined pain medication and external radiotherapy
result in pain relief in up to 70% of patients with localized pain[5]. However, external radiotherapy is only possible to a limited extent in patients with multiple bone
metastases and diffuse bone pain.
Different radionuclides that emit β -rays such as
153
Samarium and 89Strontium and achieve palliation are
commercially available. 89Strontium is a pure β-emitter
with a relatively long half-life of 50.5 d. 153Samarium has
a shorter half-life of 1.9 d and emits β-rays in addition to
γ-rays (Table 1). Thus, imaging of the skeletal samarium
distribution post therapy is feasible. In more than half of
the cases, administration of these radiopharmaceuticals
results in a decrease of pain[6-8]. Yet, an effect of this therapy on patient survival is not investigated in randomised
phase Ⅲ studies.
β-emitters with a low linear energy transfer (LET)
and a long β-range can lead to a high radiation burden of
the bone marrow and thus carry the risk of a significant
myelosuppression. This bone marrow suppression may
be dose limiting.
In contrast to β-emitters, a-emitters have a short
path-length of less than 0.1 mm which increases the local
anti-tumour effect without affecting the bone marrow.
The a-emitter 223Radium dichloride is the first radiopharmaceutical that significantly prolongs life in castrate
resistant prostate cancer patients with wide-spread bone
metastatic disease. Radium-223 has been developed by
the Norwegian company Algeta ASA, in a partnership
with Bayer, under the trade name Xofigo®. 223Radium
dichloride is approved by the US Food and Drug Admin-
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istration (FDA) and by the European Commission (EC).
This article provides an overview of the pre-clinical
and clinical trials with 223Radium.

PATIENT EXPOSURE
Lassmann et al[9] provided a comprehensive dosimetry
calculation of absorbed organ doses after intravenous
administration of 223Radium chloride for 25 organs or
tissues. Bone surface and red bone marrow show the
highest dose coefficients followed by liver, colon, and intestines. Six cycles of 223Radium at 0.05 MBq/kg[10] (corresponding to 21 MBq for a 70 kg patient), the absorbed a
dose to the bone surface was calculated at around 16 Gy
with a dose of approximately 1.5 Gy to the bone marrow.
Patient-specific dosimetry data have not been published
yet.

PHARMACOKINETICS AND PRECLINICAL
STUDIES
Radium was discovered in December 1898 by the physicist Marie Curie and her husband Pierre Curie. 223Radium
decays originates from uranium and has a natural decay
balance with uranium. The α-emitter 223Radium is water
soluble as 223Radium chloride. 223Radium can be relatively
easily gained from 227Actinium through a cation exchange
system. Due to the long half-life of 227Actinium (21.7
years), it could potentially be used as a long-term generator.
223
Radium has a half-life of 11.4 d (Table 1) and decays via seven daughter nuclides into stable 207Lead-207.
The half-life of the daughter nuclides ranges from seconds to minutes. During the decay of 223Radium, approximately four α particles and two β particles (electrons) are
released. The combined energy of the particles emitted
during the decay chain of 223Radium and its daughter
nuclides is 27.5 MeV, with α-particles emitting 95.3% of
the energy and b-particles emitting 3.6%. One point one
percent are emitted as gamma rays.
Because of the electric charge and the relatively high
mass of 4u, α-particles have a very low penetration
depth in organic matter which ranges from 40 to 100
µm which approximately equals the size of micro metastases. α-particles produce high-linear energy-transfer
(LET) radiation. The advantage of the α-emitter is thus
a highly localized biological effect that is caused by radiation induced DNA double-strand breaks and subsequent
cell killing and/or limited effectiveness of cellular repair
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mechanisms.
The penetration depth into the surrounding tissue
of the b-particles is higher than with 223Radium (Table
1). Due to the limited range of the α-particles the bone
surface to red bone marrow dose ratio is also lower for
223
Radium which is expressed in a lower myelotoxicity of
223
Radium as compared to the “traditional” radiopharmaceuticals.
As a calcium analogue, 223Radium dichloride is absorbed by the bone after intravenous injection without
the necessity of a carrier. Initially, approximately 25%
of the injected 223Radium dichloride is bound to the
bone surface and from there quickly absorbed into the
bone volume or returned into blood[9]. Eighty percent
of the activity is transferred from the exchangeable
bone volume back to the bone surface at a biological
half-life of 30 d. The amount of 223Radium dichloride
that the bone absorbs depends on the regional bone
metabolism. The target of 223Radium dichloride in the
bone is calcium hydroxylapatite. The radiopharmaceutical accumulates in regions of osteoblast activity, therefore allowing the simultaneous treatment of multiple
bone metastases. In addition to the bones 223Radium dichloride is mainly absorbed from blood into soft tissue,
including the liver. Its excretion is predominantly via the
intestines, i.e., the feces. Renal excretion is minimal. In
contrast, 153Samarium and 89Strontium undergo predominantly renal excretion thereby increasing the probability
of renal toxicity.
Because of its very limited tissue penetration the environmental risk of 223Radium application is minimal if
existent at all. Thus, 223Radium dichloride can be administered safely in an outpatient setting.
In animal experimental studies, 223Radium had the
same bone distribution as 89Strontium which suggested
that a therapeutically relevant dose of 223Radium could
be applied to bone metastases[11]. In addition, 223Radium
had a lower myelotoxicity than b-emitters[11]. Rats which
received chemotherapy and had biphosphonate resistant
bone metastases, showed a longer survival rate when they
were treated with 223Radium[12]. This suggested that 223Radium may not only be used for palliation but may in fact
prolong life.

of 4%. No dose limiting toxicity could be verified.
In another phase Ⅰ study, a total of 25 patients with
bone metastatic prostate cancer (n = 15) and breast
cancer (n = 10) received a single dose of 250 kBq/kg
223
Radium (46, 93, 163, 213, or 250 kBq/kg)[14]. The goal
of this dose escalation study was to investigate the safety
profile and the pain response to 223Radium. The pain
scale was documented before the first injection and at 1,
4, and 8 wk after the injection. In addition, in 6 patients
the distribution of the daughter nuclide 219Radium was
imaged with a gamma camera and compared to the pretherapeutic bone scintigraphy.
The patients exhibited mild and reversible myelosuppression. In one patient, a grade 1 thrombocytopenia was
observed; 2 patients had a grade 3 neutropenia, and 3 patients showed a grade 3 leukopenia. Four weeks after the
injection of 223Radium a pain reduction was observed in
most patients (60%). 24 h after the injection, the activity
of 223Radium rapidly decreased to below 1% (redundant).
Thus, 223Radium was well tolerated at therapeutically relevant doses. The pre- and post-therapeutic gamma camera
images showed a good correlation with the 223Radium accumulation in bone metastases.

PHASE Ⅱ STUDY
In a randomized, double-blind multicentre phase Ⅱ study
the effect of the repeated administration of 223Radium
was investigated in patients with symptomatic hormone
refractory metastatic prostate cancer. Inclusion criteria
were multiple bone metastases or a painful osseous lesion
with two consecutive rising PSA values[15]. The endpoints
of the study were the efficacy of 223Radium with respect
to the decrease of bone-specific alkaline phosphatase
(ALK) concentration and the time to the occurrence
of a skeletal event. All patients also underwent external
beam radiation. Sixty-four patients were recruited of
whom 33 received external beam radiation and 223Radium
while 31 received external beam radiation and placebo
(saline). Patients received up to 4 injections of 50 kBq/kg
223
Radium or placebo at intervals of 4 wk. Eight patients
in the 223Radium group and 21 patients in the placebo
group completed the protocol. The study demonstrated
an excellent safety profile for 223Radium. There were no
differences in haemotoxicity between the groups and no
patient in the 223Radium group terminated the study due
to treatment related toxic effects. In the 223Radium group,
3 patients had a grade 2/3 neutropenia, which, however,
was reversible.
In addition, there was evidence of biologic effects
and efficacy with 223Radium. Patients in the 223Radium
arm had a significantly greater reduction in bone-ALP
(-65.6%, P < 0.0001) than those in the placebo group
(-9.3%). The median time to skeletal related events was
124 wk in the 223Radium group vs 11 wk in the placebo
arm. The median time until PSA progression was 126 wk
in the 223Radium group vs 8 wk in the placebo group (P
= 0.048). Four weeks after the last injection, the median

PHASE Ⅰ STUDY
The pharmacokinetics, pharmacodynamics, and biodistribution were investigated in a phase Ⅰ study in 10 patients
with bone metastatic prostate cancer[13]. Three patients
received injections of 50 kBq/kg radium, another three
received 100 kBq/kg radium, and 4 patients received 250
kBq/kg. After 6 wk, 6 of the 10 patients had another
injection of 50 kBq/kg. A rapid clearance of 223Radium
from the blood was observed whereby only 0.5% of
223
Radium remained in the blood after 24 h. On average, 52% of the 223Radium was cleared via the intestines,
which was the main route of excretion of 223Radium. The
excretion via the kidneys was relatively low with a mean
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Patients were included in the study when they showed
two or more bone metastases on skeletal scintigraphy,
had no visceral metastases, and had been treated with
docetaxel or if they were unable to receive docetaxel (Figure 1).
The patients were randomized in a ratio of 2:1 and
received intravenous injections of 223Radium (at a dose of
50 kBq per kilogram of body weight) or saline injections
as placebo. Patient received 6 injections in 4-wk intervals.
Each patient was provided with the best standard of care
including local external-beam radiation therapy or treatment with glucocorticoids, antiandrogens, ketoconazole,
or estrogens. Chemotherapy, hemibody external radiotherapy, and other systemic radionuclides were not permitted.
The primary end point was overall survival, defined
as the time from randomization to the date of death, regardless of cause. The main secondary end points were
the time to an increase in the total ALP level, a total
alkaline phosphatase response, the time to the first symptomatic skeletal event, normalization of the total alkaline
phosphatase level and the time to an increase in the PSA
level.
The study was designed to provide a statistical power
of 90% to detect a hazard ratio of 0.76 for the risk of
death in the 223Radium group vs the placebo group with
a two-sided alpha significance level of 0.05. In total, 614
patients were enrolled in the 223Radium group and 307
patients in the placebo group. The patients were enrolled
in 136 study centres in 19 countries. The baseline patient
characteristics in both groups were largely identical.
A pre-defined interim analysis was conducted after
314 deaths had occurred to assess the effect of 223Radium
on the primary end point (overall survival). On the basis
of this interim analysis, which showed a survival advantage with 223Radium and an acceptable safety profile, early
discontinuation of the trial and crossover from placebo
to 223Radium was recommended. The authors report in
this study the results of an updated descriptive analysis
of the efficacy and safety data, performed when 528
deaths had occurred, before any crossover treatment with
223
Radium was administered.
The median overall survival was 14.9 mo in the 223Radium group and 11.3 mo in the placebo group. The mortality risk was 30% lower in the 223Radium group than in
the placebo group (P < 0.001). In total 528 patients died;
333 of the 614 patients in the 223Radium group (54%)
and 195 of the 307 patients in the placebo group (64%).
A secondary endpoint also confirmed the superiority of
223
Radium over the best standard of care. The time to
the first symptomatic skeletal event was 15.6 mo in the
223
Radium group vs 9.8 mo in the placebo group (P <
0.001). The time to increases in the total ALP (P < 0.001)
and PSA levels (P < 0.001) was significantly longer in the
223
Radium group. Finally, a significantly larger proportion
of patients in the 223Radium group showed a response
of the total ALP and PSA levels (≥ 30% reduction, P <
0.001). Sixteen and 24 wk after initiation of 223Radium

Figure 1 Sixty-one years old male with a history of high-grade Gleason 9
prostate cancer, diagnosed 8 years ago, treated with radiation treatment,
prostatectomy, and androgen deprivation therapy. Patient has significant
uncontrolled pain throughout the skeleton. Bone scan demonstrates wide
spread metastatic disease to the skeleton.

relative change of the PSA was -23.8% in the 223Radium
arm, vs +44.9% in the placebo group (P = 0.003). Importantly, there was a trend toward improved survival in
the 223Radium group (65.3 wk) vs the placebo group (46.4
wk; P = 0.066). Thus, 223Radium was tolerated, reduced
serum ALP levels and tended to improve survival. In an
additional study, the same authors published the 24 mo
follow-up of the patients and confirmed the results of
the previous study[16]. They confirmed the excellent safety
profile and demonstrated no increased risk for a secondary malignancy. A trend towards improved survival was
again demonstrated (P = 0.056).
The effect of different dosages of 223Radium on the
pain reduction was investigated in another randomized
and double-blinded study, involving 100 patients with
castration-resistant, bone metastatic prostate cancer[17].
More than 50% of the patients had 20 or more metastases, or a superscan. The patients received single doses of
5, 25, 50, or 100 kBq/kg 223Radium. Patients were classified as responders or non-responders using a bone pain
index. Already after 2 wk, a significant pain reduction was
evident (P = 0.35). After 8 wk, 40%, 63%, 56%, and 71%
of the patients were classified as responders in the 5, 25,
50, and 100 kBq/kg groups, respectively. In the group of
responders the pain was reduced by a mean of -30, -31,
-27, and -28 mm [according to the visual analogue scale
(VAS)]. Furthermore, the favourable safety profile of
223
Radium was confirmed.

PHASE Ⅲ STUDY AND FDA APPROVAL
A recently published phase Ⅲ trial reported the results
about Xofigo® from the Symptomatic Prostate Cancer
Patients (ALSYMPCA) study[10]. This multi-national,
randomized, double-blind study started in 2008 and by
February 2011 921 patients were enrolled. The goal of
the study was to compare the efficacy and safety of 223Radium vs placebo in patients with castration-resistant prostate cancer and bone metastases.
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treatment, patients had significantly less pain compared
to baseline (P < 0.001 and P = 0.001, respectively).
No clear difference in the appearance of grade 3 and
4 adverse events (according to the Common Terminology Criteria for Adverse Events) was reported between
the two groups. One patient in each group showed grade
3 febrile neutropenia. In the 223Radium group one grade
5 haematologic adverse event (thrombocytopenia) occured. Serious adverse events that occurred in > 5% of
the patients in the 223Radium or the placebo group were
disease progression, bone pain, anaemia, and spinal cord
compression. Overall the probability for the appearance
of adverse events of all grades was lower in the 223Radium group than in the placebo group. The quality of
life (according to the Functional Assessment of Cancer
Therapy-Prostate) improved significantly in the 223Radium
group.
Because of the interim analysis of the ALSYMPCA
study, 223Radium was approved by the FDA as a treatment
for patients with bone metastatic castrate-resistant prostate cancer. The approval was given for patients without
visceral metastases.
The suggested regimen follows that of the ALSYMPCA study and includes 50 kBq/kg at an interval of 4 wk
with a maximum of 6 doses. A simultaneous administration of 223Radium and chemotherapy is not permitted
outside of clinical trials because of the unclear potential
of additive effects on myelosuppression.
With its approval the FDA requested additional trials
to determine the efficacy and safety of 223Radium when
given at doses > 50 kBq/kg. The FDA also requested to
investigate the long term safety, the effects of 223Radium
on healthy bone marrow and the risk of the treatment for
developing secondary malignancies.
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CONCLUSION
223

Radium is the first therapeutic that results in a survival
benefit for patients with bone metastatic, castrate resistant prostate cancer. In addition, the treatment results in
pain palliation and thus, improved quality of life and a
delay of skeletal related events. At the same time the toxicity profile of 223Radium was favourable. Thus 223Radium
may provide a new standard of care for patients with
CRPC and bone metastases.
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lyze the health system by creating imaging biomarkers
that identify the genomics of a disease. The use of noninvasive imaging for gene expression profiling is a fast and
reliable technique which has the potential to replace highrisk invasive biopsy procedures.

Abstract

INTRODUCTION

Radiogenomic imaging refers to the correlation between cancer imaging features and gene expression
and is one of the most promising areas within science
and medicine. High-throughput biological techniques
have reshaped the perspective of biomedical research
allowing for fast and efficient assessment of the entire
molecular topography of a cell’s physiology providing new insights into human cancers. The use of noninvasive imaging tools for gene expression profiling of
solid tumors could serve as a means for linking specific
imaging features with specific gene expression patterns thereby allowing for more accurate diagnosis and
prognosis and obviating the need for high-risk invasive
biopsy procedures. This review focuses on the medical
imaging part as one of the main drivers for the development of radiogenomic imaging.

Recent developments in high-throughput molecular techniques promise to generate biomarkers driving the future
of personalized medicine[1-3]. Gene expression profiling
has the potential to gather key information regarding
biology and its relationship to diagnosis, prognosis and
therapy. However, a main limitation of these techniques
is the need to acquire tissue for gene expression profiling
through invasive biopsy thereby limiting the clinical application of this method in an everyday patient care setting. In addition, in these biopsies samples are frequently
obtained from only a part of the lesion and therefore do
not entirely represent the lesion’s unique anatomic, functional, and physiologic properties, such as size, location,
and morphology. Many of these features are obtained
in routine clinical imaging exams and are very useful for
diagnosis, staging, and treatment planning. Although
these image features provide anatomical and morphological information, only few studies[4-6] have generated a
“radiogenomics map” integrating the genomic and image
data thereby introducing the field of “radiogenomics” or
“radiogenomic imaging”[3]. Specific radiological tumor
phenotypes can be used as surrogates for signatures of
gene expression. If imaging can be linked to these treat-

Original sources: Goyen M. Radiogenomic imaging-linking
diagnostic imaging and molecular diagnostics. World J Radiol
2014; 6(8): 519-522 Available from: URL: http://www.wjgnet.
com/1949-8470/full/v6/i8/519.htm DOI: http://dx.doi.org/10.4329/
wjr.v6.i8.519
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ment-response gene-expression patterns routine clinical
imaging is able to predict the likely response to specific
chemotherapeutics and helps to choose the best form
and duration of treatment.

components responsible for cellular migration and invasion. In addition it revealed genes and microRNAs highly
associated with mesenchymal transformation and invasion.
As cellular invasion is one of the main causes of treatment failure, the surgical extent of resection and adjuvant
treatment planning are highly important. Thus, the authors
conclude that the used method has potential therapeutic
significance since successful molecular inhibition of invasion will improve therapy and patient survival in GBM.
In a recently published study in patients with GBM
Jamshidi et al[8] could show that MRI, messenger RNA
expression and DNA copy number variation can identify
MR traits which are associated with some known highgrade glioma biomarkers and associated with genomic
biomarkers that have been identified for other malignancies but not GBM. Further work is needed to determine
the clinical value of these findings.

DIAGNOSTIC IMAGING AS A PLATFORM
FOR GENE EXPRESSION PROFILING
Radiologic imaging plays an important part in every stage
of cancer treatment. Besides screening, detection and
staging of disease, imaging is used to predict and evaluate
individual patient’s responsiveness to therapies in every
stage of cancer treatment. Diagnostic imaging is a safe
and accurate tool to noninvasively assess location, morphology and physiology of tissues[3]. This crucial role for
imaging biomarkers in cancer treatment is reflected by
the fact that more than 90 percent of cancer patients are
evaluated by imaging. However, much of the data generated by radiologic imaging remains largely unspecific at
a molecular level. The integration of these noninvasive
imaging tools with functional genomic assays has the
power for a quick clinical translation of high-throughput
technology.

IMAGING FOR MOLECULAR
ASSESSMENT OF TUMOR PROGNOSIS
Radiogenomic imaging is a useful tool for molecular assessment of tumor staging and diagnosis; however, for its
success in a clinical setting it is crucial that radiogenomics
has the potential to also impact clinical management. Despite much recent activity in developing imaging biomarkers of disease, it is challenging to link these biomarkers
to clinical outcomes as it takes years to obtain these outcomes in cohort studies[9].
The above mentioned study by Kuo et al[6] in patients
with HCC showed that the tumor margin score highly
correlated with a venous invasion gene expression program as well as histologically-confirmed venous invasion.
A study by Diehn et al[5] sought to correlate imaging
surrogates for gene-expression profiles with prognostic
implications in patients with GBM. The radiogenomic
maps showed a statistically significant overlap between
a survival-associated gene signature and an infiltrative
pattern of the edema on T2-weighted images. The hyperintense signal on the T2-weighted images allowed for
a clear differentiation between edematous and infiltrative
patterns reflecting the interface between a tumor and
the adjacent normal brain. In a second part of the study
another 110 GBMs were included; the results revealed a
correlation between the infiltrative radiophenotype and
a poor prognosis: a median survival of 390 d was found
for those without infiltrative pattern compared to 216 for
those with infiltrative pattern. The study shows a quick,
easy-to-use technique to discover prognostic imaging
biomarkers associated with underlying gene-expression
signatures.
A study by Gevaert et al[9] explored the clinical prognostic value of Radiogenomic imaging by looking at features from non-small cell lung cancer (NSCLC) CT- and
positron emission tomography (PET)-cases[10]. Gevaert
et al[9] study comprised 26 patients with NSCLC whose
imaging features were comprehensively extracted and
statistically analyzed. To obtain survival data which were

IMAGING FOR MOLECULAR
ASSESSMENT OF TUMOR STAGING AND
DIAGNOSIS
A study by Kuo et al[6] in patients with liver cancer demonstrated the relationship between imaging traits, histopathologic markers, and several predefined gene-expression programs. The study found that a liver-specific gene
expression program was highly correlated with the imaging trait “tumor margin score, arterial phase”. The data
suggest that this radiophenotype could potentially form
the basis to categorize hepatocellular carcinomas (HCCs).
Segal et al[4] also demonstrated that dynamic imaging
traits in computed tomography (CT) strongly correlated
with the global gene expression programs of primary
HCC. The authors managed to reconstruct 78% of the
gene expression profiles by combining twenty-eight imaging traits, thereby showing cell proliferation, liver synthetic function, and patient outcome. Therefore, noninvasive
imaging could decode genomic activity of human liver
cancers, allowing for a noninvasive, frequent and quick
molecular work-up on an individual level.
In patients with glioblastoma multiforme (GBM) Zinn
et al[7] introduced a new diagnostic imaging technique to
assess molecular cancer subtypes and genomic correlates
of cellular invasion using quantitative magnetic resonance
imaging (MRI) volumetrics and large-scale gene- and
microRNA expression profiling in GBM. Based on The
Cancer Genome Atlas, discovery and validation sets with
gene, microRNA, and quantitative
MRI data were created. Zinn et al[7] showed that in
patients with GBM the used fluid-attenuated inversion
recovery sequence reliably detected main cancer genomic
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not available the authors derived prognostic conclusions
by using a genomically matched NSCLC case set with
known clinical outcomes from public databases[11]. Gevaert et al[9] demonstrated an imaging approach able to
quickly identify prognostically relevant image biomarkers
requiring only the paired acquisition of image and gene
expression data as well as the existence of a large public
gene expression data set where survival outcomes are
available. The authors conclude that by mapping image
features to gene expression data, it is possible to leverage public gene expression microarray data to determine
prognosis and therapeutic response as a function of image features.
In a follow-up study Nair et al[12] analyzed Nuclear
factor-κB (NF-κB) protein expression in a group of 355
patients with NSCLC (365 tumor samples) with long-term
follow-up by means of immunohistochemistry (IHC) using a Tissue Microarray.
NF-κBp65 as well as a positive uptake of fluorodeoxyglucose (FDG) was significantly associated with more
advanced stage, tumor histology and invasion. Higher
NF-κBp65 expression was associated with death by Kaplan Meier analysis (P = 0.06) while LDHA was strongly
associated with recurrence (P = 0.04). Increased levels
of combined NF-κBp65 and lactate dehydrogenase A
(LDHA) expression were synergistic and associated with
both recurrence (P = 0.04) and death (P = 0.03). The authors conclude that NF-κB IHC was a modest biomarker
of prognosis that associated with tumor glucose metabolism on FDG PET when compared to existing molecular
correlates like LDHA, which was synergistic with NF-κB
for outcome.

HCC therapy on a tumor-by-tumor basis on the basis of
underlying tumor gene expression patterns.
The previously mentioned study by Diehn et al[5] also
evaluated whether in patients with GBM the expression of a therapeutic target could be predicted based on
its imaging-gene-expression association. Activation of
specific gene-expression programs can be inferred from
imaging traits, thereby giving insights into tumor biology on a tumor-by-tumor basis. The authors could reveal
potential imaging biomarkers for several classes of antiGBM therapeutic agents, including antiangiogenesis and
epidermal growth factor receptor-based therapies. In
addition, the results show that intratumoral heterogeneity of several gene-expression programs can be spatially
resolved by means of imaging. Furthermore, the authors
identified an imaging phenotype characterized by an infiltrative appearance that was associated with aggressive
clinical behavior and expression of genes involved in
central nervous system development and gliogenesis. As
this imaging approach is noninvasive and widely available
in clinical practice it can be applied to a broad range of
human disease processes.

CONCLUSION
Radiogenomic imaging has the potential to catalyze the
health system by creating imaging biomarkers that identify the genomics of a disease. The use of noninvasive
imaging as a surrogate for gene expression profiling is a
quick and reliable tool which has the potential to replace
high-risk invasive biopsy procedures. Additional studies
with larger numbers of patients are necessary to confirm
links between gene expression patterns and imaging features permitting fast and reliable clinical diagnosis of tumors as well as estimation of prognosis and decision for
optimal therapy.

IMAGING FOR MOLECULAR
ASSESSMENT OF OPTIMAL THERAPY
By using an integrated imaging-genomic approach Kuo
et al[6] determined whether contrast-enhanced CT was
capable to assess imaging phenotypes which are associated with a doxorubicin drug response gene expression
program in patients with HCC. The authors included 30
HCCs into the study and scored them individually across
six predefined imaging phenotypes. An imaging phenotype related to tumor margins on arterial phase images
showed a significant correlation with the doxorubicinresponse transcriptional program (P < 0.05, q < 0.1). In
addition it was significantly associated with HCC venous
invasion and tumor stage (P < 0.05, q < 0.1). Tumors
with higher tumor margin scores were more strongly associated with the doxorubicin resistance transcriptional
program and had a greater prevalence of venous invasion and worse stage. Tumors with lower tumor margin
scores, however, showed a converse relationship. The authors conclude that CT has the potential to identify HCC
imaging phenotypes correlating with a doxorubicin drug
response gene expression program. As doxorubicin is a
standard treatment in regional therapies for patients with
HCC, the used imaging strategy could be used to guide
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Postoperative reactive lymphadenitis: A potential cause of
false-positive FDG PET/CT
Yiyan Liu
raphy for oncologic patients, a potential problem we
may be aware is postoperative reactive lymphadenitis,
which may mimic regional nodal metastases. The size
and intensity of FDG uptake of the lymph nodes cannot
be reliably used for differentiation of reactive lymphadenitis from regional nodal metastasis. Surgical oncologists
and radiologists should be aware of reactive lymphadenitis when FDG avid lymphadenopathy is only seen in
the lymphatic draining location from surgical site.
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Abstract
A wide variety of surgical related uptake has been
reported on F18-fluoro-2-deoxy-D-glucose positron
emission tomography/computed tomography (FDG
PET/CT) scan, most of which can be differentiated from
neoplastic process based on the pattern of FDG uptake
and/or anatomic appearance on the integrated CT in
image interpretation. A more potential problem we may
be aware is postoperative reactive lymphadenitis, which
may mimic regional nodal metastases on FDG PET/CT.
This review presents five case examples demonstrating that postoperative reactive lymphadenitis could be
a false-positive source for regional nodal metastasis
on FDG PET/CT. Surgical oncologists and radiologists
should be aware of reactive lymphadenitis in interpreting postoperative restaging FDG PET/CT scan when
FDG avid lymphadenopathy is only seen in the lymphatic draining location from surgical site.

INTRODUCTION
Today metabolic imaging positron emission tomography/computed tomography (PET/CT) with F18-fluoro2-deoxy-D-glucose (FDG) has gained widespread clinical
applications in oncology, and is accepted as a standard
care in many malignancies. FDG is an analog of glucose
and is used as a tracer of glycolysis. Malignant tissue and
cells often demonstrate increased rate of glycolysis for
rapid proliferation, due to increased number of glucose
transporter protein and increased intracellular hexokinase
and phosphofructokinase levels[1,2]. FDG uptake is semiquantitatively measured in the form of the standardized
uptake value (SUV). However, FDG is not cancer-specific. Increased FDG uptake can be seen in many benign
diseases or non-neoplastic conditions, most of which are
inflammation or infection[3-7].
Surgical resection of tumor is a first or best treatment
in many malignancies. Postoperative PET/CT is often
obtained for restaging or detection of residual/recurrent disease. Although it is generally recommended that

© 2015 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: On restaging F18-fluoro-2-deoxy-D-glucose
(FDG) positron emission tomography/computed tomog-
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Figure 1 Axial image of F18-fluoro-2-deoxy-D-glucose positron emission tomography/computed tomography obtained 3 mo postoperatively in a 55-yearold woman with history of T2aN0Mx myxofibrosarcoma of the left ankle. Compared to preoperative image, there was a new 2.3 cm left inguinal lymph node with
intense uptake (SUV 8.0, arrows), suspicious for nodal metastasis. Biopsy of the node revealed reactive lymphadenitis. SUV: Standardized uptake value.

Figure 2 Axial image of F18-fluoro-2-deoxy-D-glucose positron emission tomography/computed tomography obtained 5 mo postoperatively in a 68-yearold woman with history of vulvar squamous cell carcinoma. Compared to preoperative image, there was a new 1.5 cm left inguinal lymph node with increased
uptake (SUV 4.9, arrows). Incisional biopsy of the node suggested lymphadenitis. SUV: Standardized uptake value.

follow-up scan should be obtained at least 6 wk following
surgery when postsurgical inflammation has subsided, a
wide variety of types of surgical related uptake have been
reported on FDG PET/CT scans[8-14]. Most of them can
be differentiated from neoplastic process based on the
pattern of FDG uptake and/or anatomic appearance
on the integrated CT, although some may cause falsepositive interpretation.
A more potential postoperative false-positive FDG
PET/CT finding is reactive lymphadenitis, which is encountered in clinical practice but is not well described in
the literature. The followings are a few case examples of
postoperative reactive lymphadenitis, which all mimic regional nodal metastases on FDG PET/CT.

Biopsy of the node revealed reactive lymphadenitis (Figure 1).
Case 2
A 68-year-old woman had history of vulvar squamous
cell carcinoma, status post lesion resection and left inguinal node dissection. Repeat FDG PET/CT 5 mo postoperatively showed a new 1.5 cm left inguinal lymph node
with increased uptake, suspicious for nodal metastasis.
Incisional biopsy of the node suggested lymphadenitis
(Figure 2).
Case 3
A 16-year-old woman had alveolar soft tissue sarcoma of
the left knee, status post surgical resection and chemoradiation. Preoperative image was negative for inguinal
lymphadenopathy. Repeat FDG PET/CT 6 mo postoperatively showed a new 1.4 cm left inguinal lymph node
with intense uptake, suspicious for nodal metastasis. Incisional biopsy indicated lymphadenitis (Figure 3).

CASE EXAMPLES
Case 1
A 55-year-old woman had history of T2aN0Mx sarcoma
of the left ankle, status post surgical resection with free
margins. A preoperative FDG PET/CT was negative for
regional lymphadenopathy. Repeat FDG PET/CT 3 mo
postoperatively showed a new 2.3 cm left inguinal lymph
node with intense uptake, suspicious for nodal metastasis.
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Case 4
A 60-year-old man had history of tongue cancer, status
post chemotherapy, radiation and bilateral neck dissec-
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Figure 3 Axial image of F18-fluoro-2-deoxy-D-glucose positron emission tomography/computed tomography obtained 6 mo postoperatively in a 16-yearold woman with alveolar soft tissue sarcoma of the left knee. Compared to preoperative image, there was a new 1.4 cm left inguinal lymph node with intense
uptake (SUV 5.2, arrows). Incisional biopsy confirmed lymphadenitis. SUV: Standardized uptake value.

Figure 4 Axial image of F18-fluoro-2-deoxy-D-glucose positron emission tomography/computed tomography obtained 6 mo postoperatively in a 60-yearold man had history of tongue cancer. The image demonstrated a 2.6 cm x 1.5 cm right axillary lymph node with intense uptake (SUV 6.1, arrows), suspicious for
metastasis. Biopsy of the node suggested chronic lymphadenitis with reactive lymphoid hyperplasia. SUV: Standardized uptake value.

tion. The patient developed osteoradionecrosis of the
jaws after radiation therapy. FDG PET/CT 6 mo postoperatively demonstrated a 2.6 cm × 1.5 cm right axillary lymph node with intense uptake (SUV 6.1, arrows),
suspicious for metastasis. Biopsy of the node suggested
chronic lymphadenitis with reactive lymphoid hyperplasia
(Figure 4).

Various kinds of postoperative complications have been
reported on FDG PET/CT. Makis et al[14] reported 9 cases with incidental infectious or inflammatory findings on
FDG PET/CT, in patients with prior surgical intervention that was part of the management of oncologic care.
These included surgical wound infection, fistulas, abscess,
and mesh infection. On image interpretation, most of
surgery-related changes and/or inflammation can be
identified without many difficulties based on the pattern
of FDG uptake and CT findings.
Inflammatory/infectious lymphadenitis has been well
recognized with increased FDG uptake on PET/CT, such
as in the tuberculosis[15,16], Kikuchi disease[17,18], toxoplasmosis[19], various viral infections including HIV[20,21], etc.
False-positive lymph nodes had also been reported[22-24]
on FDG PET/CT in oncologic patients. Tsukada et al[22]
reported a case with false-positive mediastinal lymph
nodes on FDG PET/CT in rectal cancer patient. Ataergin et al[23] reported 3 cases of tuberculosis lymphadenitis
detected on FDG PET scan in patients with concomitant
cancer diagnosis. Park et al[24] described false-positive tuberculous mediastinal lymphadenitis on FDG PET/CT
in a melanoma patient. In all these cases, however, falsepositive lymphadenitis on FDG PET/CT was not related

Case 5
A 77-year-old woman had history of right breast cancer,
status post lumpectomy. FDG PET/CT 3 mo postoperatively showed a few FDG avid right axillary lymph nodes,
the largest 1.6 cm with SUV 5.1 (arrows), highly suspicious for regional nodal metastases. Subsequent biopsy
was indicative of reactive lymphadenitis (Figure 5).

DISCUSSION
Postoperative FDG PET/CT is often obtained for
restaging or detection of residual/recurrent tumor. Increased FDG uptake can be seen in the surgical site in
the early postoperative period as a consequence of leukocyte infiltrate and granulation tissue involved in would
healing and absorption of necrotic debris and hematoma.
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Figure 5 Axila image of F18-fluoro-2-deoxy-D-glucose positron emission tomography/computed tomography obtained 3 mo postoperatively in a 77-yearold woman had history of right breast cancer. There were a few FDG avid right axillary lymph nodes, the largest 1.6 cm with SUV 5.1 (arrows), all new compared
to prior images. The findings were highly suspicious for regional nodal metastases. Subsequent biopsy was indicative of reactive lymphadenitis. SUV: Standardized
uptake value.

to primary tumors in the locations, and not secondary to
surgical resections of primary tumors.
Postoperative lymphadenitis is not well defined in
the literatures. Regional lymphadenopathy may develop
postoperatively due to an inflammatory response to the
surgery, but it is typically days after the surgery and less
than 1.0 cm in size[25]. In the case examples above, FDG
PET/CT was all obtained 3, 5, and 6 mo postoperatively when postoperative reaction and/or inflammation
has subsided in general. The regional FDG avid lymph
nodes were all located in the ipsilateral side of primary
tumors and surgical procedures, and were new compared
to preoperative PET/CT scans. Although FDG avid
lymphadenopathy was only seen in the single location on
the lymphatic draining route from the primary lesion and
surgical site, CT features such as large size and solid appearance, and high FDG avidity of the lymph nodes were
all suspicious for regional nodal metastases. However,
surgical pathology revealed reactive lymphadenitis most
likely secondary to surgical procedure. In these cases, the
differentiation between regional nodal metastasis and reactive lymphadenitis was very challenging based on imaging only, and pathological diagnosis might be warranted.
SUV cannot reliably discriminate between inflammation/
infection and tumor.
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CONCLUSION
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Surgical oncologists and radiologists should be aware of
reactive lymphadenitis on interpreting postoperative restaging FDG PET/CT scan when FDG avid lymphadenopathy is only seen in the lymphatic draining location
from surgical site. The size and intensity of FDG uptake
of the lymph nodes cannot be reliably used for differentiation of reactive lymphadenitis from regional nodal
metastasis. Postoperative reactive lymphadenitis could be
a potential false-positive source for regional nodal metastasis on FDG PET/CT.
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Imaging of Gaucher disease
William L Simpson, George Hermann, Manisha Balwani
visceral and hematologic manifestations respond more
quickly usually within a few months or years. The skeletal manifestations take much longer, usually several
years, to show improvement. In recent years newer
treatment strategies, such as substrate reduction therapy, have been under investigation. Imaging plays a key
role in both initial diagnosis and routine monitoring of
patient on treatment particularly volumetric MRI of the
liver and spleen and MRI of the femora for evaluating
bone marrow disease burden.
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Core tip: Gaucher disease is the most common lysosomal storage disease resulting from accumulation of
undegraded glucosylceramide in the reticuloendothelial
system of the bone marrow, spleen and liver. Although
affecting all three organs, the bone manifestations lead
to the most debilitation. Visceral and bone marrow infiltration respond to enzyme replacement therapy however, the bone marrow response typically takes much
longer.

Abstract
Gaucher disease is the prototypical lysosomal storage
disease. It results from the accumulation of undegraded glucosylceramide in the reticuloendothelial system
of the bone marrow, spleen and liver due to deficiency
of the enzyme glucocerebrosidase. This leads to hematologic, visceral and skeletal maifestions. Build up
of glucosylceramide in the liver and spleen results in
hepatosplenomegaly. The normal bone marrow is replaced by the accumulating substrate leading to many
of the hematologic signs including anemia. The visceral
and skeletal manifestations can be visualized with various imaging modalities including radiography, computed tomography, magnetic resonance imaging (MRI)
and radionuclide scanning. Prior to the development of
enzyme replacement therapy, treatment was only supportive. However, once intravenous enzyme replacement therapy became available in the 1990s it quickly
became the standard of care. Enzyme replacement
therapy leads to improvement in all manifestations. The
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INTRODUCTION
Gaucher disease (GD) is the most common of the lysosomal storage diseases[1]. It results from accumulation of
undegraded glucosylceramide in lysosomes within macrophages of the reticuloendothelial cell system due to a deficiency of the enzyme glucocerebrosidase. Consequently
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these macrophages, enlarged with a buildup of glycolipids, are called Gaucher cells and are most abundant in
the bone marrow, spleen and liver. GD is inherited in an
autosomal recessive manner[2].
Three clinical subtypes of GD have been described[3].
Type 1 does not have any involvement of the central nervous system and is the most common. It formerly was
referred to as the “adult type”. However, this is a misnomer since type 1 can occur at any age and is currently
know as the non-neuronopathic type. Although it is most
common in the Ashkenazi Jewish population it can occur in all ethnic groups. Type 2 was formerly referred to
as the “infantile type”. This type manifests with grave
involvement of the central nervous system. It is rapidly
progressive usually leading to death within 2 years. It is
now known as the acute neuronopathic type. Type 3 also
has central nervous system involvement but is less severe
and is more indolent than type 2 leading to the current
terminology, subacute neuronopathic type.
The clinical manifestations of GD are due to the accumulation of Gaucher cells in the reticuloendothelial
system of the bone marrow, spleen and liver. There can
be marked variability in the severity of symptoms and the
course of the disease. This is particularly true for type 1
where some patients can remain asymptomatic through
life. Although the visceral changes can be dramatic, the
more debilitating symptoms arise from infiltration of the
bone marrow and bone changes. Since type 1 is the most
common and widely studied variant of Gaucher disease it
will be the primary focus of this review.

the presence of at least one N370S allele precludes development of neuronopathic disease; and (2) the presence
of the L444P allele is strongly (but not exclusively) associated with neuronopathic involvement. In general, those
homozygous for the N370S allele tend to have less severe
manifestations of disease and compound heterozygotes
with one copy of N370S and a second mutation being
L444P, 84GG or IVS 2 + 1 tend to have more severe
disease. In fact, adults homozygous for L444P mutation
(L444P/L444P genotype) typically have the type 3 neuronopathic disease. However, these rules are not hard and
fast due to the limited genotype-phenotype correlation.
Some patients with the N370S/N370S genotype have
profound symptomatic disease whereas a type 1 patient
with N370S/L444P genotype may have mild symptoms.

HEMATOLOGIC MANIFESTATIONS
Hematologic abnormalities of GD are exceedingly common. Almost all patients with symptoms present with
anemia and thrombocytopenia. The etiology can be explained by depressed hematopoiesis resulting from substitution of the bone marrow by Gaucher cells. However,
hypersplenism or sequestration within the spleen can be
a cause as well. Symptoms that arise due to the hematologic abnormalities include fatigue, easy bruising and
frequent nosebleeds. Additional blood chemistries can be
elevated in GD including angiotensin converting enzyme,
chitotriosidase, and tartrate resistant acid phosphatase[6].
Changes towards normalization of the anemia, thrombocytopenia and blood chemistries can be used to monitor
treatment response[7].

GENETICS
Gaucher disease is inherited in an autosomal recessive
manner. The diagnosis of GD is made by the demonstration of decreased glucocerebrosidase enzymatic activity
in peripheral blood leukocytes or fibroblasts cultured
from a skin biopsy. Generally there is a 70%-90% reduction in the enzyme activity when compared to normal[4].
Molecular testing by targeted mutation analysis is
used for confirmation of diagnosis and may be helpful
for genotype-phenotype correlations. There are more
than 300 mutations in the glucocerebrosidase gene that
cause Gaucher disease[2]. However, four common mutations - N370S, IVS2(+1), 84GG, L444P - account for
approximately 96.5% of disease in Ashkenazi Jewish
population in the western hemisphere and approximately
50%-60% in non-Jewish populations[5].
Genotyping is helpful to test at risk family members,
for genetic counseling as well as for prognosis. However, genotype-phenotype correlations are limited due to
the clinical heterogeneity of the disease. Moreover, the
majority of the work on genotype-phenotype correlation was based on a heavily Ashkenazi Jewish population
which could skew the results since many affected individuals with the N370S/N370S homozygous genotype
may remain asymptomatic and not come to medical attention[2]. Never the less a few generalities can be made: (1)
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VISCERAL MANIFESTATIONS
The viscera most commonly involved with accumulation
of Gaucher cells are the liver and spleen. The pulmonary
system can be involved as well; although it is very rare.
Current recommendation for evaluating and monitoring
visceral involvement is volumetric MRI (preferred due to
lack of ionizing radiation) or CT every 12 to 24 mo[6].
Gaucher cells accumulate in the Kupfer cells of the
liver leading to hepatomegaly (Figure 1). Liver volumes
in type 1 patients are typically approximately 2 times normal[8]. It is notable that glycolipid does not accumulate in
the hepatocytes[8,9]. The Gaucher cells can conglomerate
into nodules that can be seen with sonography or MRI.
These nodules may be hypoechoic, hyperechoic, or mixed
on sonography[10,11]. On MRI the nodules typically appear
isointense or low signal intensity (SI) on T1 weighted imaging (WI) and high SI on T2 WI. Focal areas of extramedullary hematopoiesis can have a similar appearance
and can also be seen due the accompanying anemia. Hepatic infiltration can also lead to fibrosis and cirrhosis[12].
Splenomegaly results from accumulation of Gaucher
cells within the spleen (Figure 1). Spleen volumes in type
1 GD are typically 5-15 times normal but the spleen size
can be significantly enlarged in some cases and may be
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A

Figure 1 Hepatosplenomegaly. Coronal T1
WI (A) and axial T2 WI (B) images in a male
type 1 GD patient with N370S/N370S genotype
demonstrate marked hepatosplenomegaly. The
liver volume measured 3235 cc. The spleen
volume measured 2923 cc.

B

Figure 2 Splenic mass on computed tomography. Axial computed tomography image shows a large low density mass with patchy foci of soft tissue density within it in the medial aspect of the spleen. Additional smaller low density
masses are present as well (arrows).

Figure 4 Splenic infarct. Axial T2 WI image demonstrates a wedge shaped
defect in a subcapsular region of the spleen in its superior aspect. The defect
has low signal intensity (SI) along the edges indicating fibrous tissue. In addition, high SI fat has filled the area left by the retracted capsule.

over 50 times normal[13]. Focal splenic masses are common and may represent clusters of Gaucher cells or extra-medullary hematopoiesis. They may be detected with
sonography, CT or MRI. Similar to the liver, Gaucher
masses in the spleen may be hypoechoic, hyperechoic,
or mixed echogenicity[11,14]. On CT the masses are low
density[15] and occasionally peripherally calcified (Figure
2). These masses are most commonly imaged with MRI.
They typically are low SI or isointense on T1 WI and high
SI on T2 WI[16] (Figure 3). Low SI on gradient recalled
echo imaging in these masses is thought to be secondary
to iron contained in the Gaucher cells[17]. Splenic infarcts
can occur as well due to massive splenomegaly and can
be detected with imaging as well (Figure 4).
An infrequent manifestation of GD is pulmonary
involvement which is more commonly seen in type 1 patients who have undergone splenectomy and those with
type 3[18]. The lung findings are thought to be secondary
to direct infiltration by Gaucher cells into the interstitial
spaces, alveolar spaces and capillaries[19] as well as indirect
causes secondary to hepatopulmonary syndrome related
to the liver manifestations and/or aspiration associated with neurologic manifestations. Chest radiographs
generally are normal or demonstrate a reticulo-nodular
pattern. The findings are best imaged by high resolution
CT and include interstitial thickening (both interlobular
and intralobular), ground glass opacity, consolidation and

A

B

Figure 3 Splenic mass on magnetic resonance. Axial T1WI (A) image shows no apparent abnormality within the spleen consistent with isointense signal intensity (SI) masses. Axial
T2WI (B) image at the same level reveals multiple masses in the spleen to be high SI.
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A

B

Figure 5 Lytic lesion. Frontal radiograph of the distal right humerus demonstrates a well demarcated lytic lesion that does not show sclerotic borders,
endosteal erosion or associated expansion of the humeral shaft.

A

Figure 7 Medullary infarction. Coronal T1 WI (A) image shows irregularly bordered
areas of low SI within the medullary cavity of both tibiae. The same areas show peripheral serpigenous high SI on the coronal short tau inversion recovery (STIR) (B) image.
The appearance is typical of an infarct.

B

bone marrow. The pathophysiology of how the infiltration leads to the bone changes is not well understood.
Proposed mechanisms include altered bone formation
and resorption, as well as increased intra-osseous pressure
due to the infiltration leading to vascular occlusion[3,25].
An array of bone findings are seen in GD, including
growth retardation in children, osteopenia, lytic lesions
(Figure 5), pathologic fractures, bone pain, osteonecrosis
(Figure 6), cortical and medullary infarcts (Figure 7) and
evidence of bone crises[3,26]. The severity of bone findings in GD depend on the extent of medullary cavity
substitution. Marrow replacement with Gaucher cells can
lead to expansion of the medullary cavity with thinning
of the cortex and endosteal scalloping (Figure 8) and
consequent diffuse osteopenia. In addition, the medullary
expansion leads to a failure of remodeling in the distal
femurs resulting in the so called Erlenmeyer flask deformity (Figure 9). These manifestations can be imaged
using a variety of modalities including radiography, MRI,
dual energy X-ray absortiometry (DEXA) and radionuclide imaging. However, the mainstay of skeletal imaging
in GD involves MRI.
Bone crises are most common in childhood and adolescence presenting as episodes of severe bone pain associated with fever and leucocytosis. The signs and symptoms are indistinguishable from osteomyelitis, however
no infection exists. The terms “pseudo-osteomyelitis”
and “aseptic osteomyelitis” have been historically used to

Figure 6 Osteonecrosis. Frontal radiograph of the pelvis (A) shows avascular necrosis of the left femoral head. The femoral head has a flattened contour with sclerosis in
the subcapsular areas. Note that the joint space is maintained. Coronal T1 WI (B) in
the same patient again demonstrated an abnormal shape of the left femoral head with
flattening superiorly. In the same area there is a focus of low SI indicating the devasularized bone.

bronchial wall thickening[20,21]. Pulmonary hypertension
can be the result of lung involvement[22-24]. Symptomatic
pulmonary involvement is generally seen in patients with
more striking visceral and skeletal findings.

SKELETAL MANIFESTATIONS
The skeletal manifestations of GD lead to the most
debilitating complications of the disease and significant
morbidity. Gaucher cells infiltrate and accumulate in the
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secondary to central growth arrest[28]. The necrotic bone
crumples and leads to malformation and/or fracture,
sometimes requiring treatment with a bone prosthesis or
joint replacement.
Radiography is used primarily to image cortical bone.
It can detect lytic (Figure 5) or sclerotic lesions within
bones. Fractures, both traumatic and pathologic, are
readily detected on radiographs. In addition, endosteal
scalloping (Figure 8) and the Erlenmeyer flask deformity
(Figure 9) due to marrow expansion are also detected
with radiography. Although changes in cortical bone secondary to marrow infiltration can be detected with this
modality, the marrow space itself is cannot be evaluated
by radiography.
Osteopenia is near universal in GD as a representation of decreased bone mineral density. A significant
decrease in bone density must occur before osteopenia
is perceived on radiography leading to its poor sensitivity
for detecting this abnormality. DEXA is the current modality of choice for evaluation of osteopenia and bone
mineral density. However, care must be taken to avoid
areas of osteonecrosis during DEXA evaluations.
The bone marrow itself is best assessed with MRI.
Normal yellow (fatty) marrow is seen as high signal on T1
WI and T2 WI. The infiltration of the marrow by Gaucher cells replaces the normal yellow marrow. Marrow
infiltration generally follows the distribution of cellular
read marrow progressing from the axial to the peripheral
skeleton and from the proximal to the distal aspects of
the long bones with a tendency to spare the epiphyses[29].
This is recognized as a change to low SI on both T1 and
T2 WI[29,30] (Figure 12). On short tau inversion recovery
(STIR) images the infiltration appears slightly high SI[31].
High SI within the marrow on T2 or STIR images suggests edema within the marrow and the presence of an
“active” process such as a bone crisis or infection[32].
Evaluation of bone marrow infiltration in children is
complicated by the fact that normal red marrow which is
seen in this age group manifests with low SI on both T1
and T2 WI.
Radionuclide imaging is useful for evaluating bone
changes in GD. Bone scintigraphy utilizing Technicium
99m-methylene diphosphonate (99mTc-MDP) can be used
to evaluate for fractures that are not readily apparent on
radiography. In addition, this tracer can be used to help
differentiate a bone crisis (aseptic infarction) from osteomyelitis. In a bone crisis bone scintigraphy performed
within 1-3 d of the onset of pain will demonstrate decreased tracer uptake at the involved site unlike infection
that shows increased uptake[33,34]. The same agent can be
used to help evaluate for complication related to joint
prostheses such as loosening[31]. Scintigraphy using leucocytes labeled with Indium-111 is commonly used to image areas of suspected infection including osteomyelitis
and around joint prostheses.
Prior to the advent of MRI, radionuclide imaging was
also used for evaluation of the bone marrow. Technicium
99m sulfur colloid (99mTC-SC) accumulates in normal

A

B

Figure 8 Endosteal scalloping. Frontal radiograph (A) of the femurs shows an area
of rounded thinning of the medial cortex of the left femur (arrow). Coronal out of phase
image of the femurs in the same patient (B) shows low signal intensity in that same
area due to expansion of the medullary cavity due to infiltration. The thinning of the
cortex is less apparent on magnetic resonance than on radiography.

Figure 9 Erlenmeyer flask deformity. Frontal radiograph of the distal femurs
demonstrates flaring of the bone and thinning of the cortex due to undertubulation of the metadiaphysis.

characterize this condition[3,27] (Figure 10).
Osteonecrosis, otherwise known as avascular necrosis, is due to lack of blood supply and consequent bone
death. It is most commonly seen in the femoral heads
(Figure 6), proximal humeri and vertebral bodies. The
vertebral body can “cave in” leading to the “H-shaped”
vertebra, i.e., Reynolds phenomenon, similar to sickle cell
disease (Figure 11). While the end result is similar in both
diseases the mechanism of formation is different. In GD
the entire vertebral body collapses followed by peripheral regrowth while in sickle cell disease the deformity is
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B

D

C

E

Figure 10 Psuedo-osteomyelitis. Frontal radiograph of both distal femurs in 2009 (A) demonstrates an irregular area of patchy lucency in the medial condyle of
the left femur. There is periosteal reaction in this area as well as more superiorly (arrows). Coronal T1 WI (B) image at the same time in 2009 demonstrate low SI in
the medial condyle of the femur extending into the medial epiphysis. There is high SI in these areas on coronal STIR (C) image which extends into the adjacent soft
tissues where the periosteal reaction is seen on the radiograph. There is no joint effusion. The patient presented with left knee pain and the imaging was suspicious
for osteomyelitis involving the medial distal femur. However, the patient has no fever and cultures were negative. Coronal T1 WI (D) of the same area in 2011 shows
resolution of the low SI in the medial condyle and epiphysis. The corresponding high SI on the STIR image (E) has resolved as well.

A

B
Figure 11 H-shaped vertebra. Cone down frontal radiograph of the lower
thoracic spine demonstrates collapse of a lower thoracic vertebral body with
bi-concave upper and lower end plates giving the Reynolds phenomenon of
Gaucher disease.

bone marrow. Therefore in marrow infiltrated and replaced by Gaucher cells there will be decreased uptake or
an abnormal pattern of uptake compared to normal[34].
This gives an indirect sign of infiltration. Another tracer,
Technicium 99m sestamibi, has the advantage of being
accumulated in areas of Gaucher cell deposition[35,36].
Mariani et al[35] imaged 74 Italian patients with Gaucher
disease using technetium 99m sestamibi and showed 71
of 74 demonstrated uptake predominantly in the distal
femur. An undisclosed number of these patients had MR
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Figure 12 Bone marrow infiltration. Coronal T1 WI (A) of the distal femora and
proximal tibiae in a type 1 gaucher disease patient shows low signal intensity (SI)
in the bone marrow which spares the epiphyses that demonstrate the normal fatty
marrow SI. Coronal short tau inversion recover (STIR) (B) image demonstrates
that the low SI on T1 becomes slightly high SI on STIR.
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imaging performed at the same approximate time revealing low SI in the same regions. Therefore it is a method
of direct visualization of infiltration. Bone marrow
sestamibi imaging can be advantageous when imaging
children and trying to differentiate Gaucher infiltration
from normal red marrow in children. Positron emission
tomography has become widely available in recent years.
Imaging with the most common radiotracer, fluoride-18
fluorodeoxyglucose, has not proven beneficial for detecting marrow involvement in GD. However, a newer tracer,
fluoride-18 L-thymidine, shows promise for imaging
bone marrow[37]. Since it is not yet FDA approved its use
is limited to clinical trials and its role if any in GD has
not been established. Therefore, MRI remains the modality of choice for imaging bone marrow due the poor
spatial resolution of scintigraphy as well as the associated
radiation dose of radionuclide imaging.
An essential problem of imaging is that it only gives
a qualitative assessment of bone marrow infiltration. An
MRI shows decreased SI on T1 WI but there is no way to
measure the “amount” of signal. A visual assessment of
improvement or worsening can be made on the basis of
the MR image but that is qualitative and not very useful
to clinicians. One way of directly measuring bone marrow
disease has been developed, Dixon’s quantitative chemical shift imaging[38]. Chemical shift imaging leverages the
difference in resonance frequencies between water and
fat molecules thereby defining the amount of fat or fat
fraction within bone marrow. The fat fraction of normal
marrow decreases as the amount of infiltration replaces
the triglyceride rich fat cells of normal marrow. Studies have shown a low marrow fat fraction as measured
by quantitative chemical sift imaging to correspond to
worse clinical disease and more bone complications[39-42].
However, the technique is complex and not widely used
outside academic centers. To overcome this problem
several semi-quantitative methods have been developed
including the Rosenthal staging system[29], the Dusseldorf
score[43], the Terk classification[44] and the bone marrow
burden (BMB) score[45]. All use conventional MR imaging
technology and assign points based on changes in marrow signal intensity at different anatomic locations.
The BMB score is the most widely used and validated[45,46]. The BMB score[45] incorporates both the visual
interpretation of SI and the geographic location of the
disease on conventional MR images of the lumbar spine
and femora. The SI of the bone marrow in the femora
is compared to the subcutaneous fat on both T1 and T2
WI sequences. The SI of the bone marrow in the lumbar
spine is compared to a non-diseased intervertebral disc
on both T1 and T2 WI sequences. The SI is scored as
hyper-intense, slightly hyper-intense, iso-intense, slightly
hypo-intense, and hypo-intense. A numeric value ranging from 0-2 is assigned based on the SI. Point values are
also assigned based on the location/distribution of the
marrow infiltration. In the femora, sites of involvement
including the diaphysis, proximal epiphysis/apophysis
and distal epiphysis are evaluated. In the lumbar spine,
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the distribution of infiltration is evaluated as patchy or
diffuse with special attention given to absence of fat in
basivertebral vein region. The score for the femora (0-8)
and the lumbar spine (0-8) are added together for a total
score which can range from 0 to 16. A higher score indicates more severe the bone marrow involvement. In their
study of 12 patients with Gaucher disease[45], Maas et al[45]
demonstrated good correlation of the BMB score with
fat fraction determination by the Dixon technique. That
study also showed a decrease in the BMB score in patients on enzyme replacement therapy (ERT), however, it
was less sensitive for detection of marrow improvement
than Dixon method.

TREATMENT
Only supportive treatment or surgical intervention including splenectomy and joint replacement was available
for patients with Gaucher disease into the early 1990s. In
1991 ERT with placentally derived enzyme alglucerase
(Ceredase®, Genzyme Corporation, Cambridge, Mass.)
came into existence. Following this, in 1994, recombinant
mannose-terminated human glucocerebrosidase (Cerezyme®, Genzyme Corporation) received FDA approval.
The goal of ERT is to treat the symptoms of the disease
as well as to prevent complications particularly the skeletal complications[6].
The visceral and hematologic manifestations of GD
respond relatively quickly to ERT[47,48] (Figure 13). The
anemia and thrombocytopenia can improve within 6 mo
to one year of initialing ERT. The liver and spleen volumes generally can decrease by approximately 50% within
the first 2 years but rarely ever return to a normal volume
even with long term treatment. Although some improvement in pulmonary involvement has been reported with
ERT, response is generally slow, and sometimes no improvement is seen[23,49]. The marrow infiltration responds
to ERT as well but takes much longer to be seen[50,51]
(Figures 14 and 15). Some skeletal manifestations, such as
osteonecrosis, osteosclerosis and vertebral body collapse,
remain irreversible. The neurologic manifestations of
GD do not respond to ERT since it does not cross the
blood-brain barrier[52].
An alternative to ERT for treatment of GD is substrate reduction therapy. Whereas ERT works by replacing the deficient enzyme, substrate reduction works by
decreasing the production of the substrate glucosylceramide. Since most type 1 GD patients have some residual enzyme activity, reducing the amount of substrate may
allow the native enzyme to succeed. The first medication
of this kind was N-butyldeoxynojirimycin (miglustat) approved by the FDA in 2003. It is an oral medication for
use in mild to moderate type 1 GD patients who cannot
tolerate ERT. Studies have shown improvement of anemia, platelet count, liver volume and spleen volume alone
or in combination with ERT[53-55]. One study also showed
improvement of bone disease on miglustat[56,57]. However,
side effects particularly diarrhea, weight loss and tremors
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Figure 13 Visceral improvement on enzyme replacement therapy. Female type 3 Gaucher disease patient who began enzyme replacement therapy (ERT) in
2007. Initial evaluation in 2007 before starting ERT shows that the spleen extends down to the iliac crest on the T2 WI coronal image (A). On the axial T2 WI (B) the
left lobe of the liver extends across the midline posterior to the lateral aspect of the left rectus abdominus muscle and anterior to the stomach. At that time the liver
volume measured 1702 cc and the spleen volume measured 769 cc. After 6 years on treatment, repeat imaging in 2013 reveals the inferior edge of the spleen is now
above the iliac crest on the coronal T1 WI (C) and the left lobe of the liver now extends only slightly across the midline to end posterior to the medial aspect of the
rectus abdominus muscle and the stomach is now lateral to the liver on the axial T2 WI (D). In 2013, the liver volume measured 1163 cc and the spleen volume measured368 cc.

A

B

C

Figure 14 Bone marrow improvement on enzyme replacement therapy. Type 1 GD male patient with N370S/N370S genotype who began enzyme replacement
therapy (ERT) in October of 2007 shows relatively rapid improvement of the bone marrow infiltration. Initial coronal T1 WI of the femora (A) demonstrates diffuse low
SI throughout the medullary cavity consistent with marked infiltration. Coronal T1 WI in 2009 (B) after only 2 years of treatment shows significant improvement in the
infiltration manifest by decreased low SI in the medullary cavity. In 2011, coronal T1 WI (C) shows continued slight decrease in the amount of low SI in the bone marrow.

were significant[52] and its use is limited in the United
States Unlike ERT miglustat can cross the blood-brain
barrier[52] and has shown promising results in treating
neurologic manifestations in combination with ERT[58,59].
A study also shows improvement of pulmonary manifestations with single drug treatment[60]. Currently there is
a newer oral substrate reduction therapy agent, eliglustat
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tartrate, which has demonstrated efficacy in GD type 1
patients with a more favorable side effect profile[61]. It is
currently undergoing phase Ⅲ trials.
Both ERT and substrate reduction therapy can lead to
improvement in the signs and symptoms of GD. However, there is a significant cost to the treatment ranging
from US$100000 to $250000 per year[62]. Thus judicious

641

March 28, 2015|First Edition|

Simpson WL et al . Gaucher disease

A

B

D

C

E

F

G

Figure 15 Bone marrow improvement. Gaucher Type 1 patient with N370S/N370S genotype who started enzyme replacement therapy (ERT) in 1997. Coronal T1
WI of the distal femora and proximal tibiae in 1998 (A), 1999 (B), 2002 (C), 2003 (D), 2006 (E), 2008 (F) and 2011 (G). Medullary infarcts are partially seen in both distal femurs and the left tibia. The low T1 SI significantly improves between 1998 and 2002 with near normal marrow signal seen in the noninfarcted areas in 2008 and
years later. Although this patient has the same genotype as the patient in Figure 14, there is a longer time to improvement indicating the limited genotype/phenotype
correlation.

use is warranted. Imaging plays a significant role in determining which patients need treatment and in surveillance
of those on treatment. Current recommendations call
for abdominal MRI for determination of liver and spleen
volume, MRI of the bilateral femora, radiography of the
spine and DEXA of the hips and lumbar spine in the
initial assessment[6]. For those patients not on treatment
being followed and those on treatment, the same imaging
protocol is recommended every 12-24 mo or at the time
of a dosage change or significant clinical complication[6].

to symptoms. Anemia, thrombocytopenia, and hepatosplenomegaly are commonly seen and respond relatively
rapidly to treatment with ERT. The skeletal manifestations are due to build up of the glycolipids in the bone
marrow and lead to the most debilitating aspects of GD.
Treatment results in improvement of marrow infiltration
however it takes much longer than the visceral and hematologic manifestations. Imaging plays a key role in both
initial diagnosis and treatment monitoring. MRI of the
abdomen is used to monitor liver and spleen volumes.
MRI of the femora and lumbar spine is used for evaluation of bone marrow infiltration burden.

CONCLUSION
Gaucher disease is the most common lysomal storage
disease which affects all ethnic groups. The accumulation of glycolipids in the reticuloendothelial system leads
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Abstract
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Core tip: Positron emission tomography/computed tomography has emerged as a powerful and important
tool in the assessment of a variety of childhood cancers
and can impact significantly on patient management.
Further prospective studies will more clearly delineate
the precise role of this modality in the assessment of
individual malignancies. Accurate image interpretation
requires a thorough understanding of the normal variants of uptake unique to children.

Positron emission tomography (PET) is a minimally invasive technique which has been well validated for the
diagnosis, staging, monitoring of response to therapy,
and disease surveillance of adult oncology patients. Traditionally the value of PET and PET/computed tomography (CT) hybrid imaging has been less clearly defined
for paediatric oncology. However recent evidence has
emerged regarding the diagnostic utility of these modalities, and they are becoming increasingly important
tools in the evaluation and monitoring of children with
known or suspected malignant disease. Important indi18
cations for 2-deoxy-2-( F)fluoro-D-glucose (FDG) PET in
paediatric oncology include lymphoma, brain tumours,
sarcoma, neuroblastoma, Langerhans cell histiocytosis,
urogenital tumours and neurofibromatosis type Ⅰ. This
article aims to review current evidence for the use of
FDG PET and PET/CT in these indications. Attention
will also be given to technical and logistical issues, the
description of common imaging pitfalls, and dosimetric
concerns as they relate to paediatric oncology.

INTRODUCTION
Although the incidence of childhood malignancy remains
relatively stable, survival rates have significantly improved
over the past 30 years[1]. In addition to improved treatment strategies, survival gains have relied upon continuous improvements in the accurate detection, staging and
follow-up of these cancers.
Positron emission tomography (PET) is a minimally
invasive technique whereby a labelled radiopharmaceutical is injected into a patient and the resulting distribution
used to generate molecular information. In practice,
PET-alone scanners have largely been replaced by the
hybrid modality of PET/computed tomography (CT)

© 2015 Baishideng Publishing Group Inc. All rights reserved.
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which combines the functional data of PET with the
morphological information of CT. There has also been
ongoing interest in the utility of fusing PET with magnetic resonance imaging (PET/MR)[2].
The use of PET and PET/CT in adult oncology is
well established for the purpose of diagnosis, staging,
monitoring of response to therapy, and disease surveillance[3,4]. In contrast to this, the value of these modalities in paediatric oncology has traditionally been much
less clearly defined. More recently however, evidence
has emerged regarding the diagnostic utility of PET and
an important role has been reported for many paediatric malignancies[5,6]. Hybrid imaging with PET/CT has
demonstrated superiority to PET alone in characterising
childhood cancers, primarily by increasing diagnostic confidence and reducing equivocal findings[7-9]. PET/CT has
become a central component of paediatric oncological
practice.
PET imaging has now superseded 67Ga and 201Tl
scintigraphy for many oncological applications[10,11]. In addition to improved accuracy and having broader clinical
application, advantages of PET over 67Ga and 201Tl scintigraphy include lower radiation dose, reduced scanning
time, same day imaging and improved anatomical localisation. Through calculation of the standardised uptake
value (SUV), PET is also able to generate quantitative
data on treatment response.
Although there are a number of radiopharmaceuticals available, the majority of clinical PET imaging is
performed with 2-deoxy-2-(18F)fluoro-D-glucose (FDG).
FDG has many characteristics that make it ideal for use
in PET imaging. 18F has a relatively short half-life of 110
min, provides relatively low radiation exposures for diagnostic purposes, and is widely commercially available.
FDG mimics glucose in its cellular uptake and thereby
serves as a marker of glucose utilisation. FDG is therefore not a tumour-specific entity and can accumulate in a
number of physiological and pathological processes. The
use of dual time-point imaging, which exploits unique
characteristics of malignant cells, can help improve the
specificity of FDG imaging[12].
Common indications for PET in paediatric oncology
include lymphoma, sarcoma, neuroblastoma and primary
brain malignancy. Other important indications include
Langerhans cell histiocytosis, Wilms tumor, and neurofibromatosis type Ⅰ[13]. This article aims to review current
evidence for the use of PET and PET/CT in these indications. Imaging with the radiopharmaceutical FDG will
be assumed unless noted otherwise. Attention will also
be given to technical and logistical issues, the description
of common imaging pitfalls, and dosimetric concerns as
they relate to paediatric oncology.

indication of PET/CT imaging in children. Its use in this
context has recently been reviewed[14].
Whilst there is a large body of evidence supporting
the use of PET/CT in adults, data remains more limited
in relation to paediatric lymphoma. Nevertheless, available studies in children suggest that PET/CT is both
diagnostically accurate and of significant clinical importance in these children[15-17].
In two large retrospective studies PET/CT demonstrated superiority over conventional imaging modalities
[CT, ultrasound, magnetic resonance imaging (MRI) or
bone scintigraphy] in the primary staging of lesions due
to both Hodgkin’s and non-Hodgkin’s disease (Figures
1A and 2A)[18,19]. Calculated sensitivities and specificities
for initial disease staging was greater than 95% and 99%
respectively[18,19]. Furthermore, PET/CT modified staging
in 27% of cases, with approximately equal instances of
upstaging and down-staging[19].
PET has been shown to demonstrate superior sensitivity in the detection of bone marrow involvement due
to Hodgkin’s disease when compared with bone marrow
biopsy[20-23]. Marrow involvement in Hodgkin’s disease
is generally unifocal or multifocal and thus can easily be
missed on biopsy. PET should therefore be employed as
a first-line study in the detection of marrow involvement
prior to directed bone marrow biopsy. There is accumulating evidence that a negative PET may replace the need
for bone marrow biopsy in patients with Hodgkin’s lymphoma[20,21].
PET/CT has also demonstrated efficacy in the evaluation of treatment response, and performs significantly
better than conventional imaging modalities in the evaluation of both early and post-completion chemotherapy
responses (Figures 1B and 2B)[18]. Multiple studies have
demonstrated that a complete metabolic response early
in the course of chemotherapy is associated with an excellent prognosis in children with Hodgkin’s disease[24-26].
Ongoing trials are aiming to utilise this information to
enable distinct treatment protocols for these patients and
therefore minimise treatment-related toxicity[14].
Finally, PET/CT may be a useful modality for the
follow-up of children with lymphoma, and a negative
study during routine follow-up has a high negative predictive value[16,27,28]. PET/CT was found to be superior
to conventional imaging during long-term follow-up of
children with lymphoma[19]. Therefore although conventional imaging continues to be used as part of the followup assessment in these patients, PET/CT may eventually
replace this and come to be used as a single imaging
modality for routine surveillance (Figure 1C). It should
be noted that the use of PET/CT for this indication is
yet to be fully elucidated in paediatric patients. Although
most Hodgkin’s disease recurrence is FDG-avid, surveillance PET/CT can have high false-positive rates[29]. Furthermore, because prognosis is often favourable among
children with lymphoma, radiation exposure secondary
to diagnostic procedures has significant relevance in children. Current evidence for follow-up PET/CT studies

LYMPHOMA
Non-Hodgkin’s and Hodgkin’s lymphoma collectively account for between 10% and 15% of paediatric malignancies. Evaluation of lymphoma remains the most frequent
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Figure 2 A 5-year-old male patient with relapsed T-cell lymphoblastic lymphoma. Restaging PET at the time of relapse 1 year after initial therapy demonstrated an FDG-avid mediastinal mass (A, arrow). Repeat PET performed following 1 cycle of FLAG-Ida chemotherapy demonstrated no response to treatment
and progression of disease to stage IV with extensive bone marrow involvement
(B). PET: Positron emission tomography; FDG: 2-deoxy-2-(18F)fluoro-D-glucose.

Figure 1 A 13 year-old male with nodular sclerosing Hodgkin’s disease.
PET/CT at staging (A) demonstrated disease in the left external iliac region. After completion of chemotherapy 4 mo later (B) there was a complete metabolic
response with no activity in the residual lymph node mass. PET/CT performed
6 mo later (C) for surveillance demonstrated a recurrence at the same site.
PET/CT: Positron emission tomography/computed tomography.

high-grade astrocytoma[38]. Furthermore, FDG hypermetabolism has been shown to predict higher risk for
disease progression among children with low-grade astrocytoma[39]. FDG PET is an established technique for the
differentiation of viable tumour and surgical change in
the postoperative milieu[40,41].
CMET is a marker of amino acid uptake and protein
synthesis. It has been found useful in the differentiation
of low-grade tumours (astrocytomas, oligodendrogliomas
and dysembryoplastic neuroepithelial tumours), measurement of tumour boundaries, elucidation of treatment
response, and prediction of patient outcome[36,42-45].

in paediatric lymphoma is best when relapse is clinically
suspected or demonstrated by other imaging modalities.

BRAIN TUMOURS
Brain tumours represent the most common solid neoplasms in childhood and are a leading cause of cancer-related death in children[30]. As a group they represent 25%
of all childhood cancers[31]. Common paediatric brain tumours include medulloblastoma, cerebellar astrocytoma,
ependymoma and brain stem glioma[32]. Management of
these tumours is challenging and diverse, and requires
extensive multidisciplinary collaboration. Survivors of
childhood brain tumours often have severe neurological,
neurocognitive and psychosocial sequelae[33].
Conventional modalities for the anatomic assessment
of brain tumours are CT and MRI. A major disadvantage
of these modalities is that interpretation is often confounded by brain changes secondary to surgery, chemotherapy and radiotherapy. In these circumstances normal
post-treatment change may be incorrectly identified as viable tumour. Functional imaging techniques are therefore
of particular importance for monitoring treatment effects
and recurrence.
PET has shown increasing application in paediatric
neuro-oncology. Both FDG and L-methyl-(11C)methionine
(CMET) radiotracers have shown utility in brain tumour
grading, profiling, and for detecting residual, recurrent or
progressive disease in children[34-36]. The fusion of PET data
with MR images has been shown to assist with stereotactic
biopsy and navigation-based resection among children in
whom MR images alone were considered insufficient[37].
FDG PET has traditionally been used to distinguish
low-grade from high-grade tumours, and FDG avidity
is a demonstrated predictor of outcome in adults with
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SARCOMA
Ewing’s sarcoma and osteosarcoma are the two primary
bone malignancies of childhood, with osteosarcoma being more common[46]. Rhabdomyosarcoma is the most
common soft tissue malignancy of childhood[47]. Collectively, bone and soft tissue sarcomas account for around
13% of childhood malignancies with soft tissue disease
being slightly more prevalent[46,47]. Treatment is multimodal and may involve chemotherapy, radiotherapy or
surgery.
There is a growing body of literature related to
the use of PET/CT in paediatric sarcoma, although
standard use of the modality has not been extensively
validated[48,49]. Nevertheless, PET/CT does appear to
demonstrate utility in the staging, monitoring of disease
response to therapy, and detection of recurrent disease
among these children (Figure 3)[50,51]. North American
consensus guidelines have recommended whole-body
PET at the initial diagnosis of osteosarcoma and Ewing
sarcoma in children[52]. A previous survey has shown that
PET is considered a helpful study by referrers of paediatric sarcoma patients in the vast majority of instances[5].
The diagnostic accuracy of PET/CT has been found to
be greater than either PET alone or conventional imaging in the detection of distant sarcomatous metastases in
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Figure 3 A 17-year-old female with Ewing’s sarcoma involving the left superior pubic ramus. Staging PET/CT showed extensive disease (A, arrow) with bone
destruction and a large FDG-avid pelvic mass. Following chemotherapy, at 5 mo after diagnosis, there was an excellent metabolic response with minimal residual
FDG uptake (B, arrow). Patient underwent surgical resection and extracorporeal radiotherapy to the bone. Sixteen months after completion of treatment, surveillance
PET/CT demonstrated recurrence in a left external iliac lymph node (C) which was not detectable on the CT or MRI due to marked metal artefact. PET/CT: Positron
emission tomography/computed tomography; FDG: 2-deoxy-2-(18F)fluoro-D-glucose; MRI: Magnetic resonance imaging.

children[53].
Conventional staging of paediatric oncology patients
includes bone scintigraphy, CT and MRI. PET has been
found equal or superior to bone scintigraphy in the detection of osseus metastases from sarcoma[54,55]. Such metastases are detected in Ewing sarcoma with a sensitivity
ranging from 88%-100%[54,55]. Detection of nodal metastases may also be improved with PET as compared with
conventional imaging modalities[56].
Pulmonary metastases are common among children
with sarcoma, being present in up to one quarter of patients at the time of diagnosis[50]. Prompt identification
and treatment is crucial to effective management. PET
alone has been proven less sensitive than diagnostic CT
in the identification of sarcomatous pulmonary metastases[56,57]. The sensitivity of PET in detecting pulmonary
metastases has been reported to be as low as 24% for
lesions smaller than 1 cm[56,58]. This reduced sensitivity is
multifactorial and can be attributed to technical limitations such as the finite spatial resolution of the scanner,
which dictates that a lesion smaller than 3-4 mm may not
be identified; as well as the partial volume effect (PVE)
and respiratory movement during emission acquisition.
PVE can result in significant qualitative and quantitative changes to PET studies. In practical terms it results
in the signals of small avid lesions being spread over larger volumes. It typically occurs whenever the avid lesion is
smaller than 3 times the full width at half maximum, and
is exacerbated when surrounding tissue uptake is particularly low (as is seen in lung tissue). PVE results in small
lesions appearing larger in size but much less avid[59].
Respiratory movements affect PET images due to the
long acquisition times involved[60]. The movement of lung
lesions during respiration results in overestimated tracer-
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avid volumes and reduced apparent tracer uptake[61]. It is
particularly seen in lung tissue closest to the diaphragm.
Respiratory gating is a technique whereby the respiratory
cycle is divided into multiple phases and the acquired
events sorted into temporal bins. It aims to improve the
spatial resolution of thoracic PET images at the expense
of increased image noise. Respiratory gating has been
shown to result in more accurate SUV and volume measurements of pulmonary nodules[62]. It remains an ongoing area of research but may have future applications,
particularly in the area of radiation therapy treatment
planning[63].
Aside from those technical limitations which affect
small pulmonary metastases, PET sensitivity is reduced
compared with conventional imaging even for pulmonary metastases greater than 1 cm in size, including those
where the primary tumour is intensely avid. The reason
for this finding is poorly understood but may relate to
reduced perfusion of lesions, down-regulation of glucose
receptors or altered glucose metabolism[58].
Fused PET/CT improves detection of pulmonary
metastases above PET alone[64]. However, because PET/
CT is generally undertaken with a reduced dose CT
protocol, image quality may still not be sufficient to detect small pulmonary metastases. It is known that small
pulmonary nodules are no more likely to be benign than
larger ones among paediatric oncology patients[65]. A
diagnostic quality CT of the chest therefore remains an
essential part of the staging and follow-up of paediatric
sarcoma[50].
PET has additionally been used to identify local and
distant recurrence of sarcoma. Reliable follow-up however requires the use of other imaging modalities[66]. Additionally, there has been much interest in the potential use
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children[80,81]. Half of all patients have distant haematogenous spread at diagnosis[82].
The catecholamine analogue 123I-metaiodobenzylguanidine (MIBG) is widely used to image neuroendocrine
tumours and is well established for use in the staging and
post-treatment evaluation of neuroblastoma[83,84]. MIBG
scintigraphy has a specificity of nearly 100% for neuroblastoma diagnosis and staging[85,86]. Uptake of MIBG requires the presence of a type Ⅰ catecholamine transport
system[87], which is usually but not uniformly present on
neuroblastoma cells. In around 8% of patients MIBG
scanning gives a false-negative result at diagnosis[88]. False
negative results may also lead to incorrect down-staging
of disease. Other disadvantages of MIBG scintigraphy
include limited spatial resolution, limited sensitivity in
small lesions, the need for multiple and prolonged acquisition sessions and a delay between the start of examination and result.
In addition to MIBG, neuroblastoma imaging utilises
the modalities of bone scintigraphy, sonography, CT and
MR. There is also interest in the use of FDG and other
radiopharmaceuticals for PET imaging. Because FDG
PET uptake reflects glucose metabolism by cancer cells,
neuroblastoma which fails to accumulate MIBG due to
reduced expression of transporter proteins might be expected to be more sensitively assessed using this modality.
Further potential advantages of PET over MIBG scintigraphy include improved spatial resolution, single acquisition sessions and shorter scanning times which have the
potential to reduce the need for sedation[89].
A number of studies have compared MIBG scintigraphy with PET in neuroblastoma[90-93]. MIBG appears
overall to be superior to PET in the evaluation of stage
4 neuroblastoma, primarily due to improved detection of
skeletal disease. However PET appears to demonstrate
superior detection in stage 1 and 2 neuroblastoma and in
tumours which only weakly accumulate MIBG (Figure
4)[90,92,93]. These results suggest that PET may be important in the context of discrepant or inconclusive findings
on MIBG and morphological imaging.
To summarise, compared with PET, MIBG remains
the optimal modality for the noninvasive staging of children with neuroblastoma. Overall, available evidence suggests that PET is most useful in defining the distribution
of disease that either fails to concentrate MIBG or does
so poorly. In particular, PET should be considered when
MIBG scintigraphy reveals less disease than suggested by
clinical symptoms or conventional imaging modalities. During follow-up assessment of MIBG-negative neuroblastoma, PET/CT represents the imaging modality of choice.
New radiopharmaceuticals for PET imaging, including 18Fdihydroxyphenylalanine and 68Ga-octreotate, are currently
under evaluation[94,95].

of PET as a prognostic tool. A correlation between the
FDG SUV as measured prior to treatment, and clinically
important indices such as disease progression and survival has been described[67]. Furthermore, PET/CT demonstrates potential in the prediction of treatment response.
Because tumour bulk may not significantly change in response to neoadjuvant chemotherapy, CT and MRI have
limited value for such assessment. A number of studies
have demonstrated that changes in FDG avidity in highgrade sarcoma following neoadjuvant therapy can identify
patients at risk of relapse and therefore has potential as
a non-invasive surrogate marker in the prediction of patient response[68-70].
It should be noted that the degree of FDG avidity
in sarcoma depends greatly on individual pathology and
can range from low grade to markedly avid. This is particularly the case for soft tissue sarcomas including rhabdomyosarcoma, and needs to be appreciated when FDG
is used for this indication[71]. Furthermore, there may be
heterogeneity of disease-related FDG uptake even within
the same patient. Being able to identify the most aggressive area within a heterogenous tumour, and direct biopsy
accordingly may be of clinical benefit[71].
The use of PET and PET/CT among children with
sarcoma continues to increase. As discussed above, these
modalities appear to be useful in the evaluation and staging, monitoring of therapeutic response, and detection
of tumour recurrence. However the exact role of this
modality in the routine care of children with sarcoma remains unclear. Ongoing prospective studies are required
to delineate the precise role of PET and PET/CT in
their management.

NEUROFIBROMATOSIS TYPE 1
A number of studies have confirmed the utility of PET
and PET/CT in the detection of malignant transformation of neurofibromatosis type 1 (NF1)[72,73]. Patients
with NF1 have an approximate 10% lifetime risk of
developing malignant peripheral nerve sheath tumours
(MPNST)[74,75]. Such transformation is unreliably detected
via conventional imaging[76-78]. In one prospective study
patients with symptomatic neurofibromas were assessed
with early and delayed PET/CT imaging[76]. This modality was found to be highly sensitive and specific in the
detection of MPNSTs. In addition to there being significant differences in uptake between malignant and benign
lesions, delayed imaging demonstrated a continued divergence of FDG avidity which highlights the value of dual
time-point imaging for this indication.

NEUROBLASTOMA
Neuroblastoma is an embryonic tumour arising from
neural crest cells of the sympathetic nervous system[79].
It is the most common extracranial solid malignancy in
children and accounts for around 8% of all childhood
cancers. The clinical course is highly variable, yet the
disease accounts for around 15% of all cancer deaths in
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WILMS TUMOUR
Renal tumours comprise 6% of all childhood cancers.
Of these, around 95% are Wilms tumours (nephroblastomas)[96]. The molecular genetics of Wilms tumour is
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B

Figure 4 Neuroblastoma in a 2-year-old female. 123I-metaiodobenzylguanidine (MIBG) single positron emission tomography/computed tomography (SPECT/CT)
images (A) demonstrated a large right suprarenal mass displacing the organs which was not MIBG-avid (arrows). FDG PET/CT (B) showed moderate heterogenous
metabolic activity within the mass. PET/CT: Positron emission tomography/computed tomography; FDG: 2-deoxy-2-(18F)fluoro-D-glucose.

complex and involves multiple loci involved with WNT
signalling[97]. Mutations in the WT gene are identified in
10%-15% of sporadic cases. More than 10% of children
with Wilms tumour have associated abnormalities, including cryptorchidism, hypospadias, hemihypertrophy and
aniridia[98]. Synchronous bilateral Wilms tumour is present
in 5% of patients[99]. Although prognosis is generally favourable, higher stage disease carries significant mortality
and treatment related morbidity.
Imaging at diagnosis typically involves ultrasound, CT
and MRI. Although FDG uptake has been described in
Wilms tumour[100-102] the role of PET/CT has not been
clearly established. A particular obstacle to accurate FDG
PET imaging of the primary lesion is physiological excretion of tracer via the kidneys. Such physiological activity
may generate uncertainty when attempting to distinguish
pathology. The use of hybrid PET/CT scanners may be
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of some benefit in this regard.
In a small series of 12 patients PET/CT was seen
to be concordant with conventional imaging in primary
staging and superior to conventional imaging for the detection of residual and recurrent disease[100]. In another
small series of 27 patients Wilms tumour appeared to
concentrate FDG, however small pulmonary metastases
were not consistently identified on PET scan[101]. There
is evidence that FDG avidity in Wilms tumour may correlate with higher histological risk[102].
These studies demonstrate that FDG PET/CT may
be a useful adjunct to conventional imaging modalities in
Wilms tumour, particularly for the detection of residual
and recurrent disease. Further investigation is required to
confirm this. The use of functional MRI with diffusionweighted imaging is another new technique which shows
promise in the evaluation of Wilms tumour.
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Figure 5 A 7-year-old male with Langerhans cell histiocytosis. Skeletal survey demonstrated an isolated left femoral lesion, confirmed on PET/CT (A, arrow).
Additional lesions (arrows) in the right 6th rib posteriorly (B) and in the skull (C) were also identified on the PET/CT scan. Top panel: fused PET/CT images, bottom
panel: low dose CT component of the scan. PET/CT: Positron emission tomography/computed tomography.

of primary staging through a reduced false-negative rate.
These results suggest that whilst PET alone may be sufficient for post-treatment disease monitoring in LCH, the
combination of PET and MRI is preferred for primary
disease investigation. A potential future role therefore exists for combined PET/MRI in the primary investigation
of paediatric LCH.
Taken together, these studies suggest that PET is a
valuable modality in the primary assessment, therapeutic
monitoring and detection of reactivation of patients with
LCH.

LANGERHANS CELL HISTIOCYTOSIS
Langerhans cell histiocytosis (LCH) is a rare disease which
involves the clonal proliferation of activated dendrocytes
and macrophages. These clonal cells form infiltrates in a
variety of organs along with other inflammatory cells[103].
LCH exists as a heterogenous and complex disease with
a broad spectrum of clinical manifestations which range
from spontaneous resolution to rapid progression and
death[104]. It may occur at any age but generally affects
children between 1 and 15 years. Skeletal survey and
bone scintigraphy are established techniques in LCH disease evaluation. In addition, CT and MRI modalities are
increasingly used in the detection of skeletal and visceral
disease[105].
The use of PET and PET/CT in the assessment of
patients with LCH has been reported in a number of
studies and its use is now well established. PET has been
shown to be superior to bone scintigraphy and skeletal survey for overall lesion detection (Figure 5)[106-108].
Furthermore, PET has demonstrated efficacy in posttreatment lesion assessment and provides information on
treatment response earlier than plain film radiography or
CT[106-110].
A recent study has compared the use of PET with
MRI in paediatric patients with biopsy-proven histiocytosis[111]. In this study PET was found to be more accurate
than MRI for post-treatment evaluation due to lower
false-positive rates. MRI showed a higher sensitivity and
was important for primary staging and evaluation of
CNS disease. Interestingly, whilst there was no clear advantage for combined PET/MRI analysis during followup evaluation, the combination did improve sensitivity
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PRACTICAL ASPECTS
PET/CT requires consideration of particular challenges
that are common to paediatric nuclear medicine but uncommon to adult imaging. These include consent, fasting,
intravenous access and the question of sedation[112,113]. Patient cooperation is a significant issue. Successful imaging
can be facilitated by providing a relaxed, child-oriented
environment, and staff experienced in paediatric venipuncture and the management of children. Available data
suggests that PET/CT artefacts due to movement, poor
co-registration or non-compliance are no more frequent
among paediatric patients than among adult ones[114].
Paediatric sedation is a complex issue and requires
case-by-case assessment. Often, the child’s parents will
be aware of previous cooperation difficulties and can assist with decision making. When sedation is required, it
should be limited to the scanning phase of the study[112].
The use of sedation in paediatrics is not without risk and
has been associated with a 0.4% incidence of adverse
respiratory events[115]. Sedation protocols vary by institu-
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logical lesions[119,127]. This is particularly true for paediatric
lymphoma patients, as brown fat is located adjacent to
regions commonly involved in the disease.
Significant reductions in brown fat tracer uptake are
made possible by controlling the environmental temperature and stress levels of the patient prior to injection and
during the tracer uptake phase[128]. Additional blankets are
often employed to provide further increases in warmth.
In addition, the administration of oral diazepam may
reduce brown fat uptake and is recommended by several
groups[129]. Beta blockade with propranolol[130] or intravenous fentanyl[131] has also been advocated by some. Image
co-registration with PET/CT is helpful to distinguish
brown adipose tissue from pathological causes of FDG
uptake[127].

Figure 6 An extreme case of widespread brown fat activity in a 16-yearold female with treated Hodgkin’s disease.

Thymus
FDG-avid thymic tissue has been demonstrated in 34%
of healthy young adults on screening PET scans[132].
Among paediatric oncology patients thymic uptake is
observed in around 75% of cases irrespective of whether
chemotherapy has been administered[120]. The increased
activity among paediatric oncology patients is thought to
be due to reactive thymic hyperplasia secondary to stress,
infection or treatment. These changes may appear late
and can persist for many months following the completion of treatment.
Familiarity with normal appearances is essential to
distinguish between physiologic thymic uptake and active
disease in the mediastinum. This is particularly important
in children with potentially curable diseases such as lymphoma, as they may often have residual non-malignant
tissue in the mediastinum following treatment. The normal pattern of thymic uptake is a homogenous lambdashaped structure in the anterior mediastinum, although
multiple variants are seen (Figure 7). Very intense or
heterogenous uptake raises suspicion for thymic or other
anterior mediastinal disease[133] (Figure 8).

tion, but guidelines are available[116,117].

COMMON PITFALLS
The accuracy of PET can vary depending on tumour
type, location and scan timing in relation to treatment.
Furthermore, variant patterns of physiologic FDG uptake often differ in children as compared with adults and
may be mistakenly interpreted as disease. A thorough understanding of normal variant FDG uptake is therefore
essential for accurate image interpretation, preventing
unnecessary studies or procedures and improving patient
care. Image co-registration with hybrid PET/CT systems
is helpful in distinguishing normal variation from pathology through the precise localisation of functional data.
Sites of physiologic FDG uptake that can differ in
children as compared with adults include brown adipose
tissue[118,119], thymus[120], brain[121] and epiphyseal plates[122].
Each of these potential pitfalls to image interpretation is
discussed below. Other potential sites of increased FDG
uptake in the paediatric patient include the pharyngeal
lymphatic tissue of Waldeyer’s ring, salivary glands and
haematopoietic bone marrow[123]. Additionally, paediatric
patients suffer from a multitude of community acquired
infections which may prompt intense reactive nodal avidity and thus mimic malignancy.

Brain
It is important to recognise maturational changes in
cerebral glucose metabolism to allow the identification
of pathological alterations. A recent study describing
cerebral FDG uptake in children demonstrated that all
cerebral regions show increasing avidity with age, with
rates of change being regionally specific[121]. The most
metabolically active areas in early childhood are the parietal and occipital lobes. By age 7 these regions have less
uptake than the frontal lobes, and by age 10 they have
less uptake than the thalamus. Changes in the relative pattern of cortical FDG uptake appear to continue up until
at least 16 years of age.

Brown adipose tissue
FDG uptake by brown adipose tissue in paediatric patients has recently been reviewed[124]. The primary function of brown fat is non-shivering thermogenesis[125].
This metabolic process involves expression of mitochondrial uncoupling proteins, including UCP-1, which separate oxidative phosphorylation from ATP synthesis and
thereby generate energy dissipated as heat[126].
Brown fat FDG uptake has been reported in up to
20% of children and adolescents, but is a rare occurrence
among adults[119,124]. Uptake is usually distributed symmetrically within the neck and supraclavicular regions, axillae,
paraspinal regions of the posterior mediastinum, adjacent
to the adrenal glands and upper abdominal wall (Figure
6). Such uptake may mimic malignancy or obscure patho-
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Epiphyseal plate
Skeletally immature paediatric patients exhibit physiologic
linear uptake in physes and apophyses (Figure 9)[122]. Such
uptake has the potential to obscure small skeletal lesions,
or it may be mistaken for pathological activity. In addition,
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Figure 7 Normal physiological variants: various patterns of thymic uptake (A-F, arrow), tonsillar uptake (B, arrowhead), cardiac uptake (D, arrowhead) and
laryngeal uptake (F, arrowhead).

Figure 8 Examples of abnormal thymic uptake due to malignant disease (arrows).

loss of the normal sharp demarcation of uptake in the
physes may reflect bone marrow infiltration or activation
and should be recognised. Avid FDG uptake may occasionally occur in benign skeletal lesions (Figure 10). These
include fibroosseus defects, which are very common in
childhood[122], and osteochondromas. An understanding
that benign skeletal lesions may take up FDG, and knowledge of the typical appearances seen on the CT component of the scan will reduce false positive findings.

tion is required to keep radiation exposure as low as is
reasonably achievable (ALARA principle) in view of the
increased lifetime cancer mortality risk in children compared with adults[134]. The higher risk of radiation-induced
malignancy in paediatric patients is a consequence of
both the longer average post-exposure survival of children as compared with adults, and an intrinsic increase in
radiosensitivity of children[135,136].
As risk from radiation exposure is cumulative[137], both
nuclear medicine and CT components need to be considered when applying ALARA principles. In this context
patient exposure may be adjusted through changes to the
dose of administered radiopharmaceutical, CT protocol
employed, anatomic area covered and frequency of imaging performed[138]. Notably, the end-organ for radiotracer

DOSIMETRIC CONCERNS
As with all imaging modalities that utilise ionising radiation, there are special dosimetric considerations for
children undergoing PET/CT scanning. Particular atten-
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Figure 9 Normal 2-deoxy-2-(18F)fluoro-D-glucose positron emission tomography
scan of an 8-year-old female showing physiological growth plate uptake (arrow).
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Figure 11 Effective dose vs patient weight for 2-deoxy-2-(18F)fluoro-Dglucose (European Association of Nuclear Medicine and North American
Consensus Guidelines). Image courtesy of Bruce McBride, Chief Physicist,
Department of Nuclear Medicine and PET, The Prince of Wales and Sydney
Children’s Hospitals. PET: Positron emission tomography; EANM: European
Association of Nuclear Medicine.

B

anatomical volume included in the scan. CT exposures
in hybrid PET/CT scanning may be tailored to meet the
diagnostic needs of the patient. Commonly, diagnostic
quality images are not required and CT exposure factors
may be reduced significantly, with the production of images primarily for localisation and attenuation correction.
These low dose protocols may reduce CT exposures by
50%-65% compared with typical diagnostic levels[143].

Figure 10 Non–ossifying fibroma (arrow) in the left distal femur of a
17-year-old male patient with Langerhans cell histiocytosis. FDG PET (A)
showing avid uptake, CT (B) showing typical benign radiological features. PET:
Positron emission tomography; CT: Computed tomography; FDG: 2-deoxy2-(18F)fluoro-D-glucose.

CONCLUSION
PET and PET/CT have emerged as powerful and important imaging techniques in the assessment of a variety
of childhood malignancies, with PET/CT being the
preferred modality. Although a number of radiopharmaceuticals exist, FDG remains the most widely used and
clinically important. PET/CT scanning should occur in
the context of rational and evidence-based imaging decisions, and ongoing large prospective trials will further
clarify its role in the assessment of individual malignancies. It is important that a thorough understanding of
variant childhood uptake patterns is obtained for accurate
image interpretation.

administration is the bladder and therefore the bladder
wall tends to receive the greatest radiation dose[139]. This
can be minimised by encouraging fluid intake and frequent voiding following scan completion.
PET and PET/CT radiopharmaceutical dosage
guidelines have been established by the European Association of Nuclear Medicine (EANM) Dosimetry and
Paediatrics Committees[140,141] and the Pediatric Nuclear
Medicine Dose Reduction Workgroup (North American
Consensus Guidelines)[142]. Although there are some differences between these guidelines (Figure 11) both make
recommendations in line with the ALARA principles.
The EANM guidelines aim for the administration of
FDG as a weight independent effective dose. Doses are
calculated using normalisation factors which are derived
from biological behaviour and patient weight. The aim is
to deliver the same effective radiopharmaceutical dose to
paediatric patients regardless of body weight, provided a
minimum activity is administered[140]. The North American Consensus Guidelines recommend a standard FDG
administered activity per kilogram of body weight[142].
Effective doses to patients from CT images are dependent on tube current (mA), tube potential (kVp), rotation speed, pitch, slice thickness, patient mass and the
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Abstract
Application of modern magnetic resonance imaging
(MRI) techniques to the live fetus in utero is a relatively
recent endeavor. The relative advantages and disadvantages of clinical MRI relative to the widely used and
accepted ultrasonographic approach are the subject of
a continuing debate; however the focus of this review
is on the even younger field of quantitative MRI as applied to non-invasive studies of fetal brain development.
The techniques covered under this header include
structural MRI when followed by quantitative (e.g. ,
volumetric) analysis, as well as quantitative analyses
of diffusion weighted imaging, diffusion tensor imaging, magnetic resonance spectroscopy and functional
MRI. The majority of the published work reviewed
here reflects information gathered from normal fetuses
rd
scanned during the 3 trimester, with relatively smaller
number of studies of pathological samples including
common congenital pathologies such as ventriculomegaly and viral infection.

INTRODUCTION
The history of fetal magnetic resonance imaging (MRI)
in utero spans more than 3 decades, beginning with
clinically driven T1 and T2 weighted studies at relatively
low magnetic field published in the 1980’s[1-4]. This was
followed by early echo planar imaging of fetal brains attempted in the early 1990s[5,6]. Throughout this period,
the mainstay of fetal imaging for all organ systems has
been ultrasound, but the better contrast resolution of
MRI relative to ultrasound made it especially attractive
for studies of the central nervous system (CNS), which is
relatively vulnerable to congenital anomalies. Progressive
improvements in imaging hardware and software, resulting in shortened scan times and increasingly wider choice
of imaging sequences, have made fetal brain MRI an
increasingly valuable imaging tool in cases with uncertain
diagnosis of CNS abnormalities[7,8].
The biggest problem in acquiring reliable, reproducible and comprehensive MRI images of the fetal brain
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has been motion. Early studies attempted to overcome
this problem by sedation of mother and/or fetus [9]
although this approach has obviously limited the widespread use of the technique in clinical and research settings. The breakthrough came with the development of
faster imaging techniques and sophisticated methods for
motion correction[10-16]. The Ultrafast sequences which
have been developed, including single shot fast spin
echo, fast spin echo and the half fourier single shot turbo
spin echo require a second or less per slice acquisition.
In these studies multiple stacks of slices are acquired at
different orthogonal orientations, providing a comprehensive view of the anatomy while allowing for manual
adjustment to fetal motion or gating to maternal breathing. The most recent and ongoing developments in image reconstruction and motion correction methods[17-20]
have enabled the adoption of all major MR approaches
currently used in adults to in utero studies; including
diffusion weighted imaging, tractography and MR spectroscopy[21-26] consequently enabling the gathering of
unprecedented amounts of information on fetal brain
development in utero.
This review focuses on the budding filed of quantitative MRI and studies of the fetal brain aiming at the
establishment of normative databases relevant to normal
regional brain growth, connectivity and function and
their application to a deeper understanding of the etiology, diagnosis and prognosis of fetal brain pathologies.

and detailed descriptions of the growth of the fetal subplate and other regions[32,33]. Corbett-Detig et al[32] examined subplate growth in relatively young (18-24 wk old)
fetuses and found that the occipital pole, ventral occipitotemporal region, and planum temporale underwent the
most statistically significant increases in subplate thickness, while the thickest region during this period was the
developing somatosensory/motor cortex.
A more detailed study of volumetric changes in the
growing fetal brain was published by Scott et al[33] examining volumes of cortical plate, subplate and intermediate
zone, germinal matrix, deep gray nuclei, and ventricles
from automatic segmentation of motion-corrected, 3D
reconstructed MRI scans from 39 normally developing
fetuses at gestational age (GA) ranging from 21 to 31.
The findings again show region-specific growth trajectories, with the cortical plate having the highest growth rate
(18%/wk).
The supratentorial volume, subplate and intermediate zone, germinal matrix and deep gray nuclei exhibited
similar growth rates of approximately 15%/wk while the
slowest growth rate was found for ventricles (9.2%/wk).
Interestingly, the authors did not find sex differences or
asymmetries in hemispheric volumes. This could be a
group size/power issue but may also indicate that such
difference only emerge later in brain development.
Quantitative studies of cortical folding
Hu et al[34] provided a regional quantification of cortical
shape development from a group of normal fetuses in
the gestational age range of 22-33 wk. They report faster
shape changes in the occipital lobe than in other regions
and conserved patterns of shape changes in gyri and
sulci, whereby the gyral surface smoothens, while the sulcal surface becomes more angular, with gestational age.
In addition, the authors report that smoothing of gyri is
related mainly to the changes in shape of gyral crowns.
Clouchoux et al[35] examined in vivo fetal cortical folding
patterns in healthy fetuses between 25 and 35 wk gestation, providing an explicit delineation of the sulcal pattern
as well as surface area and gyrification index. The findings
suggest an exuberant third trimester gyrification process
and a non-linear evolution of sulcal development.
Employing a younger group (GA 20-28 wk) of fetuses, Habas et al[36] and Rajagopalan et al[37] have been
able to detect early folding patterns and asymmetries in
fetal brain development. Their Tensor based morphometry results show that fetal brain development exhibits a
distinct spatial pattern of anisotropic growth, with the
most significant changes in the directionality of growth
occurring in the cortical plate at major sulci. The authors
also report significant directional growth asymmetry in
the peri-sylvian region and the medial frontal lobe of the
fetal brain.

QUANTIATIVE MRI IN THE STUDY OF
NORMAL FETAL BRAIN DEVELOPMENT
Mapping regional and local patterns of normal fetal
brain growth
An early study using the Cavalieri method to estimate
whole brain volumes in a small cohort (n = 18) of third
trimester fetuses[27] described a linear relationship between gestational age and whole brain volume, with a
growth rate averaging 2.3 mL/d. The first study to measure volume changes in brain hemispheric parenchyma,
cerebellum and ventricles of 27 normal, third trimester
fetal brains[28] revealed different, non-linear growth trajectories for the three compartments, with a faster growth
of cerebral hemispheres relative to cerebellum and a
steady decrease in the ventricular/parenchymal volume
with increasing gestational age. Subsequent work by Gholipour et al[29] using supervised automated segmentation
of brain volumes in fetuses aged 19 to 37 wk compared
linear and non linear models and concluded that a quadratic model provided the best fit to the data describing
the changes of fetal brain volume with gestational age.
Hu et al[30] also confirmed that the growth rates of the
cerebral volumes are region-dependent, with the frontal
and parieto-temporal regions growing significantly faster
than other regions. More recent studies have added substantial amount of detail on normal fetal brain growth,
with the publication of a spatiotemporal atlas of MR
intensity, tissue probability and shape of the fetal brain[31]
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Studies of water diffusion in the normal developing
brain
Regional differences and developmental changes in appar-
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ent diffusion coefficients (ADC) have been the subject of
several studies conducted and published during the last
decade[23,38-47]. All of the published studies report absolute values for ADC in a similar range and detect a trend
towards a reduction in ADC with increased GA, which
could be explained by progressive myelination. However,
the relationship between ADC and GA appears to be
region-dependent and non-linear. Thus, whether a specific
study reports on significant changes of ADC with GA appears to depend on the range of developmental ages and
regions included in the analysis. To illustrate, Righini et al[38]
reported a mean ADC value of 1.96 ± 0.1 microm2/ms
(SD) in frontal white matter, 1.95 ± 0.1 microm2/ms in
occipital white matter, and 1.56 ± 0.1 microm2/ms in basal
ganglia of fetuses aged 22-35 wk, with a significant negative correlation between ADC and gestational age for basal
ganglia, and only a trend for frontal white matter. A subsequent study by another group involving fetuses between 31
and 37 wk gestation[39] reported mean ADC values of 1.8
microm2/ms in the centrum semiovale, 1.2 microm2/ms in
the splenium of the corpus callosum and 1.1 microm2/ms
in the pyramidal tract, with mean fractional anisotropy (FA)
values of 1.1%, 3.8% and 4.7%, respectively. The authors
report a significant age-related decrease in ADC and an
increase in FA in the pyramidal tract and corpus callosum.
Manganaro et al[40] measured ADC in the grey matter,
reporting mean ADC values from 1.76 × 10-3 mm2/s (at
week 19) to 0.89 × 10-3 mm2/s (at week 37), whereas in the
white matter, the values varied from 2.03 × 10-3 mm2/s (at
week 19) to 1.25 × 10-3 mm2/s (at week 37). Cartry et al[42]
reported a linear inverse correlation existed between ADC
values and gestational age only in the occipital lobes of 22
normal fetuses scanned between 30 and 34 wk gestation.
This theme of region-dependent developmental changes
in ADC is reiterated in the largest and most recent study
of this kind, where Boyer et al[43] described a study of 50
normal fetuses between 19 and 37 wk gestation. The authors report that ADC values remained constant in the
basal ganglia, frontal, parietal, temporal and occipital white
matter and in the centrum semiovale while significant decreases were observed in the cerebellum, pons and thalamus with advancing menstrual age.

FA values and the axial eigenvalue [lambda(1)] showed
a characteristic distribution, with the highest values for
the splenium, followed by the genu, the right and the left
posterior limb of the internal capsule. Intriguing evidence
for early asymmetry was also obtained, showing that the
right-sided sensorimotor trajectories were significantly
longer than on the left side, reflecting higher right-sided
lambda(1) values.
A more recent publications from the same group[44]
reports on successful visualization and delineation of
sensorimotor tracts and the corpus callosum as well as
smaller fiber bundles, separating the internal capsule
fibers into thalamocortical fibers, corticopontine and corticospinal tracts and segregating the thalamocortical fiber
system to anterior, superior and posterior radiations. Association fiber tracts connecting ipsilateral cortical areas
were also successfully visualized.
Development of brain chemistry using MR spectroscopy
Development of the normal fetal brain in utero using
MR spectroscopy (MRS) has been studied by a number
of groups. The size of the voxel necessary to acquire reliable information limits the possibility of regional measurements, so these studies mostly reflect whole brain
maturation. With this caveat, levels of choline (Cho), creatine (Cr), myo-inositol (Myo-ins) and N-acetyl aspartate
(NAA) have been measured in utero in fetuses in the age
range of 22 to 41 wk[26,45-48]. Kok et al[45] found no change
in the absolute level of Cr using an echo time of 135 ms
with 35 fetuses between 30 and 41 wk. In a later study[46],
the group reported absolute tissue levels of these metabolites resemble values measured in preterm and term
babies, especially of relatively more mature brain regions,
from which most of the MR spectra have been obtained.
Brain maturation between 30 and 41 wk of gestation was
most clearly reflected by increasing levels of the neuronal marker NAA. Subsequent studies by Girard et al[47,48]
confirmed that by 34 wk the fetal brain spectrum is comparable to that of a term born neonate, with dominant
resonances of Cho, Cr and NAA at a long echo time and
Myo-ins, Cho, Cr and NAA dominant resonances at a
short echo time. The authors further report that creatine
and phosphocreatine, compounds involved in energy metabolism, both contribute to the Cr peak. In a study of
58 fetuses with a gestational age range of 22-39 wk, the
authors reported that Cr levels increased in the fetal brain
with increasing gestational age. However, this was only
found at a short echo time (30 ms) and not at a longer
echo time (135 ms).

Development of regional connectivity
Tractography presents a bigger challenge for in utero fetal
imaging relative to other techniques since acquisition times
are longer and therefore studies are more susceptible to
motion artifacts[21-23]. Consequently, only a few recent
studies provide quantitative data from in utero studies of
neuronal pathways. Kasprian et al[23] examined a group of
fetuses ranging in age from 18 to 37 wk and reported that
only in 40% of examined fetuses, diffusion tensor imaging measurements were robust enough to successfully
calculate and visualize bilateral, craniocaudally oriented
(mainly sensorimotor), and callosal trajectories in utero.
However, the successful studies resulted in a wealth of
quantitative information on fiber lengths, ADC, FA,
and eigenvalues at different anatomically defined areas.
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Imaging developing brain function: Functional MRI
The feasibility of studying fetal brain activity with functional MRI was demonstrated by Hykin et al[49] just before the turn of the century, reporting on responses to
maternal speech. This was followed by additional studies
reporting the detection of responses to visual[50] and various auditory[51-54] stimuli, which were detected between
33 and 34 wk of gestation. Functional connectivity (FC)
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at rest was subsequently investigated by Schöpf et al[55]
in fetuses from 20 to 36 gestational weeks of age. The
authors report a bilateral occipital network and medial
and lateral prefrontal activity pattern that involved the
future Brodmann areas 9-11 and a hemispheric lateralized network that involved the superior temporal cortical
regions (Brodmann areas 22 and 39). Frequency oscillations were in the range of 0.01-0.06 Hz for all networks.
Thomason et al[56] studied 25 healthy human fetuses in the
second and third trimesters of pregnancy (24 to 38 wk
of gestation) and reported the presence of bilateral fetal
brain FC as well as regional and age-related variation in
the strength of FC between homologous cortical brain
regions, which increased with advancing gestational age.
The authors also observed medial to lateral gradients in
fetal functional brain connectivity. Sørensen et al[57] examined the fetal blood oxygen level dependent response to
maternal hyperoxia, demonstrating an increased oxygenation in a number of human fetal organs while oxygenation of the fetal brain remained constant. These studies,
together with findings from other modalities like fetal
electroencephalography and magnetoencencephalography[58] are truly revolutionary since unlike information on
maturation of brain morphology and microstructure/
chemistry which can be obtained postmortem, the development of function can only be studied in vivo.

in parenchymal volume was confirmed in a cohort of
mild isolated VM using motion-corrected 3D reconstruction and automatic segmentation[63].
Congenital cytomegalo virus infection
A recently published study[64] examined the maturation of
hemispheric and temporal lobe volumes in 27 congenital
cytomegalo virus (CMV) infected fetuses relative to GAmatched normal controls, all scanned during the third
trimester. Temporal lobe volumes, normalized to whole
brain and co-varied with gestational age; were significantly smaller in fetuses infected with CMV compared
to uninfected fetuses. Furthermore, Infection during the
1st and 2nd trimester had a more pronounced effect than
infection during the 3rd trimester. While Infected fetuses
with no MRI findings had significantly lower temporal
lobe/whole brain ratios than controls, the lowest temporal lobe/forebrain ratios were observed in fetuses with
CMV as well as overt findings such as cysts or gray matter heterotopy. These findings suggest a regional vulnerability to maternal immune activation in the fetal brain,
although the relationship between the results and neurological outcome still needs to be established.
Congenital heart disease
Limperopoulos et al[65] compared brain volume and metabolism in 55 fetuses with Congenital heart disease
(CHD) and 50 normal fetuses (gestational age range
25-37 wk) with the use of 3-dimensional volumetric MRI
and proton MRS. they found progressive and significant
declines in gestational age-adjusted total brain volume
and intracranial cavity volume in CHD fetuses relative to
controls, as well as a significantly slower increase in the
NAA:Cho ratio. Predictors of lower NAA:Cho included
diagnosis, absence of anterograde aortic arch flow, and
evidence of cerebral lactate. In a subsequent study[66] of
18 fetuses with hypoplastic left heart syndrome (HLHS,
a severe form of congenital heart disease) and 30 control
fetuses in the same age range, the authors found a progressive fall-off in cortical gray and white matter volumes
as well as subcortical gray matter in fetuses with HLHS.
These fetuses also showed significant delays in cortical
gyrification, whereby local cortical folding delays were detected as early as 25 wk in the frontal, parietal, calcarine,
temporal, and collateral regions and appeared to precede
volumetric brain growth disturbances.

QUANTIATIVE MRI IN THE STUDY OF
FETAL BRAIN PATHOLOGY
Fetal ventriculomegaly/hydrocephalus
The first quantitative MRI studies in ventriculomegaly
(VM) employed magentic resonance spectroscopy[59,60].
Kok et al[59] performed 1HMRS of the brain in 10 fetuses
with ventricular dilatation and 36 normal fetuses between 28 and 37 wk and found that the inositol: Cr ratio
was significantly lower in fetuses with hydrocephalus.
Roelants-van Rijn et al[60] examined the brain of six fetuses with ventricular dilation and were able to detect the
presence of Lactate (Lac) in two of the six fetuses, two
had no Lac and two spectra were un-interpretable due to
contaminating lipid peaks.
The first study applying quantitative MRI to the
comparison of ventricular and parenchymal volumes
in cases referred because of VM and normal controls
revealed that fetal VM is not associated with decreases
in parenchymal volume[28]. Using conventional T1- and
T2-weighted imaging, Erdem et al [61] also found that
hydrocephalic fetuses had a normal signal pattern in cerebral parenchyma, but their ADC values, derived from
diffusion weighted imaging, were significantly lower than
those reported for fetuses with normal brain. The largest volumetric study of VM published to date[62], which
included postnatal outcomes in more than 300 fetuses,
revealed that ventricular, but not parenchymal, volume
was a significant predictor of live birth. The association
was stronger in isolated VM relative to VM with other
anomalies present. Most recently, the absence of changes
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Intrauterine growth restriction
Quantitative studies of fetal organ growth in intrauterine
growth restriction (IUGR) confirmed the expected relative sparing of the brain. Damodaram et al[67] measured
peripheral organs and brain volumes in 20 growth restricted and 19 normal fetuses scanned at gestational age
21-37 wk and found a significant reduction in fetal whole
body volume and volume of all internal organs except the
brain. A brain:liver ratio above 3.0 was associated with a 3.3
fold increase in risk of perinatal mortality. Interestingly, an
MRS study[68] detected a lactate peak in the brain of the
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most severely affected IUGR fetus which was consistent
with low oxygen content and high lactic acid concentration in umbilical blood obtained at delivery.

2
3

Ischemic stroke
The likelihood of detecting acute hypoxic-ischemic brain
lesions by prenatal magnetic resonance imaging is small.
However, a published case study[69] reports on a fetus
with a vein of Galen arteriovenous malformation in
whom prenatal diffusion-weighted magnetic resonance
imaging at 33 wk of gestation clearly detected cerebral
acute ischemic lesions, associated with remarkable decrease of the average apparent diffusion coefficient.

4
5

6

Environmental toxicity
Quantitative MRI is uniquely suitable for the study of the
effects of exposure of pregnant women to environmental toxins and drugs on fetal brain development. A recent
study by Anblagan et al[70] reported on the effects of maternal smoking during pregnancy on fetal organ growth
in 13 smokers and 13 non-smokers examined at 22-27
wk and again at 33-38 wk of gestation. Exposed fetuses
showed lower brain volumes at both time points, and the
effect size was larger in the 2nd visit, closer to the end of
gestation.

7

8

9

CONCLUSION

10

The adaptation of quantitative MRI techniques to fetal
brain imaging in utero is truly revolutionary, embodying
the potential to transform this area of basic and clinical
research and practice from the subjective, qualitative and
arbitrarily dichotomous identification of “lesions” and
“abnormalities” to the much richer and promising domain
of objective, continuous measurements of salient parameters reflecting different morphological, microstructural
and biochemical aspects of brain maturation. It is fair to
say that if fetal MRI is in its infancy, quantitative fetal MRI
is in its embryonic developmental stage, undergoing an
explosive phase of methods development, fine-tuning and
validation. Consequently, the majority of the published
work reviewed here reflects information gathered from
relatively small cohorts of normal fetuses scanned during the 3rd trimester, and the relatively smaller number of
studies of pathological samples to date offer very limited
or no postnatal follow-up. Further improvements in methodology and safety are needed before these studies can be
extended to earlier fetal ages, affording a comprehensive
view of fetal brain development in utero. The progressive
accumulation of normative data bases and extended postnatal follow-up are essential prerequisite for the future use
of quantitative MRI in the diagnosis, prognosis and prenatal treatment[71] of congenital brain disorders.
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Core tip: Computed tomography (CT) delivers substantially
radiation dose and risk of cancer than alternative imaging
methodologies, particularly in children, and use of
paediatric CT scans is increasing. Radiation exposure
from CT scanning can be minimized by eliminating
multiple or medically unnecessary scans, patient-specific
dosing guidelines, and use of other radiographic methods
where appropriate; however, medical practitioners’ lack
of awareness of CT dose and its potential dangers are
also important. Improvements to CT protocols, referral
practices and imaging professionals’ education are
needed to minimise unnecessary CT radiation exposure in
children.

Abstract
Computed tomography (CT) has earned a well-deserved role in diagnostic radiology, producing crosssectional and three-dimensional images which permit
enhanced diagnosis of many pathogenic processes.
The speed, versatility, accuracy, and non-invasiveness
of this procedure have resulted in a rapid increase in its
use. CT imaging, however, delivers a substantially higher radiation dose than alternative imaging methodologies, particularly in children due to their smaller body
dimensions. In addition, CT use in children produces an
increased lifetime risk of cancer, as children’s developing organs and tissues are inherently more vulnerable
to cellular damage than those of adults. Though individual risks are small, the increasing use of CT scans in
children make this an important public health problem.
Various organizations have recommended measures to
minimize unnecessary exposures to radiation through
CT scanning. These include elimination of multiple or
medically unnecessary scans, development of patientspecific dosing guidelines, and use of alternative radiographic methodology wherever possible. Another
important factor in excessive CT exposures, however, is
a documented lack of awareness among medical practitioners of the doses involved in CT usage as well as its
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INTRODUCTION
Computed tomography (CT) is used extensively in diagnostic radiology, primarily for examination of human soft
tissues. CT scans produce serial cross-sectional images
of the body and generate three-dimensional views which
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facilitate detailed examination of specific anatomical and
pathological areas of concern. CT is used in paediatric
patients as well as adults, and its use has increased rapidly
since the technology’s inception in the 1970s[1]. More
than 60 million CT examinations were performed in the
United States in 2006, with an estimated growth rate of
10% per year; about four million of those 60 million
were performed in children[1]. Japan, the United States
and Australia lead the world in number of CT scanners
per head, with 64, 26 and 18 scanners per million citizens
respectively[2]. Although typical CT radiation doses have
not significantly changed over the years, use of CT as a
diagnostic tool has dramatically increased.
Children are being increasingly referred for CT examinations. Increased demand for CT in children is partially
due to the advent of fast scanning techniques. Fast helical/multi-slice scanning can negate the need for sedation
and allows the evaluation of younger or less co-operative
children[3]. The tremendous rise in the use of CT imaging
is also related to the development of advanced and reliable diagnostic radiology techniques. For example, CT is
now a standard diagnostic tool for paediatric cancer detection, trauma, renal calculi, appendicitis, and heart conditions[3]. Patient-generated demand, medical insurance
coverage, physicians’ fear of medical malpractice lawsuits
and the desire to monitor clinical progress, especially in
cancer patients, have also increased the demand for CT
imaging. CT has reduced the failure rate of laparotomy
from 18% in 1997 to less than 5% currently, and also
decreased the cost related to number of inpatient days
per patient[4]. In certain instances, it has also obviated the
need for exploratory surgery[4].
The speed, accuracy, versatility and availability of CT
technology have rapidly raised the volume of CT scans
performed in paediatric patients, despite the fact that CT
scanning delivers a higher radiation dose to the patient
than other available procedures. The radiation dose is particularly important in paediatric patients or small adults
because of the increased life-time cancer risk associated
with the amount of ionising radiation dose received per
square meter of body surface[3]. While the use of CT for
paediatric cases has increased, often little attention is paid
to adapting examination protocols developed for adult
patients to suit children. The result is significantly higher
doses, approximately two to six times greater than necessary, for an adequate level of image quality. As children
are inherently more sensitive to the effects of ionising
radiation than adults, there is a pressing need to optimize
this high-dose imaging modality for these especially vulnerable patients. Numerous international organizations,
including the International Commission on Radiological
Protection[5], the International Atomic Energy Agency[6]
and the European Commission[7] have made recommendations aimed at minimizing CT doses, particularly in the
paediatric population. The European Commission, to
ensure optimization of performance and patient protection in CT procedures, established a set of quality criteria
for adult CT examinations, published as the European
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Guidelines on Quality Criteria for Computed Tomography[8]. The US Food and Drug Administration (FDA) has
similarly published a set of recommendations with the
objective of keeping CT radiation doses as low as reasonably achievable, especially for children and small adults.
The FDA stresses the importance of customizing CT
scanner parameters for each individual’s weight, size and
scan region[9].
In this article I describe CT and its advantages and
review the effects of paediatric CT radiation. I examine
current knowledge about the level of medical practitioner
awareness of the effects of CT dose in children and offer
strategies to reduce CT dose.

CT: Advantages over other
imaging modalities
CT is an advanced imaging technology that has been in
use since 1972[10]. By rotating the X-ray beam around the
patient and analysing the resulting data, the technique allows physicians to examine the body, bones, and organs
one narrow “slice” at a time[10]. Some non-ionising methodologies can obtain comparable diagnostic information,
particularly ultrasound and magnetic resonance imaging
(MRI). Ultrasound is very useful in paediatrics, since image quality and resolution improve with a smaller patient
size. Ultrasound can also be used to image almost any
area of the body, with the exception of those composed
mainly of bone or air. MRI uses magnetic fields and radio waves to create a set of 2D slices of the body and
thus does not expose the patient to ionising radiation.
Its use in children, however, it constrained by the fact
that patients need to remain absolutely still as even small
amounts of motion can affect the image quality. Younger
children often require sedation, necessitating specialized
equipment and staff which may not be accessible in all
imaging centres. Faster MRI scanning has helped to reduce blur from patient motion and coaching and distraction techniques can also help obtain a quality image[11].
The traditional planar X-ray, developed in, only allows
visual outline of bones and organs[11]. CT differentiates
overlying structures much better than planar X-ray techniques[12] and allows greater contrast differentiation than
other imaging modalities. Many medical conditions are
more accurately imaged and diagnosed using CT, for example, vascular diseases with the potential to cause renal
failure, stroke, or death. Thus CT is the best imaging option in many cases, and if the protocol is well optimized
the value of the information obtained will offset the risks
associated with the relatively large radiation dose.

ACHIEVING AN OPTIMAL RADIATION
DOSE
Radiation doses from CT scanning are considerably
larger than those from corresponding conventional radiography procedures. For example, a planar anterior-pos-
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terior abdominal X-ray examination results in a dose to
the stomach of approximately 0.25 mGy, approximately
2% of the corresponding dose from an abdominal CT
scan[13], and a CT scan of the chest delivers 100 times the
radiation of a conventional chest X-ray[10]. Although CT
examinations make up 5%-11% of all radiological examinations, they contribute an estimated 40%-70% of the
collective dose derived from diagnostic radiology[11,14-16].
Moreover, many CT procedures involve multiple scans,
with one study finding that 30% of CT patients were
scanned three times, 7% of patients scanned five times,
and 4% scanned nine times or more[16].
The bio-effects associated with radiation exposure
can be divided into two main groups: deterministic risk
and stochastic effects. The deterministic risk is a function of radiation dose delivered to an organ or body region. Deterministic effects of radiation are seen above a
threshold dose, with higher doses promoting more severe
effects; these are rarely seen in diagnostic radiology, but
may become a problem with angiographic procedures,
including CT fluoroscopy[17]. In addition, temporary hair
loss has been reported in patients undergoing multi-detector row computed tomography brain perfusion studies
in combination with digital subtraction angiography[18].
Stochastic effects are dependent upon a complex series
of events, including cell transformation. Stochastic effects may appear as a cancer in the patient or as genetic
abnormalities in their children. The probability of seeing
stochastic effects increases with the amount of radiation
but the severity of the effect is independent of the dose
of radiation received[18].
Oncogenesis is a major stochastic effect of CT radiation exposure. Children’s organs and tissues are highly
sensitive to the oncogenic effects of radiation because
they contain a large proportion of cells that are dividing
and reproducing. The radiation-induced risk is also higher
in paediatric patients due to wider and increased cellular
distribution of red bone marrow and their greater postexposure life expectancy[19]. The effective radiation doses
received by children are about 50% higher than those received by adults due to their smaller body size and related
attenuation[20]. At ages up to 10 years, children are more
sensitive than adults by a factor of three, as their longer
expected life span is combined with the higher radiation sensitivity of the developing organs[5]. For example,
the potential impact of a single 15 mSv CT examination
(equivalent to 500 standard chest X-rays) on an adult is
only half that of a child[21].
The risks of paediatric CT have been assessed in several studies. Israeli researchers estimated that 9.5 lifetime
deaths were associated with one year of paediatric CT
scanning[22].
Researchers from the National Cancer Institute and
the Society of Paediatric Radiology in the US estimated
the risk of dying from cancer to be 1 in 550 following
abdominal CT and 1 in 1500 for a brain CT performed
in infancy, approximately 0.35% more cancer deaths than
expected in the general population[23]. These figures were
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calculated on the assumption that children were being
imaged using adult CT parameters; the risk would be
lower if specific paediatric CT protocols were uniformly
adopted. Although the increased risk of cancer is small
for each individual scanned, the impact on public health
is substantial due to the increasingly large number of CT
examinations being performed[24].

ACHIEVING AN OPTIMAL CT RADIATION
DOSE
As noted earlier, efforts towards dose reduction in CT
have been recommended by major international organizations such as the International Commission on
Radiological Protection[24] the International Atomic Energy Agency[25] and the European Commission[7]. These
agencies recommended the implementation of CT dose
guidance levels for the most frequent examinations to
promote strategies for the optimization of CT doses.
Patients undergoing CT examinations range from
neonates to oversized adults. Radiation doses in CT
are generally measured in cylindrical acrylic phantoms
designed to simulate the head (16 cm) or body (32 cm).
Because patients differ in sizes and body composition,
it is often difficult to obtain reliable values of patient
doses from such phantoms. If scan parameters are kept
constant for all CT examinations, much larger doses
will result with paediatric patients than with adults. This
“one-size-fits-all” adult model underestimates the paediatric CT radiation dose displayed on the console of current CT scanners[26]. The Alliance for Radiation Safety in
Paediatric Imaging[1], a movement of more than 500000
health care professionals, is working for an increasing
awareness among radiologists and radiographers of the
need for a “child size” CT scan technique. It recommends the following steps to prevent excessive dose
exposure to paediatric patients: (1) Acquisition of new
CT equipment should be supported by validation of the
protocol to help ensure that patient doses are “As Low
As Reasonably Achievable”; (2) Any increase in dose
must be justified by a corresponding improvement in diagnostic information, and where possible, use iodinated
contrast medium to perform CT examinations at lower
kV values with no loss of diagnostic information[1].

CT RADIATION DOSE AWARENESS
AMONG PATIENTS AND HEALTHCARE
PROFESSIONALS
A majority of the hospital protocols involve explanation
of CT radiation risk to patient or its carer. Unfortunately,
however, physicians themselves are often little more
informed than their patients with regards to radiation
exposure caused by CT examinations. In a 2004 paper,
Lee et al[27] showed that all patients and more than 70%
of physicians underestimated the dose from one abdominal CT examination. Many of those questioned did not
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realize that CT scans increase the lifetime risk of cancer.
They also reported that radiologists are unable to provide
accurate estimates of CT dose regardless of their level of
experience[27].
In addition, a 2003 questionnaire-based survey and
interview of doctors of all grades, including consultant
radiologists, indicated that only 2% of the participants
could successfully estimate the relative doses of common
diagnostic procedures[14]. A significant proportion of the
interviewees could only answer questions that involved
ultrasound, which is non-ionising. The degree of knowledge was inversely proportional to seniority, with consultants scoring less than junior colleagues[28]. It was revealed
in a 2004 survey that 53% of radiologists and 91% of
emergency room physicians surveyed did not believe that
CT scans increased the lifetime risk of cancer[27].

raphers/radiological technologists generally overlooks
paediatric CT radiation doses. The IAEA recommends
radiographers involved in paediatric CT be specifically
educated and trained about paediatric radiation dose[6]. A
1998 study found that variations of 10%-40% observed
in the typical dose between individual scanners were
largely due to imaging technique[32]. A survey of health
professionals in Northern Ireland on awareness of the
radiation doses imparted during common diagnostic imaging procedures and their long term impact on patients
demonstrated a knowledge gap which could be improved
with appropriate training[33]. A 2006 survey in New South
Wales, Australia showed the need for continuing education and protocol review, particularly in paediatric CT
examinations[29]. Another study conducted in a large
hospital in the United Kingdom assessed the knowledge
of primary care and specialist physicians concerning
radiation doses and risks. The results revealed an urgent
need to improve physicians ‘‘understanding of radiation
exposure”. Only 27% of doctors attained a 45% pass
mark, and only 57% of radiologists and radiology-related
subspecialists passed the test[34].
The need to train radiology personnel, establish protocols, and continuously monitor the performance of
CT equipment to control patient CT doses is of utmost
importance. Radiologists and other imaging staff must
learn that dose adjustment according to size, weight and
scanning area plays an important role in radiation dose
reduction in CT. Education about high radiation doses
during CT examinations can reduce patient exposure and
risk with no loss of image quality[32]. However, reduceddose protocols for common clinical indications require
further investigation.
All of the studies to date suggest the need for improvements in the knowledge and training of imaging
professionals about dose in CT examinations, particularly
when applied to paediatric patients. To be most effective,
this should involve continuing education among all staff
involved in radiographic imaging, from radiographers/
technologists to referring physicians. Support for this
movement has been suggested not just on regional levels,
but through large-scale training initiatives in which materials are translated and distributed globally[6].

Addressing the Problem
In order to protect paediatric patients from undue exposure to radiation, the FDA has established guidelines to:
(1) Improve CT exposure factors in order to reduce unnecessary paediatric patient radiation dose and perform
more extensive quality checks to validate the reported
dose values; (2) Reduce the number of procedures requiring multiple CT scans; and (3) Utilise alternative, lower
dose, radiographic exams wherever possible[12].
Like the FDA, the ‘‘4th Framework European Programme” in paediatric radiology concentrated on developing guidelines for common paediatric CT examinations. A paediatric document was prepared based on the
adult CT document, which offers general principles associated with good imaging technique, quality criteria and
guidelines on radiation dose to the patient[29].
In order to facilitate dose adjustment for paediatric
patients, some equipment manufacturers have incorporated automatic exposure control (AEC) in their CT
scanners. An AEC adjusts dose according to patient size
and optimizes radiation dose within a single patient using
dynamic tube current[15].
While CT remains a crucial tool for paediatric diagnosis, physicians, radiographers and health authorities need
to work together to reduce the radiation dose to children
to as low as reasonably achievable. Semelka et al[30] suggested three ways to reduce radiation. First, reduce the
CT-related dose delivered to each patient (partially addressed by the AEC option on the later models of CT
scanners). Their second recommendation was to use
alternative imaging techniques such as ultrasound and
MRI, when practical. The third and most effective way
to reduce the population dose from CT is simply to decrease the number of CT studies that are prescribed[31].

CONCLUSION
Over the past two decades CT scanning rates have increased greatly, and this has increased the average radiation dose delivered to paediatric patients. This literature
review has found that medical practitioners are not
adequately aware of the stochastic effects of CT, or of
diagnostic alternatives to CT. Because of the stochastic
effects of ionising radiation, dose reduction in CT examinations, especially for paediatric patients, must occur.
Dose reduction is being implemented by CT manufacturers, but medical imaging professionals must not rely
on this alone. Improvements to CT protocols, referral
practices and imaging professionals’ education are needed

EDUCATION OF RADIOLOGY STAFF
Enhancing understanding of the factors that affect patient doses in CT should be considered the first step
in optimization strategies[16]. Basic training for radiog-
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to minimise the amount of unnecessary CT dose that is
delivered. By undertaking these changes and with continual vigilance, the benefits of CT can be obtained at
low radiation dose and the minimum of harmful effects
to paediatric patients.
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Abstract

INTRODUCTION

In more than 20% of all patients, the Crohn’s disease
presents before the age of 18 years. The diagnosis
and management of Crohn’s disease in children has
changed dramatically over the last decade, mainly due
to increased awareness, availability of newer diagnostic
modalities such as magnetic resonance imaging (MRI)
and newer, more powerful treatments such as biologics. Imaging of the small bowel is needed for diagnosis, management, follow-up and also evaluation of the
disease in terms of location, extent, activity and complications. We review all the methods (barium examinations, ultrasonography, computed tomography, MR,
and computed tomography- positron emission tomography) commonly used for imaging the small bowel in
paediatric patients with Crohn’s disease analyzing the
advantages and disadvantages of each modality, with
particular emphasis on MR imaging.
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Crohn’s disease (CD) begins in childhood, below 20 years
of age, in 20% of cases and may involve characteristically
any part of the gastrointestinal (GI) tract. The Paris classification has recently revised the Montreal classification,
that had several weakness points relating children’s classification[1]. Important modifications developed regarding
CD include classifying age at diagnosis as A1a (0 to < 10
years), A1b (10 to < 17 years), A2 (17 to 40 years), and
A3 (> 40 years), distinguishing disease above the distal
ileum as L4a (proximal to ligament of Treitz) and L4b
(ligament of Treitz to above distal ileum), allowing both
stricturing and penetrating disease to be classified in the
same patient (B2B3), and denoting, at any time, the presence of growth failure in the patient as G1 versus G0
(never growth failure)[2].
Although the exact frequency of the small bowel (SB)
674
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CD is unknown, most gastroenterologists believe that its
prevalence has been underestimated and that it may have
an increased incidence among children and young adolescents[2]. A recent study performed in pediatric patients
with magnetic resonance (MR) enterography[3], according
to previous studies[4], confirmed that the involvement of
the terminal ileum is common to more than three times
compared to that of the jejunum and the rest of the ileum. Moreover, the involvement of the jejunum alone is
uncommon and it is more difficult to investigate because
of its tendency to stay non distended[3].
The clinical importance of the SB CD phenotype is
the impact that a diffuse SB disease is expected to have
on a child’s growth and development. Moreover, patients
with SB CD are more likely to experience complications,
including intestinal obstruction and less commonly fistulization[4,5].
Thus, objective evaluation of the SB is essential in differentiating CD from other enteropathies and in directing
the management of the patients with inflammatory bowel
disease (IBD)[6,7]. The morphological evaluation of the
SB, useful in the diagnosis and management of CD, has
long been made only with conventional radiology. In the
last decade there has been a progressive improvement of
cross-sectional imaging [ultrasonography (US), computed
tomography (CT), and magnetic resonance (MR)] that
has significantly changed the way to diagnose and treat
the patients[8,9]. Indeed, their accuracy in detecting mucosal alterations and transmural and perienteric inflammations, has led to a new disease staging, a detection of asymptomatic disease and a better assessment of response
to therapy[10]. For these reasons modern cross-sectional
imaging have replaced the traditional fluoroscopy-based
for visualization of the SB. In the “Porto criteria” smallbowel follow-through (SBFT) was the recommended
imaging modality in children[11]. However, concerns about
the proven increased risk of high radiation exposure in
pediatric patients mandates the use of alternative techniques when possible[12-14]. In the European Crohn’s and
Colitis Organization (ECCO) guidelines[14] it is stated that
MR and CT enterography or enteroclysis are the imaging
modalities with the highest diagnostic accuracy. Moreover in the pediatric section of the ECCO guidelines[15,16]
dynamic contrast-enhanced MRI is considered the best
imaging to show most of the CD’s lesions without exposure to ionizing radiation. In the same way the Appropriateness Criteria of the American College of Radiology[17]
point out that, in the pediatric patients, MR enterography
may have sensitivity and specificity similar to CT enterography and avoids radiation risks. Ultimately the same
accuracy, the choice of examination depends on several
variables, such as institutional preferences and resources
(US, CT, or MR scan), age and compliance of the patient,
the eventually acute presentation, and finally radiologist
expertise.
In this article we discuss all the methods commonly
used for imaging the small bowel in paediatric patients
with Crohn’s disease analyzing the advantages and disad-
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vantages of each modality, with particular emphasis on
MR imaging.

BARIUM STUDIES
Traditionally in children with suspected CD has been
studied with barium studies, enteroclysis (SBE) or SB follow-through (SBFT), considered to be the gold standard
examination for the SB[18,19]. SBE was considered the best
exam for SB disease, however children poorly tolerate
the required insertion of a naso-jejunal tube. SBFT has
long been considered as the most common, non-invasive,
inexpensive and easily accessible radiological method[14],
but, currently, it has only a secondary role in small bowel
imaging. US and MR enterography are methods of choice
for imaging SB diseases in pediatric populations.
Early mucosal changes, such as aphthous ulceration,
can be detected by SBFT. This technique can also assess
bowel motility that help to differentiate strictures from
mural thickening and allows a functional evaluation of
the pathological segment studying the SB transit time[14-16].
Although SBE and SBFT can effectively depict the
presence of mucosal abnormalities effectively, including
fissures, cobblestone mucosa, pseudo-polyps, and skip lesions, they are imprecise for the diagnosis of transmural
and extramural disease[14,20,21], except in the overt forms
(Figure 1).
A retrospective analysis of 164 children revealed a diagnostic sensitivity of only 45% for SB radiography compared with ileo-colonoscopy[22]. Moreover, SBFT is not
accurate for the detection of active CD in the SB[20-23]. In
fact, it can directly examine the mucosa demonstrating
early active mucosal disease such as aphthous and linear
ulcers, but it does not allow to evaluate the small bowel
wall and the mesentery, except with indirect signs. Moreover, superimposed bowel loops or non-palpable bowel
loops deep in the pelvis can hide active disease or its
complications[20].
Concerns regarding the risks of radiation exposure
in the pediatric population has increased with the spread
use of these imaging studies. Children especially are at
risk because they are inherently more radiosensitive and
because they have more remaining years of life during
which a radiation-induced cancer could develop[24].
A major disadvantage of barium studies, especially in
children, is the radiation exposure, particularly if fluoroscopy time is not kept to a minimum[13]. Gaca et al[13] studied a total of 176 children with CD who underwent averaging 1.2 SBFTs. On average SBFT took 5.1 min with
3.3 abdominal radiographs. The effective doses (mSv)
for a 5-min fluoroscopy were 0.15 for the central abdomen, 0.35 for the right lower quadrant, and 0.56 for the
pelvis, yielding an average effective dose for SBFT (5-min
fluoroscopy, 3.3 abdominal radiographs) of 1.8-2.2 mSv.
Although 5 min of fluoroscopy time for an SBFT might
seem excessive, this was calculated based on the average of 30 examinations performed by five experienced
pediatric radiologists[13]. In the young population of CD
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Figure 1 Barium studies in patients with Crohn’s disease. Doublecontrast barium enema examination (A and B) demonstrate longitudinal
(arrows) and perpendicular (arrowheads) ulcerations in the terminal ileum.
Small-bowel follow-through (C) demonstrates an abscess cavity (white arrow) with fistulae connecting the cavity to the adjacent small bowel (black
arrows).

C
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Figure 2 Thickening of the bowel wall, 5 mm, (arrow) with wall layers preserved. The hyperechoic band corresponds to thickened submucosa.

patients, the ionizing radiation required for SBE limits
the use of this technique for the follow-up of the disease.
Moreover, SBFT and SBE examinations can often result
in incomplete studies. In fact they cause more patient
discomfort compared with CT[25] and MRI[26], barium
contrast can be poorly tolerated by children especially
in severe and advanced disease and abdominal pain can
limit compression preventing the adequate visualization
of overlapping loops.

Figure 3 Transversal (A) and longitudinal (B) section of a thickened ileal
loop due to Crohn’s disease. The “target” sign, corresponding to remarkable
bowel wall thickness, is visible as a strong echogenic centre surrounded by a
hypoechoic border (A). The adjacent mesentery is thickened and hyperechoic,
due to the transmural nature of inflammation in Crohn’s disease (A and B).

ULTRASONOGRAPHY
US has the distinct advantage of being widely available,
inexpensive, non-invasive, radiation-free and relatively
easy to perform[7,27]. Over the past few years, improvements in US equipment such as high-frequency transducers (7-12 MHz), combined with oral and intravenous
(CE-US) contrast agents[28,29], have overcome some of the
obstacles in bowel US that existed in the past, thus raising
a great enthusiasm for its use in IBD children.
US can be considered a valuable tool in the preliminary diagnostic process of paediatric patients with suspected IBD, prior to further invasive tests[30,31].
Inflamed bowel can show both mural and extramural
pathological changes. Bowel wall thickness is the most
important US sign of IBD (Figure 2), with different
thickness values used as a threshold for a positive diagnosis in the various reports (from 1.5 mm to 3 mm in the
terminal ileum and < 2 mm in the colon)[27,32-35].
The other US signs are altered echogenicity, loss of
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the normally visible stratification (Figure 3), increased
Colour-Doppler signal denoting hyperaemia (Figure
4) and relative decrease or lack in peristalsis signifying
some degree of stiffness[31]. Extra-mural findings include
changes involving the surrounding mesentery, that appears thickened and hyperechoic and generally shows
enlarged mesenteric lymph-nodes (Figure 4)[30,36].
Bowel US and ileocolonoscopy with histology have
demonstrated an overall sensitivity of 74 and 88% and a
specificity of 78 and 93%, respectively, in the detection
of SB CD lesions[35,37]. The sensitivity of US in the detection of SB lesions is greater for those of the terminal
ileum (approximately 90%-95%) than for those of the
proximal SB (75%)[38]. US is useful for the follow-up
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Figure 4 Longitudinal view of the terminal ileum in a 13-year-old boy with active Crohn’s disease. The bowel wall is thickened and shows increase in Color
Doppler signals denoting inflammatory hyperemia (A). Note in (B) the fibrofatty proliferation of the surrounding mesentery which appears hyperechoic and the enlarged mesenteric lymph-nodes.

in adults have demonstrated that the so called SICUS,
enables to overcome limits of standard US. Dissociation
of intestinal overlapping loops and visualization of the
entire SB, from the Treitz angle to the ileo-cecal valve, are
obtained by distending the SB with an oral anechoic nonabsorbable contrast solution (iso-osmolar polyethylene
glycol)[36]. Briefly, US examination in performed after
the ingestion of the oral contrast solution, that fill in
the loops, and the administration of the intravenous (iv)
contrast. Unfortunately the procedure is time consuming,
requiring in some cases more than 2 hours. Pallotta et al[28]
studied 148 patients, 57 with a known diagnosis of CD,
showing SICUS to be more sensitive and specific (94%
and 98%, respectively) than conventional US (57% and
100% respectively) in assessing SB lesions. The use of an
oral contrast agent can significantly improve US sensitivity, approximately of 90% (Figure 6) and of over 75% for
a single and multiple SB stenosis, respectively[42].
SICUS can make a dynamic evaluation of the affected segment differentiating between inflammatory and
fibrotic stenosis. In fact, it can assess lumen stenosis and
dilatation of the prestenotic segment, mural thickness
with bowel wall stratification pattern and peristalsis of
the affected segment differentiating between. SICUS is a
very promising technique in children with CD, but its use
in pediatric patients has still to be investigated.

*

Figure 5 Longitudinal section of a distal ileal loop showing stiffness, mural thickening (arrowhead), lumen narrowing (arrow) and mild dilatation
of the pre-stenotic segment (asterisk), suggesting a fibrotic nature of the
stenosis.

of patients with CD[39,40]. and in early identifying intraabdominal complications, such as abscesses, fistulae and
strictures[41-44]. The reported sensitivity of US in detecting
CD strictures approximately is 74%-80%[41]. US can also
aid differentiate between fibrotic and inflammatory strictures. An increased Colour-Doppler signal in the stenosis
is suggestive of activity, while poor vascularity of the
bowel wall, an adjacent loops’ retraction and a pre-stenotic bowel segment distension are suggestive of fibrotic
stenosis (Figure 5)[31].
Some challenges about US still remain: US strongly
relies on the operator’s experience and skill more than
other imaging modalities, and it requires an high resolution equipment. Moreover, even in expert hands, US
may result in false positive findings[34]: thickening of the
intestinal wall is not specific for CD, also being present in
infectious, neoplastic and other inflammatory conditions.
US may also provide false negative results[38,42], for example in obese patients or when CD is characterized by only
superficial lesions, like isolated aphthous ulcers and mucosal erosions, or in presence of intestinal gas that make
hardly visible the bowel wall, particularly the proximal
ones.
Small Intestine Contrast US (SICUS). Some studies

WCR|www.wjgnet.com

CROSS SECTIONAL IMAGING
Good distension of SB loops during the CT and MRI
examination is crucial for the correct evaluation of bowel
wall abnormalities since collapsed SB loops are difficult
to evaluate for bowel wall thickening or hyper-enhancement. Distension of the SB can be achieved by fluid
administration after naso-jejunal intubation (CT/MR enteroclysis)[45,46] or per Os (CT/MR enterography)[47,48]. Although better distension of the loops is obtained with the
MR/CT enteroclysis, there are various studies that show
comparable accuracy between the two techniques[20,45,47,48].
The placement of the nasojejunal tube, necessary for
the enteroclysis, is invasive, requires the use of ionizing
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Figure 6 The oral anechoic contrast solution, (polyethylene glycol), allows a better definition of lumen narrowing (arrow) and pre-stenotic dilatation (asterisk) as well as a more accurate measurement of the length of the stenosis. Small intestine contrast ultrasonography also provides a dynamic assessment of the
stenotic bowel loop: poor distensibility and presence of pre-stenotic dilatation suggest fibrosis, whereas normal distensibility and preserved peristalsis are features of
inflammatory stenosis.
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Figure 7 Magnetic resonance enteroclysis under anesthesia in one-year old male with Crohn’s disease at colonoscopy. Coronal thick-slab HASTE image (A)
shows good opacification of proximal and distal small bowel. The coronal T2-weighted (T2-w) image (B) and coronal fat-suppressed (FS) three-dimensional (3D) T1weighted (T1-w) breath-hold gradient-echo (GE) image (C) are performed in free breathing.

radiations, which also entails the need for coordination
between MR/CT suites and fluoroscopy units, and it can
be very anxiety provoking resulting in poor patient tolerance. Moreover, the increased time and costs compared
to enterography, make CT/MR enterography the preferred imaging method, respect to CT/MR enteroclysis,
in pediatric patients.
An important limitation of CT/MR enterography is
the need to drink an important amount of fluid in a short
time, particularly uncomfortable in young patients. The
assessment of mucosal abnormalities requires a correct
distension of the loops obtained only with a proper timing of the study both in scanning or fluid ingestion. The
collapsed bowel loops may mimic wall thickening and
hyper-enhancement, leading to false-positive results.
The younger patients and the parents have to be motivated and aware of the importance of performing an
adequate SB distension, which is fundamental for obtaining an optimal MR examination. The presence of a parent in the MR room is reassuring for younger children.
Most children diagnosed with IBD are of school age
or adolescence. In a study from uniform data collected
from a cohort of pediatric patients with IBD (1370
children), the mean age at diagnosis was 10.3 years with
47.7% diagnosed at 6 to 12 years of age and 36.9% at 13
to 17 years of age[49]. In our experience, children of this
age are generally able to undergo the exam without seda-
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tion.
In the event a child refuses to drink the contrast
agent, we will offer placement of a temporary nasogastric
tube for contrast agent delivery. The enteric tube will be
removed right after all of the contrast material is given
and before the MR examination begins.
Patients under the age of 6 years, who require anesthesia do not undergo MR enterography and are usually
imaged by using high-resolution bowel US or MR enteroclysis under anesthesia. The positioning of the tube takes
place after the anesthesia. Children between 6 mo and
6 years of age are usually sedated with the intravenous
injection of midazolam (Versed; Hoffman-La Roche, Basel, Switzerland) (0.05 mg per kilogram of body weight)
or pentobarbital (Nembutal; Ovation Pharmaceuticals,
Deerfield, Ill) (5 mg per kilogram of body weight). The
sequences are performed in free breathing, making them
as short as possible (Figure 7).
Computed Tomography
The relatively high radiation exposure is a limitation to
the use of multi-detector CT (MDCT) enterography in
children, and, in fact, most data regarding this method
come from studies in adults[50]. The only recent pediatric
IBD population’s study[51] concluded that MDCT can be
used as an alternative to barium studies for the evaluation
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Figure 8 Transverse (A) and coronal (B) computed tomography show bowel wall thickening and mucosal hyper-enhancement with pseudo polyps (white
arrows) as well as mesenteric lymph nodes, that are irregular in size and shape (black arrowhead) and increased mesenteric vascularity (asterisk). These
features may be detected in case of acute exacerbation on a background of longstanding disease.
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Figure 9 Transverse (A) and MRP sagittal (B) computed tomography show stratified enhancement of terminal ileum (arrows), and hyperemic mesentery
with the “comb sign” (asterisk).

A

B

Figure 10 Transverse computed tomography (A) and post contrast T1-fat sat magnetic resonance imaging (B) images show a complex network between
closely adherent small bowel loops appearing as a stellate configuration (arrows) due to entero-enteric fistulas.

of the SB and that most of the children prefer CT rather
than barium studies. Several studies on adult population
showed that is an excellent non-invasive tool for diagnosing CD, and for the follow-up of the disease during
therapy[19,20,52-54]. CT enterography can establish disease
extension and activity on the basis of wall thickness and
increased iv contrast enhancement. In recent studies
bowel wall thickness is considered pathological when exceeds 3 mm[55,56] (Figure 8). A sign of active disease is an
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increased bowel wall enhancement after administration
of iv contrast medium[57,58]. The post-contrast wall pattern
depends on the different enhancement of the mucosa
and/or serosa and the submucosa, usually hypodense for
the presence of edema, and can be seen as mural stratification or target sign (Figure 9), with two or three different layers of density respectively. In chronic CD, the affected segments may present a non-enhancement pattern
after contrast medium, with the loss of mural stratifica-
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Figure 11 Eighteen-years-old female with active Crohn’s disease and abscess. Transverse T2-w (A), DWI (B), transverse (C) and coronal (D) post-contrast FST1-w image (C) show inflamed segments of the terminal ileum (arrowhead) with pericecal fluid-collection around ticked and hype-vascular walls (arrow), according to
abscess. A small air bubble in the antideclive portion of the fluid collection is visible in the transverse T2-w (A) and transverse post-contrast FS-T1-w image (C).

tion, suggestive of fibrosis. Another typical extramural
lesion in CD is the comb sign due to an increased vascularity of the mesentery seen in the images as tortuous
dilated vessels associated with a wide spacing of the vasa
recta (Figure 8).
The most reliable criterion to define a stricture is a
localized, persistent narrowing, whose functional effects
may be judged from pre-stenotic dilatation[59]. CT, together with MRI, is the most accurate technique to detect
the presence of extraluminal complications, such as abscesses, fistulae (Figure 10) and inflammatory conglomerates in CD[20,46,53,54,60-62].
CT has a high accuracy in the imaging of CD but it
is limited by the use of ionizing radiations especially in
children particularly in these type of chronic diseases that
require a close follow up[13,63].
The radiation dose can be significantly reduce by the
use of last generation MDCT scan with specific pediatric
protocols[64,65] which include the introduction of noise to
simulate low-dose exams[66].
Still, in pediatric patients MR must be preferred to
MDCT, since it does not use ionizing radiation to which
children are more vulnerable than adults for their longer
life expectancy. Moreover, despite new formulations and
improved safety, iodinated contrast media for CT are
not without risk and the risks must be balanced against
the possible benefits. However, in the hospitals without
MR scan, or where it is difficult to schedule an emergent
MRI, or in emergency situations, such as high-grade SB
occlusion, MDCT remains the best technique in pediatric
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patients, too. In fact CT has greater availability and it is
less time-consuming than MR (20-30 min for MR, respect to 10 s for MDCT).
Magnetic Resonance
The main advantages of MRI are, in addition to the lack
of ionizing radiations, a superior soft tissue contrast with
a better assessment of trans and extramural disease, its
noninvasiveness and the multiplanar capability. Additionally, some MRI sequences (diffusion, perfusion, motility)
can provide functional and quantitative information of
the bowel wall (diffusion, perfusion, motility) that CT
cannot obtain. Especially, diffusion-weighted sequence
does not significantly increase the time of the examination and may provide helpful clues for the identification
of areas of active inflammation and of abscesses (Figure
11) without iv contrast agent. Moreover, the use of cine
MRI in patients suffering from CD proves the association of motility changes of the SB wall and extraluminal
alterations, which can help in the differential diagnosis
between fibrotic and inflammatory stenosis[67].
In relation to imaging features, CD may present as active inflammation (without strictures or fistulas), penetrating lesions, or fibrostenotic disease[68]. Patients may present characteristics of more than one disease subtypes.
Active disease. Various MR imaging findings have
been proposed as correlating with CD activity. Increased
wall thickening and mural contrast enhancement (CE) on
MRI were found to be sensitive and specific for active
CD in pediatric population[69]. Laghi et al[69] found a strong

680

March 28, 2015|First Edition|

Casciani E et al . Imaging of pediatric Crohn’s disease

A

B

D

C

*

Figure 12 Thirteen years old male with active Crohn’s disease. Coronal T2-weighted image (A), and transverse fat saturation T2-weighted images (B and C),
show mural thickness and increased mural signal (arrowhead in B, C, and D) in the terminal ileum due to edema. Coronal post-contrast T1-weighted fat-suppressed
image (D) at the same level shows mural stratification (asterisk).
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Figure 13 Thirteen years old female with active Crohn’s disease. Coronal (A), transverse (B) T2-weighted images show thickened, inflamed segments of ileum
and fat proliferating in the mesentery. The thin layer of high signal on T2 in b represents edema. The mass of the fat will displace adjacent small bowel. Coronal postcontrast T1-weighted fat-suppressed image (C) shows increased vascularity (asterisks), named “comb sign”, adjacent to a hyper-enhancing thickened segment of
ileum.

marker of inflammation[70].
The wall thickening, its high mural signal intensity
on T2-weighted fat-saturated (FS-T2-w) images, and
the presence of mural stratification on post-contrast
T1-weighted fat-saturated (FS-T1-w) images reflect histologic features of acute SB inflammation in CD[69,71,72]
(Figure 12). A purely quantitative approach would be
desirable for MRI evaluation of active disease. However,
in patients with CD, measurements of the bowel wall MR
signal intensity are subjected to wide limits of both interand intra-reader agreement, which may substantially limit
their utility when applied to the development of quantitative measures of inflammatory activity in the affected
bowel segments[73,74].

correlation between a semi-quantitative score (reflecting bowel-wall CE and thickening) and Pediatric Crohn’
s Disease Activity Index (PCDAI) in CD patients. In a
recent study on pediatric population, Alexopoulou et al[70]
showed that the MR percentage of CE (%CE) of the
bowel wall do not correlate with PCDAI values. Other
studies have reported similar results in the past[71,72], while
a correlation with C-reactive protein (CRP) was already
demonstrated in pediatric[70] and adult[71] population. In
children, clinical evaluation of disease activity may be
even more subjective due to incomplete cooperation, and
this explains the observed lack of correlation between
PCDAI and %CE values, while in contrast, %CE values
were correlated with CRP, which is a more objective
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Figure 14 Coronal (A), transverse (B) T2-weighted images show thickened, inflamed segments of the terminal
ileum with deep ulcers seen as high-contrast protrusions within bowel wall (arrows).
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Figure 15 Twelve years old female with active disease and follow-up. Transverse T2-weighted image (A) shows mural thickening (arrows) and increased mural
signal (arrow) in the terminal ileum and coronal T1-weighted image (B) shows mural stratification (arrow), increased mesenteric vascularity adjacent to the inflamed
bowel loop (the comb sign), and enlargement and hyper-enhancement of lymph-nodes (asterisk). In the same patient and at the same level, six months later after
therapy, transverse T2-weighted image (C) shows the loss of increased mural signal (arrow) and coronal T1-weighted image (D) shows homogeneous enhancement
without mural stratification (arrow), reduction of increased mesenteric vascularity adjacent to the inflamed bowel loop, and disappearance of lymp-nodes (asterisk).

Acute inflammation can also present with the comb
sign (Figure 13), due to an increased vascularity of the
mesentery, ulcers (Figure 14) and enlarged and high enhancing lymph-nodes[74-77].
A proper luminal distension is essential to assess ulcers on MRI, especially if superficial[74]. In a systematic
review of seven studies[52], MRI showed an accuracy of
91%, 62% and 62% in correctly staging a frank, mild
and in remission disease, respectively. MRI more often
overstaged than understaged disease activity in CD, but
in most of these patients radiological staging and disease
staging by the reference standard differed one grade.
However, this review has the limit of including old studies without considering the new state-of-the-art tech-
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niques.
Actually radiologist use different protocols and features for grading CD, as recently showed by Ziech et al[78].
The authors show that the most frequently used MR
protocols include T2-w (79%) and CE FS-T1-w (83%)
sequences and that the features most frequently seen as
important for grading are the presence of bowel wall
thickening (79% of radiologists), abscesses (75%) and
CE (75%) and stratification (46%) at T1-w images.
Currently, the most important applications of MR
care the confirmation of the disease and the follow-up
of patients with an already established diagnosis of CD,
both by monitoring the response to medical treatment by
assessing disease activity (Figure 15) and by early identify-
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Figure 16 Transverse T2-w image (A) and coronal post-contrast FS-T1-w image (B) show cluster of bowel loops (arrow) interconnected by fistulas and
adhesions.
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Figure 17 Coronal (A) and transverse (B and C) CE FS-T1-w 3D gradient-echo image show a small abscess close to the terminal ileum (arrows). Mural stratification and “comb sign” of the right colon flessure (black arrow), cecum (curved arrow), and appendix (white arrow) and homogeneous avid enhance of the terminal
ileum (arrowhead). Enlargement and hyper-enhancement lymp-nodes (asterisk) are also visible.

ing of abscesses, fistulae and strictures.

T1-w images (Figure 10) because of their avidly enhancing walls[80]. Entero-enteric fistulas often form a complex
network between closely adherent SB loops that may appear as a stellate configuration on CE MR images.

Penetrating disease
Transmural inflammation can result from ulcers that
deeply penetrate the bowel wall forming serpiginous
tracts and fistulas.
MR enterography is accurate in identifying extraluminal complications of CD. In young adults MR enterography showed a diagnostic value similar to MDCT enterography at least for acute complications of CD, such as
fistulas and abscesses[79]. The abscesses can be treated by
percutaneous interventions. Whereas penetrating disease
may benefit from antibiotics or biologic therapies, while
the use of steroids is usually avoided. Because of the exquisite sensitivity to detect fluid as well as its superior soft
tissue contrast, MR easily depicts entero-entero (Figure
16), entero-vesicular, entero-cutaneous, perianal fistulaes
and abscesses (Figure 17). MR imaging may also detect
small volumes of gas within an abscess (Figure 11). MR
enterography can assess fistulizations, sinus tracts, and
abscesses, especially with the use of post-contrast FS-
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Fibrostenosing disease
Over the time, chronic inflammation of the bowel wall
may evolve in mural fibrosis that can lead to intestinal
occlusion if it causes strictures. The identification of fibrotic stenosis is fundamental for they are not responsive
to medical therapy and need surgical resection. In general
MR enterography has a good accuracy in assessing SB
strictures that are considered significant if the dilatation of the upstream bowel exceeds 3 cm[77] (Figure 18).
When there is mural fibrosis with permanent strictures,
the thickened bowel wall of the pathological segment
does not show a hyperintensity on T2-w images or a
stratified post-contrast pattern on T1-w images typical
of acute inflammation[74]. These items may be useful to
distinguish between transient strictures supported by
acute inflammation or fibrostenosing disease (Figure 19).
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Figure 18 Fifteen years old male with small bowel obstruction caused by fibrotic stricture. Thick-slab T2-w sequence (A) shows bowel dilatation greater than
3 cm (double arrows), according to functionally significant stricture. Coronal T2-w sequence (B) shows mural thickening of the terminal ileum without increased wall
signal (asterisks). Transverse (C and D) CE FS-T1-w 3D GE show a homogeneous avidly enhancing of the cecum (arrow in C and D), terminal ileum (asterisks in C)
and appendix (arrows in D). These findings can be finding in the small bowel obstruction due to fibrotic stricture.
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Figure 19 Eighteen-years-old female with long standing Crohn’s disease. Coronal (A), transverse (B) T2-w images and coronal (C), transverse (D) post-contrast
FS-T1-w images show thickening and hyper-enhancement of the ileocecal valve causing stricture.

Cine MRI sequences, allowing the evaluation of bowel
motility, can further help this differential diagnosis. Inflammation along the mesenteric border often result in
pseudosacculations along the antimesenteric border and
can be thought of as the MR equivalent of the mesenteric border linear ulcer seen at SBFT examination (Figure
20). In general, the affected segments are characterized
by increased rigidity, loss of distensibility and diminished
peristalsis.

clude the disease. Particularly, it can be used as the first
radiological modality in pediatric patients in which the
results of endoscopy examinations are normal but a
high suspicion of CD is still present[81]. However, there
is much debate about the best modality to use to examine the SB, because wireless endoscopic examinations,
like radiological studies, have their advantages, such as
the non-invasiveness and the high diagnostic accuracy in
evaluating the small intestine, especially in patients who
cannot undergo MR, whose bowel loops are not optimally distended or who are uncooperative, and disadvantages, such as capsule retention due to ileal strictures and

Suspected CD: In young patients with suspected CD,
MR enterography is a valid method to diagnose or ex-
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Figure 20 Coronal thick-slab HASTE (A) and coronal T2-weighted (B) images show pseudosacculations produced by asymmetric thickening of
the ileal mesenteric border.

delayed capsule transit due to inflammatory lesions[82,83].
If a bowel obstruction is suspected, MR enterography is
preferred to capsule endoscopy for the risk of capsule
retention[84]. Moreover, MR enterography can help the diagnosis of terminal ileitis in symptomatic patients when
endoscopy is unsuccessful.
Additional MRI findings: Extra-intestinal lesions are
detected with MRI in 24%-58% of patients[84-86]. Herfarth
et al[86] performed MR enteroclysis in 710 patients with a
suspicion or a diagnosis of IBD finding extra-intestinal
lesions in 57% of patients of which the 12% of great
clinical importance. The colonic features of CD at MR
enterography can reliably be diagnosed only in severe inflammation (Figure 21).
The detection of colonic mild disease can be very difficult even if the colon is well distended with the help of
a rectal enema (MR colonography); moreover the main
weaknesses of MR colonography is the impossibility of
obtaining tissue sampling. However, Rimola et al[87] demonstrated good correlations between the presence and
the severity of CD lesions depicted with endoscopy and
MR Colonography.
MR is an effective imaging technique for the evaluation of patients with perianal CD. During MR enterography, it is possible to perform specific pelvic sequences,
such as FS-T2-w, to evaluate perianal CD, increasing only
few minutes of exam time (Figure 22).
MR has an accuracy of 76%-100% compared to examination under anesthesia for fistulae and may provide
additional information[88]. This technique is an important
tool because it can accurately reveal the location and extent of disease, including a clinically undetected fistula or
abscess, and it can guide surgery[89].

C

Figure 21 Colonic distention is optimized with a rectal enema. Coronal
T2-w (A) and post-contrast FS-T1-w (B) images show bowel wall thickening,
and mural stratification of terminal ileum (arrow) and sigma (arrows) walls.

potentially offset by other issues such as greater chemical
shift, susceptibility artifact, B1 inhomogeneity and specific absorption rate[90,91].

PET-CT ENTEROGRAPHY
Combining the morphologic patterns obtained by CT
enterography with the 18F-FDG metabolic activity obtained by PET, PET-CT enterography as a single test may
provide accurately fused morphologic, physiologic, and
metabolic imaging, useful in the diagnosis, evaluation of
activity, follow-up, and objective assessment of CD[92].
Groshar et al[93] showed a statistically significant difference
in mean SUV max among the different mural patterns
revealed on CT enterography: intramural edema (active
inflammation), intramural soft tissue attenuation (inflammatory infiltrate), and intramural fat (chronic inflamma-

3T MRI: There has been little experience of the use of
3 Tesla (T) MR imaging in children with CD, but it seems
to have the advantage of increasing the signal-to-noise
ratio (SNR) of approximately 1.7-1.8 times compared
to 1.5T MR. This increases the spatial and/or temporal
resolution, improving the detection of early, superficial
or subtle abnormalities. However, the 3T advantages are
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6
7
Figure 22 Twelve years old male with terminal ileum Crohn’s disease and
perianal fistula. Transverse T2-w (A) and post-contrast FS-T1-w (B) shows
terminal ileum submucosa edema (black arrow) and mural stratification (arrows),
respectively. Transverse FS-T2-w (C) image shows perianal fistula (arrowhead)
in the same patient.

8
9

tion). Therefore, PET-CT data could help to distinguish
between acute inflammation and fibrotic strictures. However, physiologic uptake of FDG by the intestine can lead
to false positive results[94,95]. Moreover, the effective dose
from PET-CT is actually too high for pediatric patients[92].

10

CONCLUSION
The diagnosis and management of CD in children has
changed dramatically over the last decade, mainly due to
the increased awareness of the risk of the ionizing radiations, the availability of improved diagnostic modalities,
and newer, more powerful treatments such as biologics.
Techniques without ionizing radiation (US and MRI) are
the preferred modalities for the evaluation of the SB in
pediatric patients. The goals of the proximal future studies will be the development of a MR validated score system capable of measuring intestinal damage and inflammatory disease activity in children with CD. In future, a
potential new imaging technique could be the PET-MR,
which combines the morphological MR images with the
functional PET information. Several radiopharmaceuticals are now available for imaging CD, but new tracers
could change the future of the diagnostic imaging.
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Role of MRI in the diagnosis and treatment of osteomyelitis
in pediatric patients
Brian S Pugmire, Randheer Shailam, Michael S Gee
ity and mortality in children. Plain radiography and radionuclide bone scintigraphy, which have been the traditional imaging modalities for detecting osteomyelitis,
both have significant limitations. Magnetic resonance
imaging (MRI) is increasingly relied upon for detecting
osteomyelitis in children, due to its superior soft tissue
contrast for detecting early disease and extraosseous
complication, as well as its lack of ionizing radiation
exposure to patients. This article focuses on basic and
advanced MRI techniques for evaluating osteomyelitis,
as well as MRI imaging features of disease and their
impact on clinical management.

Brian S Pugmire, Randheer Shailam, Michael S Gee, Department of Radiology, Massachusetts General Hospital, Boston, MA
01890, United States
Author contributions: Pugmire BS and Shailam R contributed
equally to the writing and editing of the manuscript; Gee MS provided editorial input and overall direction.
Correspondence to: Brian S Pugmire, MD, Department of Radiology, Massachusetts General Hospital, 55 Fruit St. FND-216,
Boston, MA 01890, United States. bpugmire@partners.org
Telephone: +1-617-7244255 Fax: +1-617-7263077
Received: February 11, 2014 Revised: April 8, 2014
Accepted: July 18, 2014
Published online: March 28, 2015

Original sources: Pugmire BS, Shailam R, Gee MS. Role of
MRI in the diagnosis and treatment of osteomyelitis in pediatric
patients. World J Radiol 2014; 6(8): 530-537 Available from:
URL: http://www.wjgnet.com/1949-8470/full/v6/i8/530.htm DOI:
http://dx.doi.org/10.4329/wjr.v6.i8.530

Abstract
Osteomyelitis is a significant cause of morbidity in children throughout the world. Multiple imaging modalities
can be used to evaluate for suspected osteomyelitis,
however magnetic resonance imaging (MRI) has distinct advantages over other modalities given its ability
to detect early changes related to osteomyelitis, evaluate the true extent of disease, depict extraosseous
spread of infection, and help guide surgical management. MRI has assumed a greater role in the evaluation
of osteomyelitis with the increase in musculoskeletal
infections caused by methicillin-resistant Staphylococcus aureus which have unique imaging features that
are well-demonstrated with MRI. This review focuses
primarily on the use of MRI in the evaluation of osteomyelitis in children and will include a discussion of the
clinically important and characteristic findings on MRI
of acute bacterial osteomyelitis and related conditions.

INTRODUCTION
Musculoskeletal infection is a significant cause of morbidity and mortality in children throughout the world.
This category of disease encompasses both osteomyelitis
and septic arthritis, however this review will be primarily
focused on the former. Osteomyelitis is typically categorized as either hematogenous or non-hematogenous.
Hematogenous osteomyelitis typically occurs when circulating pathogenic organisms take up residence in the
metaphyses of long bones due to sluggish circulation in
these regions. Non-hematogenous osteomyelitis, on the
other hand, results from direct inoculation of organisms
into bone due to penetrating trauma, open fractures, etc.
Acute hematogenous osteomyelitis (AHO) is the most
common type of musculoskeletal infection in children
with an estimated incidence of 1 case per 5000 children
per year in the United States[1]. It is primarily a disease

© 2015 Baishideng Publishing Group Inc. All rights reserved.
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of young children with approximately half of all cases
occurring in children 5 years of age or younger[2]. Some
recent studies have indicated that the incidence of AHO
is increasing with a concurrent increase in the number
of cases due to methicillin-resistant Staphylococcus aureus
(S. aureus) (MRSA) infections[3]. The signs and symptoms
of AHO in children are nonspecific and as such, imaging frequently plays a significant role in the diagnosis and
management of this condition.

surgical treatment at this point the infection may resolve
or progress with complications.
The site of osteomyelitis varies with patient age and
is related to the blood supply. In early infancy osteomyelitis occurs in epiphyses and metaphyses and epiphysealequivalent regions. Transphyseal vessels are present in
infants younger than 18-24 mo of age, which allow easier
spread of infection across the physis from the metaphysis
to the epiphysis[4,6]. This is the reason that infantile osteomyelitis frequently involves the epiphysis and joint space.
It is important to note that this is not the most common
cause of septic arthritis, which more often results from
direct hematogenous synovial seeding[4]. During early
infancy, isolated involvement of the epiphyseal growth
plate can occur. Infection of the epiphyseal growth plate
during infancy can result in growth disturbance. In the
2-16 years age group, osteomyelitis is most often located
in the metaphyses[6].

EPIDEMIOLOGY
Infection by S. aureus is the most common cause of osteomyelitis. Community acquired S. aureus is implicated
in most cases with 30% of these cases caused by community acquired MRSA (CA-MRSA)[4,5]. Other organisms
that cause osteomyelitis include Streptococcus pneumoniae,
Streptococcus pyogenes, Pseudomonas aeruginosa and Bartonella
henselae. Salmonella is an important cause of osteomyelitis
in patients with Sickle cell disease. Gram-negative bacteria and group B streptococci are common causes in newborns and Kingella Kingae in the first two years of age[5].

IMAGING APPROACH TO
OSTEOMYELITIS
Osteomyelitis in children demonstrates abnormalities
on nearly all imaging modalities, including radiography,
ultrasound, computed tomography, radionuclide bone
scintigraphy, and magnetic resonance imaging (MRI). The
conventional approach to the imaging evaluation of suspected AHO in the past has been radiography followed
by bone scintigraphy if the radiographs were negative.
In this algorithm, MRI was typically been reserved for
cases of poor treatment response or suspected vertebral
diskitis-osteomyelitis. However, due to multiple factors,
including the rise of rapidly aggressive and invasive musculoskeletal infections with CA-MRSA, this approach
may no longer be ideal[7] (Figure 1).
As a first line modality radiography is useful for excluding other differential diagnoses such as trauma or
tumor, however radiographs are insensitive for the detection of early osteomyelitis. Radiography may be normal
in cases of osteomyelitis up to 14 d after the onset of
infection and even then, only 20% of cases demonstrate
radiographic abnormalities after this two-week delay[8].
Additionally, the early radiographic findings, including
soft tissue swelling, vague bony lucency, and periosteal reaction, may be subtle and may not reflect the true extent
of disease.
Triple-phase bone scintigraphy using 99mTc-methylene diphosphonate (99mTc-MDP) can demonstrate
evidence of infection as soon as 24 h after onset and
also has the advantage of being able to depict multiple
sites of infection. Osteomyelitis typically manifests as
increased radiotracer uptake on all phases (angiographic,
blood pool, and delayed) of the triple-phase examination. However 99mTc-MDP scintigraphy is limited by
poor anatomic detail and is insensitive for the detection
of abscesses and extraosseous involvement. Furthermore, the sensitivity of 99mTc-MDP scintigraphy for

PATHOPHYSIOLOGY
Hematogenous osteomyelitis is the most common type
of osteomyelitis in children[4]. This occurs when an infection elsewhere in the body spreads to the bone via the
bloodstream. Risk factors for development of hematogenous osteomyelitis include trauma, prematurity, urinary
tract infections, vascular catheters and immunodeficiencies. The blood vessels in the metaphyses have sluggish
flow and discontinuous endothelium, which predispose
to infection[4]. The most common bones to be affected
are the fastest growing bones that have highly vascularized long bone metaphyses and metaphyseal equivalents.
Common sites include the distal femur, proximal tibia,
proximal humerus and distal radius. Most cases start with
a focal infection in the metaphyseal marrow which progresses to local decalcification and bony destruction. Occasionally, multiple foci may be infected which eventually
coalesce. This infection can spread within the marrow
cavity and as the pressure increases within the marrow
cavity, the infection can spread through Haversian canals
in the cortex into the subperiosteal space, giving rise to a
subperiosteal abscess. Similarly, the infection can traverse
the periosteum and infect the adjacent soft tissues leading
to pyomyositis. Infection may also spread across the physis into the epiphysis and joint space[4].
The first stage of osteomyelitis occurs with vascular
congestion, intravascular thrombosis and increased intraosseous pressure. Next is the suppurative stage where
pus traverses the Haversian canals and forms a subperiosteal abscess. Subsequently a sequestrum may form when
the periosteal and endosteal blood supply is compromised from increased pressure and vascular obstruction.
This may lead to formation of an involucrum: new bone
growing from the periosteum. Depending on medical or
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Figure 1 Acute osteomyelitis secondary to methicillin-resistant Staphylococcus aureus infection. A: Coronal T2-weighted image of the left humerus
shows bone marrow edema (solid arrow) as well as a periosteal fluid collection
(dashed arrow) consistent with periosteal abscess; B: Axial T1-weighted postcontrast image shows both enhancement of the bone marrow (solid arrow) as
well as extensive periosteal and soft tissue abscess formation (dashed arrows)
which is characteristic of methicillin-resistant Staphylococcus aureus infection.

Figure 2 Early acute osteomyelitis. A: Coronal proton-density weighted image of the right ankle of a 12-year-old male shows a subtle area of decreased
intramedullary signal along the lateral aspect of the calcaneus (long arrow); B:
Axial T2-weighted image with fat suppression demonstrates more conspicuous
bone marrow edema (arrowhead); C: Coronal post-contrast T1-weighted image
with fat suppression shows an area of enhancement corresponding to the bone
marrow edema. Bone biopsy revealed bacterial osteomyelitis.

the diagnosis of osteomyelitis, which in the past has been
reported to be as high as 80%[9], may be decreasing with
the increasing incidence of MRSA infections that tend to
have significant soft-tissue involvement[7]. Positron emission tomography with 18-fluorodeoxyglucose appears to
be sensitive (95%) and specific (87%) for the diagnosis
of osteomyelitis[9], however it has limited availability and
involves a significant amount of radiation exposure.
Scintigraphic studies using white blood cells labeled with
indium-111 or 99mTc hexamethylpropyleneamine oxime
require relatively large volumes of blood and are not used
frequently in younger children.
In contrast to the modalities listed above, MRI is both
sensitive for the detection of early osteomyelitis (Figure
2) and can also accurately depict the extent of disease
as well as any associated abscess or soft-tissue extension
without the risks associated with radiation exposure. MRI
combines high-resolution anatomic delineation of the
medullary space, cortex, and periosteum with high soft
tissue contrast for detection of edema and fluid. Preoperative MRI has been shown to reduce operative time
and extent of surgical exposure in cases requiring surgical
debridement[10]. MRI does have distinct disadvantages in
children including long scan times and susceptibility to
motion artifacts which necessitate sedation or anesthesia
in young children (approximately 6 mo to 8 years of age).
Additionally, MRI is contraindicated in some patients
with metallic foreign bodies and certain types of implanted hardware. However, the overall superiority of MRI
in evaluating osteomyelitis is reflected in recent clinical
practice guidelines which indicate that MRI is the imaging
modality of choice for the detection of osteomyelitis and
associated infection of the extraosseous soft tissues[11].
As such, the current best imaging approach for suspected
osteomyelitis is radiography followed by MRI.

of osteomyelitis exist, however the essential sequences
include both multiplanar T1 and T2-weighted fast-spin
echo or turbo spin-echo (FSE/TSE) sequences and shorttau inversion recovery (STIR) or T2-weighted FSE/TSE
sequences with fat-suppression (T2-FS). STIR and T2FS sequences are particularly helpful for increasing the
conspicuity of bone marrow edema and fluid collections.
There is some controversy regarding when to use gadolinium in infants and children with suspected osteomyelitis. Intravenous gadolinium contrast does not appear
to improve the sensitivity or specificity for the diagnosis
of osteomyelitis overall. Recent studies suggest that if
the fluid-sensitive images (e.g., STIR, T2-FS) are normal,
gadolinium enhancement provides no additional diagnostic value[12,13]. If the fluid-sensitive images are abnormal,
however, gadolinium enhancement is of value in increasing confidence in the diagnosis of an abscess (if present)
and planning of the approach to abscess aspiration and
drainage[12]. Despite these recent studies that suggests
that gadolinium contrast administration may not be needed for all cases, there are some specific indications for
which contrast is always indicated. In cases of suspected
vertebral osteomyelitis, contrast is necessary to assist in
the differentiation of abscess in the epidural space or
paravertebral masses from inflammatory masses[4] (Figure
3). Additionally, epiphyseal growth plate involvement by
osteomyelitis may sometimes only be seen on gadolinium
enhanced T1 sequences and not seen on non-contrast
T1 and fluid sensitive sequences or on radiography or
bone scintigraphy. Active epiphyseal infection manifests
as one or more areas of decreased or no enhancement
of the epiphyseal cartilage which otherwise should enhance uniformly[14,15]. As mentioned above, infection of
the epiphyseal growth plate during infancy can result in
growth disturbance and therefore gadolinium use in this
age group is advised.
Because it is frequently difficult to precisely localize
sites of involvement by clinical exam, especially in infants, an initial large field-of-view coronal STIR or T2-FS

MRI TECHNIQUE
Multiple variations of MRI protocols for the evaluation
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Figure 3 Chronic vertebral diskitis-osteomyelitis secondary to S. typhi. A:
Sagittal T1-weighted image shows abnormally decreased T1 marrow signal in
the L1 and L2 vertebral bodies (arrow) and loss of the L1-2 disk space (arrowhead); B: Sagittal T2-weighted image with fat suppression shows abnormally
increased T2 signal in the L1 and L2 vertebral bodies (solid arrow) with loss
of normal T2 intervertebral disk signal (arrowhead). T2 hyperintensity anterior
to the spine (dashed arrow) likely represents adjacent soft tissue edema; C:
Sagittal T1-weighted image after intravenous contrast shows intramedullary
enhancement in the L1 and L2 vertebral bodies (solid arrow) with soft tissue
enhancement anterior to the spine (dashed arrow).

A

Figure 5 Osteomyelitis with subperiosteal abscess. A: Sagittal T2-weighted
image with fat suppression shows a large subperiosteal abscess (solid arrow)
with adjacent soft tissue edema (arrowhead); B: Axial T1-weighted image
shows heterogeneous T1 hypointense marrow signal (solid arrow). Note small
T1 hyperintense focus in the posterior subperiosteal fluid collection (arrowhead)
indicative of a fat globule; C: Axial T1-weighted post-contrast image demonstrates peripheral enhancement of the subperiosteal abscess (solid arrow), significant periosteal elevation (arrowhead) and adjacent soft tissue inflammation
(dashed arrow).

B

obtained in multiple anatomic stations using receiver
coils spanning the entire body, with the scan table moved
through the magnet between stations. The images from
each station are then digitally fused at points of overlap
to create a single whole body image stack.

MRI FEATURES OF ACUTE
OSTEOMYELITIS
Because MRI is able to detect early marrow involvement,
it is an important modality for detection of osteomyelitis
in early stages. Additionally, MRI is helpful for detection
of fluid collections and abscesses that may occur in the
marrow, subperiosteal region or in soft tissues. Anatomical information provided by MR can be helpful for drainage and surgical treatment. T1 fat saturation gadoliniumenhanced images will show non-enhancement of fluid
and pus with peripheral enhancement.
The earliest finding of osteomyelitis on MRI is bone
marrow edema and T2 and STIR sequences are very important for detecting these early changes (Figures 2 and 4).
MRI is also sensitive for detection of periosteal elevation
and the presence of a subperiosteal fluid collection or
abscess (Figure 5). Distinguishing normal hematopoietic
marrow from abnormal marrow can be challenging in
certain situations because of the normal hematopoietic
marrow often seen in the metaphyses in children. Normal
hematopoietic marrow T1 signal should be hyperintense
relative to muscle. If there is marrow infiltration or edema, the T1 signal is generally isointense or hypointense to
muscle (Figure 6). Normal hematopoietic marrow should
appear similar in adjacent or contralateral metaphyses.

Figure 4 Acute osteomyelitis of the hip. A: Coronal fast spin echo inversion
recovery image shows T2-hyperintense marrow edema in the left femoral metaphysis (solid arrow) with a small round very intense focus of T2 signal (arrowhead) which is consistent with an intraosseous abscess. Surrounding soft tissue
edema (dashed arrow) is also noted; B: Coronal T1-weighted post-contrast image in the same patient shows enhancement in the metaphyseal bone marrow
(solid long arrow), peripheral enhancement of the abscess (arrowhead), and
surrounding soft tissue enhancement (dashed arrow). Note enhancement of the
left femoral head (solid short arrow) which indicates adequate perfusion.

sequence of the general region of concern can be used to
help localize the site(s) of disease followed by a tailored
evaluation of the involved areas. In cases of suspected
osteomyelitis affecting the lower extremities, imaging of
the contralateral extremity may also be considered: abnormalities in the contralateral extremity are common,
however they may not affect clinical management[16].
Whole-body MRI (WBMRI) may be indicated in cases
of suspected multifocal involvement such as in cases of
severe CA-MRSA infections, which frequently involve
multiple sites, or in cases of suspected chronic multifocal recurrent osteomyelitis (CRMO). WBMRI is typically
performed using a series of coronal STIR acquisitions
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Figure 6 Early acute osteomyelitis. A: Coronal T1-weighted image of the right
knee of a 4-year-old male shows ill-defined areas of low T1 signal in the bone
marrow in the lateral femoral metaphysis (arrow) and lateral epiphysis (arrowhead); B: Coronal T1-weighted post-contrast image in the same patient shows
associated enhancement in these areas (white arrow and arrowhead) as well as
some periosteal reaction, indicated by periosteal enhancement (black arrow).
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Figure 8 Transphyseal methicillin-resistant Staphylococcus aureus osteomyelitis with intraosseous abscess. A: Coronal T1-weighted image of the
right ankle shows an area of T1 hyperintensity in the distal tibial metaphysis
with central T1 hypointensity (solid long arrow) indicative of abscess formation.
T1 hypointensity is seen surrounding this area in metaphysis (solid short arrow)
and in the epiphysis (dashed arrow) indicative of transphyseal spread; B: Coronal T2-weighted image with fat suppression shows an area of T2 hypointensity
with central T2 hyperintensity (solid long arrow) corresponding to the areas of
abnormal T1 signal in A. T2 hyperintensity in the distal metaphysis (solid short
arrow) and epiphysis (dashed arrow) are consistent with edema. T2 hyperintensity in periosteum and adjacent soft tissues indicating inflammation (arrowhead);
C: Coronal T1-weighted image post contrast shows a lack of enhancement in
the central distal metaphysis consistent with necrosis and abscess formation
(solid long arrow). Enhancement is seen peripherally in the distal metaphysis
and epiphysis (solid short arrow and dashed arrow). Enhancement in periosteum and adjacent soft tissues indicating inflammation (arrowhead).

C

However, cases of chronic osteomyelitis may be severe,
incapacitating and difficult to treat. Chronic osteomyelitis
may occur after the following: acute osteomyelitis, trauma
(Figure 7), joint replacement, orthopedic hardware (ex.
used in fracture reduction), and mycobacterium tuberculosis or syphilis infections. Chronic osteomyelitis is defined if symptoms persist after one month of appropriate antibiotic treatment or if there is persistent infection
after one month of inadequate treatment.
Imaging chronic osteomyelitis is helpful to evaluate
the extent of infection within bone and surrounding
soft tissues, identification of an abscess, sequestrum and
sinus tract (Figure 8). Sequestra of cortical bone appear
as low signal on T1, T2 and STIR and do not enhance.
Imaging findings of chronic osteomyelitis include Brodie
abscess, thick periosteum, sequestrum/necrotic bone
fragments, and cloaca/draining tract (Figure 9). Sequestra
of cancellous bone also do not enhance but are relatively
hyperintense to cortical sequestra on T1, T2 and STIR.
Granulation tissue, soft tissue inflammation and sinus
tracts are all T1 hypointense, T2 and STIR hyperintense
and enhance with gadolinium.
Brodie’s abscesses are usually metaphyseal and appear
as a fluid filled cavity with an enhancing lining, rim of
low signal sclerosis and peripheral edema (Figure 10). A
“penumbra sign” has been described with Brodie abscess
and results from the lining of granulation tissue around
the abscess that is T1 hyperintense relative to the abscess
cavity. A “double-line sign” has also been described on
T2 and STIR images representing hyperintense granulation tissue surrounded by low signal sclerosis.

Figure 7 Osteomyelitis secondary to open fracture. A: Coronal T1-weighted
image of the left distal tibia shows a displaced fracture of the distal tibial metadiaphysis (solid arrow) with associated bone marrow edema (dashed arrow);
B: Coronal T2-weighted image of the same patient shows a fluid collection
adjacent to the fracture (solid arrow) with T2 hyperintense marrow edema
(dashed arrow); C: Coronal T1-weighted post-contrast image shows peripheral
enhancement surrounding the above-mentioned fluid collection, consistent with
an abscess (solid arrows).

Imaging of the contralateral body part is often helpful for this and is more easily obtained during imaging
of the pelvis and lower extremities. Since detailed small
structure anatomical information is less important during
evaluation of osteomyelitis (OM), imaging with a body
coil should be considered if large field of view imaging
would be helpful.
Pelvic osteomyelitis often occurs in metaphyseal equivalents such as the ischiopubic synchondrosis, pubic symphysis, triradiate cartilage, iliac apophyses and adjacent to
the sacroiliac joint. Involvement of adjacent soft tissues,
muscles and bowel is not uncommon and MRI is helpful
in imaging the extent and often the source of infection.

CHRONIC OSTEOMYELITIS
Chronic infections of bone may be indolent and have
minor signs, symptoms and serologic abnormalities.
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Figure 9 Chronic patellar osteomyelitis with abscess and sequestrum.
A: Sagittal proton-density-weighted image of the right knee shows an abscess
cavity in the patella (solid arrow) with a central low-density focus consistent with
a sequestrum (dashed arrow). There is also disruption of the anterior cortex
with spread of infection into the prepatellar bursa (arrowhead); B: Sagittal T2weighted image with fat suppression again shows the intraosseous abscess
(solid long arrow) with central T2 hypointense sequestrum (dashed arrow) and
extension of infection into the prepatellar soft tissues (arrowhead). A knee joint
effusion is more apparent on this image (solid short arrow); C: Sagittal T1weighted post-contrast image shows enhancement of the synovium (solid short
arrow) indicative synovitis, likely from intra-articular extension of infection.

B

Figure 11 Chronic recurrent multifocal osteomyelitis. A: Coronal short-tau
inversion recovery image from whole body magnetic resonance imaging (lower
extremity station) shows areas of bone marrow edema in the distal femur and
proximal tibia; B: Coronal T2-weighted fat suppressed image with smaller field
of view again demonstrates the bone marrow edema as well as two areas of
very hyperintense T2 signal in the femur and tibia which may represent intraosseous abscesses (solid arrows), though these are not typically found in chronic
multifocal recurrent osteomyelitis. Involvement of the epiphysis is apparent at
both sites (dashed arrows).

CHRONIC RECURRENT MULTIFOCAL
OSTEOMYELITIS

A

Chronic recurrent multifocal osteomyelitis is a non-bacterial, noninfectious inflammation of bone that has been
characterized as an auto-inflammatory disease. Cultures
do not show an infectious source and biopsy shows nonspecific inflammation. Antibiotics do not alter the course
of the disease and symptoms are better treated with antiinflammatory medications. Frequent sites of involvement
include the metaphyses of the long bones, clavicles, spine
and pelvis. Other sites include the mandible, scapula, ribs,
sternum, hands and feet. Radiographic findings typically
include lysis and sclerosis. Since this disease frequently
involves multiple sites, some of which are asymptomatic,
WBMRI is recommended both to help aid in the diagnosis with multifocal involvement and document the extent
of disease. During the active phase, there is bone marrow
edema and often periostitis and soft tissue inflammation.
MRI can show transphyseal disease, which can lead to
physeal bars affecting growth and angular deformities
(Figure 11). Joint effusions, synovitis cartilage and subchondral bone erosions may also be seen. Larger fluid
collections, abscess, sinus tracts and sequestra are not
typical features of CRMO and are more often seen with
bacterial osteomyelitis[17].

B

Figure 10 Osteomyelitis with intraosseous and soft tissue abscess secondary to methicillin-resistant Staphylococcus aureus infection. A: Axial
T2-weighted fat suppressed image shows intraosseous abscess cavity (solid
arrow) with rim of surrounding edema and large surrounding soft tissue fluid
collection (dashed arrow). Note T2 hypointense rim (arrowhead) forming the
“double-line” sign; B: Axial T1-weighted post-contrast image shows peripheral
enhancement associated with the intraosseous abscess (solid arrow) and soft
tissue abscesses (dashed arrows).

DIAGNOSTIC CHALLENGES
Differentiating osteomyelitis from Ewing sarcoma can
often be challenging. The fact that children often do not
present with the classic signs and symptoms of an infection makes the clinical differentiation between these two
diagnoses difficult. Plain film findings of both osteomyelitis and Ewing sarcoma are often similar with an aggressive intramedullary process destroying normal cancellous
and cortical bone creating a moth eaten and permeative

Sclerosing osteomyelitis of Garre is a type of chronic
bone infection manifesting primarily with bony sclerosis.
WCR|www.wjgnet.com
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A

B

phoma and leukemia can be challenging and biopsy is
necessary for definitive diagnosis. Fractures, bone infarcts
and healed osteomyelitis may pose a diagnostic challenge
in differentiating between active osteomyelitis due to
common features.

C

ADVANCED MRI TECHNIQUES
As noted above, the current protocols for MRI of suspected osteomyelitis utilize standard T1 and T2-weighted,
STIR, and sometimes contrast-enhanced sequences. More
advanced imaging techniques such as diffusion-weighted
imaging (DWI), dynamic contrast-enhanced (DCE) MRI,
and MR spectroscopy can be used as well, however their
role is currently not well defined. A potential application
for DWI would be characterization of fluid collections
associated with osteomyelitis as abscesses characteristically demonstrate restricted diffusion on DWI. Additionally, DCE-MRI could potentially be used to identify areas
of soft tissue necrosis, femoral/humeral head avascular
necrosis, or possibly increase sensitivity for detection of
CA-MRSA infection in non-ossified growth cartilage.
Whole body MRI with digital merging of multiple anatomic stations can be helpful for assessment of multiple
sites of disease as well as suspected cases of CRMO.
Further research is needed to define the utility of these
imaging techniques in this setting.

Figure 12 Ewing sarcoma. A: Coronal T1-weighted image of the left tibia
shows a long segment of intramedullary T1 hypointensity (solid arrow). Note
abrupt transition to normal marrow signal inferiorly (arrowhead); B: Coronal fast
multi-planar inversion recovery image of the same patient shows very intense
T2 signal in the marrow cavity (solid arrow) with extraosseous extension (dashed
arrow); C: T1-weighted post-contrast image shows very heterogeneous intramedullary enhancement associated with this lesion (solid arrow).

A

B

C
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lute importance to be conscious of these complications
and initiate therapy as soon as it was suspected. The
radiologic appearance resembles the typical features of
cardiogenic pulmonary edema. Diagnosis of DS remains
a great skill for radiologists and haematologist but it
is of an utmost importance the cooperation in suspect
DS, detect the early signs of DS, examine the patients’
behaviour and rapidly detect the complications.
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Core tip: Aim of this review is to illustrate the spectrum
of chest imaging findings which lead to suspect a diagnosis of differentiation syndrome, which arise in patients suffering of Acute Promyelocytic Leukemia after
treatment with all-trans-retinoic acid or other differentiating drugs, in order to facilitate the differential diagnosis with other life-threatening pulmonary complications
occurring in this subset of highly immunocompromised
patients.

Abstract
In acute promyelocytic leukemia, differentiation therapy based on all-trans-retinoic acid can be complicated
by the development of a differentiation syndrome (DS).
DS is a life-threatening complication, characterized by
respiratory distress, unexplained fever, weight gain, interstitial lung infiltrates, pleural or pericardial effusions,
hypotension and acute renal failure. The diagnosis of
DS is made on clinical grounds and has proven to be
difficult, because none of the symptoms is pathognomonic for the syndrome without any definitive diagnostic criteria. As DS can have subtle signs and symptoms
at presentation but progress rapidly, end-stage DS clinical picture resembles the acute respiratory distress syndrome with extremely poor prognosis; so it is of abso-
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LEARNING OBJECTIVES
The treatment of acute promyelocytic leukemia with
agents capable of inducing the differentiation of leu-
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kemic cells can be complicated by a peculiar syndrome,
named differentiation syndrome (DS); this was previously classified as retinoic acid syndrome, as all-transretinoic acid (ATRA) was the first agent to be involved
in this complication. DS is a syndrome of cardiac and
respiratory distress which represents a life-threatening
complication, and is associated with severe morbidity and
mortality; so early diagnosis and immediate therapeutic
intervention are essential in reducing the risk of death[1].
In this work we illustrate the imaging findings on
chest X-ray, and in standard or high-resolution computed tomography (CT) useful to suggest this uncommon diagnosis. The aim of this work is to underline the
importance of an early diagnosis of DS, to show how
radiologists can confirm the diagnosis of DS, to stimulate
the cooperation and communication between radiologists
and clinicians.

Table 1 Signs and symptoms
Differentiation syndrome: Sign and symptoms
Elevated white blood cell count
Dyspnea
Respiratory distress
Fever
Pulmonary edema
Pulmonary infiltrates
Pleural and pericardial effusion

ATRA as single-agent lead to a reduction risk of DS (9%
vs 18%-25%)[12,13]. Mortality due to DS has declined from
30% to 2%-10% because of the early recognition and
clinical intervention[10]. Notably, DS is rarely seen during
consolidation and maintenance phases[12,14,15].
The pathophysiology of DS is not completely understood. Both ATRA and ATO exert their action by degradation of the PML-RARα fusion product. As a consequence, malignant leukemic cells undergo differentiation
and final maturation[16,17].
Exposition to ATRA and ATO cause continued generation of inflammatory cytokines and adhesion molecules, with the consequent extravasation into the tissues
from the blood. Increased in cytokine and adhesion molecules level also occurs in liver, heart and spleen[11,18].
DS is typically diagnosed during the first induction
treatment, more often 10 to 12 d after therapy start, with
a range of 2 to 46 d[10,11,18-20]. Main symptoms at presentation are fever, respiratory failure and fluid retention
with weight increase, occurring in around 80% of the
cases[10,18]. Additional common findings are lung infiltrates
(50%), pericardial and pleural effusions (30%) and acute
renal failure (10% of the cases)[18]. DS has to be distinguished from other clinical conditions which may occur
in the setting of acute leukaemia, including pulmonary
infection, leukostasis, and heart failure. Diagnosis of DS
is made when three or more of the symptoms and signs
listed in Table 1 are present. Clinical management and
outcome are greatly influenced by early pharmacological treatment. Dexamethasone must be used at a dosage of 10 mg twice daily iv as soon as DS is suspected.
Steroid treatment should continue until DS resolves, and
then the dosage can be gradually tapered in the following weeks[21,22]. Hemodynamic and ventilatory support
is also indicated in severe cases, which may require admission at the intensive care unit. In Table 2, modified
from[1], the measures to be taken at suspicion of DS are
reported. Discontinuation of treatment with ATRA (or
ATO) is mandatory in severe DS cases[4]. Corticosteroid
are commonly used as DS prophylaxis, although there
is no evidence that such treatment may ameliorate the
morbidity and mortality of DS. However, in patients with
leukocytosis at diagnosis (white blood cells > 5 × 109/L),
preemptive steroids administration has been shown useful in reducing incidence and severity of DS. No definite
risk factors for developing DS were found, but a close
monitoring of patients presenting with hyperleukocytosis

BACKGROUND
Acute promyelocytic leukemia (APL), identified as acute
myeloid leukaemia (AML) M3 by the French-AmericanEnglish classification, is an acute myeloid disorder due to
a maturative block of myeloid precursor at the promyelocytic stage, leading to peculiar clinical manifestations,
and characterized by a reciprocal balanced translocation
between chromosome 15 and 17 t(15, 17)[2]. APL represents about 10% of all AML in United States and Europe
and is more frequent in adults; median age at diagnosis is
40[3,4].
The finding of a translocation t(15, 17), with a consequent transcriptional fusion between promyelocytic leukaemia (PML) gene and retinoic acid receptor-α (RARα )
gene, responsible of the maturative and differentiative
stop, offered the basis to develop a specific target therapy
with retinoic acid. PML-RARα rearrangement is detectable in approximately 95% of APL cases[2,3].
APL is usually a primitive disorder, but there are also
cases of APL arising following a previous exposure to
chemotherapy or radiotherapy[5,6].
On the clinical side APL represents a hematologic
emergency because of its typical presentation with pancytopenia and a life-threatening disseminated intravascular
coagulation, that enforces a quick start of treatment, even
before a cytogenetic and molecular diagnosis. Diagnosis
of APL is usually based on peripheral blood and bone
marrow morphology, supported by typical laboratory and
clinical picture. Confirmation then comes from the molecular finding of PML-RARα rearrangement. Treatment
of APL is based on the association of ATRA with conventional chemotherapy (usually anthracyclines), or with
arsenic trioxide (ATO). Since the introduction of ATRA
in the treatment, the complete remission rate raised up to
90% and the 5-year disease free survival to 74%[7-9].
Induction treatment with ATRA and ATO, either as
a single agent or in combination with cytotoxic drugs,
can induce the DS[10] in 2% to 31% of APL patients[10,11],
while the association with chemotherapy compared with

WCR|www.wjgnet.com

Weight gain > 5 kg
Bone pain
Headache
Hypotension
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Figure 1 Correlation between white blood cell count and chest X-ray. Note that the worsening of chest X-ray is directly linked with the fall of white blood cell due
to the massive differentiation during the onset of differentiation syndrome. References: Institute of Radiology, Department of Clinical and Biological Sciences of University of Turin, AOU S. Luigi Gonzaga, Regione Gonzole 10, 10043 Orbassano, Torino, Italy. WBC: White blood cells.

but they could also probably be produced by leukemic
lung infiltration and endothelial leakage[24].
If the disease progresses, acute respiratory distress
syndrome develops. Diffuse alveolar damage and massive
intra-alveolar hemorrhage were found in a necropsy patient study by Frankel et al[25]. Endothelial cell damage, including intra-alveolar oedema, intra-alveolar hemorrhage,
and fibrinous exudate, were found by Tallman et al[26] and
by Nicolls et al[27]. Others histological analysis of lungs reported extensive interstitial and alveolar lung infiltration
by maturing myeloid cells, endothelial cells damage, oedema, hemorrhage, and fibrinous exudates that correspond
in poorly defined centrolobular nodules and ground-glass
opacity with or without interlobular septal thickening.
To our knowledge only a few cases are reported
describing the CT aspect in DS: Davis et al[28] reported
CT findings in three patients with DS. CT findings were
peripheral nodules reticular and ground-glass opacity and
pleural effusions. They also reported the case of a patient
with DS who developed pneumothorax[28].
In mild DS, lesions are prevalent in the lower lobes,
while in severe DS, lesions are ubiquitary, with no difference within peripheral or central regions[6,9].
In Figure 1, we present the correlation with radiological findings and white blood cells (WBC). The pathogenesis of DS suggest that this syndrome is due to a massive
lung interstitial invasion by leukemic cells. The finding
of a negative peak of WBC nearly contemporary to the
massive lung oedema seems to confirm this theory.
Patients with PML and DS have an highly compromised immune system; therefore, it is not a rare event to
find other concurrent pathologic conditions as pneumonia or fungine infections which can confound the radiological picture of DS/ATRA syndrome.
CT findings of ATRA syndrome are nonspecific (Figure 2).
All findings have differential diagnoses: leukemic infiltrates, drug toxicity, pulmonary edema, hemorrhage, can
all have similar appearances.

Table 2 Measures at suspicion of differentiation syndrome
Measures at suspicion of DS
Chest X-ray, renal function (creatinine and urea), hepatic function (amino
transferases and bilirubin), blood cell counts, coagulation test, oxygen
saturation
Weight monitoring
Ventilatory support/O2 supplementation
Blood pressure maintenance measures
Fluid restriction (renal failure)
Steroid administration at first suspicion: dexamethasone 10 mg twice
daily until clinical resolution, then tapered dose for a few days
Suspend ATRA or ATO in severe cases, which can be restarted after
clinical improvement. If DS recurs after restart, ATRA must be definitively discontinued during induction
Some patients have DS that is refractory to corticosteroids. There are yet
no widely accepted alternatives to it. It seems reasonable to employ, in
the future, agents that block migration, adhesion or transmigration of
APL cells. References: Institute of Radiology, Department of Clinical and
Biological Sciences of University of Turin, AOU S.Luigi Gonzaga, Regione
Gonzole 10, 10043 Orbassano, Torino, Italy. DS: Differentiation syndrome;
ATRA: All-trans-retinoic acid; ATO: Arsenic-trioxide.

is recommended[22,23].
A better knowledge and early identification of DS,
with rapid initiation of treatment, allowed to obtain a
decrease in mortality associated with APL in the recent
years.

IMAGING FINDINGS
As stated before, there are no clinical signs or laboratory
tests to diagnose DS, nor is there a radiological finding
pathognomonic for DS.
Radiologic features may be explained by the proposed
hypotheses of pathophysiology of the DS[24]. Most of
the patients with DS showed cardiomegaly, widening of
the vascular pedicle width, increased pulmonary blood
volume, peribronchial cuff, ground-glass opacity, septal
lines, and pleural effusion: these findings are similar to
those of congestive heart failure with pulmonary edema,
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Figure 2 Photograph. A: Chest X-ray shows subtile patchy ground glass opacities of the middle inferior lung fields; B: Computed tomography scans of the same
patient as Figure 4 shows patchy ground glass opacities (a, b and c) with interlobar septal thickening (arrows in d). References: Institute of Radiology, Department of
Clinical and Biological Sciences of University of Turin, AOU S.Luigi Gonzaga, Regione Gonzole 10, 10043 Orbassano, Torino, Italy.

Although the imaging features are not characteristic,
in combination with the clinical picture, they may contribute to the early identification of DS and consequently
to its fast resolution (Figures 3 and 4).

CONCLUSION
Diagnosis of DS requires a great skill for radiologists and
hematologists, and cooperation and treatment is of utmost importance when DS is confirmed.
Chest X-ray still remains the first imaging step, but
often, in mild cases, it is not sufficient.
In summary chest X-ray features include increased
cardiothoracic ratio and vascular pedicle width, interstitial
edema with peribronchial cuffing and Kerley lines.
The chest CT is useful to evaluate the lung parenchyma and also to discover other signs of severity, as
pericardial and pleural effusions, and sometimes to find

Figure 3 Supine Chest X-ray showing bilateral, asymmetrical patchy consolidation. Septal lines and pleural effusions are absent. Based on the only
radiologic features, it would be difficult to differentiate one fromacute respiratory
distress syndrome or hemorrhage on these findings. References: Institute of
Radiology, Department of Clinical and Biological Sciences of University of Turin,
AOU S.Luigi Gonzaga, Regione Gonzole 10, 10043 Orbassano, Torino, Italy.
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Figure 4 Chest X-ray in patient with differentiation syndrome showed mild
cardiomegaly and increased pulmonary vascular marking in both lungs
with thickening of small fissure and minimal pleural effusion on the right
side seen as obliteration of right costo-phrenic angle: These findings
are similar to those of congestive heart failure with pulmonary edema. In
contrast with congestive heart failure the time for the complete healing is long,
and is similar to that of interstitial pneumonia or acute respiratory distress syndrome. References: Institute of Radiology, Department of Clinical and Biological
Sciences of University of Turin, AOU S.Luigi Gonzaga, Regione Gonzole 10,
10043 Orbassano, Torino, Italy.

10
11

12

others concurrent lung infections.
Take home message: (1) Suspect DS in patient with
acute APL under treatment with ATRA and/or arsenic
trioxide; (2) Detect the early signs of DS to confirm the
clinical diagnosis; (3) Examine the patient’s behaviour;
and (4) Rapidly detect and treat the complications.
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Core tip: Accurate diagnosis and appropriate treatment
of vascular anomalies are challenging endeavors. This
review presents a summary of the classification systems for vascular anomalies, a review of endovascular
treatment options, and a brief look at several associated syndromes. Understanding of the diagnosis and
treatment of these lesions is essential for all physicians
working with this patient population.

Abstract
Vascular anomalies, including vascular malformations
and tumors, are frequently straightforward to detect;
however, accurate diagnosis and appropriate treatment
are often challenging. Misdiagnosis of these lesions
can lead clinicians in the wrong direction when treating these patients, which can have unfavorable results.
This review presents an overview of the classification
systems that have been developed for the diagnosis of
vascular lesions with a focus on the imaging characteristics. Pictorial examples of each lesion on physical
examination, as well as non-invasive and minimally
invasive imaging are presented. An overview of the endovascular treatment of these lesions is also given. In
some cases, vascular anomalies may be associated with
an underlying syndrome and several of the most commonly encountered syndromes are discussed. Understanding of the classification systems, familiarity with
the treatment options and knowledge of the associated
syndromes are essential for all physicians working with
this patient population. The approach to the described
entities necessitates an organized multi-disciplinary
team effort, with diagnostic imaging playing an increasingly important role in the proper diagnosis and a com-
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INTRODUCTION
Anatomist and obstetrician William Hunter first described
vascular anomalies in the mid-18th century in the context
of iatrogenic creation of arteriovenous fistulas by phlebotomists[1]. Over the next century, description of these
and more complex vascular lesions was furthered by the
work of Dupuytren, Virchow, and others but the lack of
a cohesive system of classification led to confusion, hampering further understanding of these entities. Since that
time, categorization of these lesions has advanced from
primitive descriptions and disorganized nomenclatures to
a more a structured catalogue of classification. Mulliken
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Figure 1 Kaposiform hemangioendothelioma. A: Magnetic resonance (MR) of the retroperitoneum demonstrating infiltrative tumor with fat and interspersed signal
void (arrows) consistent with high flow arterial signal; B, C: MR angiogram demonstrating arteriovenous shunting within the tumor (arrows).

and Glowacki pioneered this transformation[2], while the
Hamburg classification system further refined it[3].
Early attempts at classification were based on the pathological appearance of the lesions without consideration
for underlying biologic behavior. Terms such as “erectile
tumors,” “naevus maternus,” and “stigma metrocelis” were
applied without clear delineation[2]. It wasn’t until 1982,
when Mulliken and Glowacki introduced a classification
system rooted in the pathophysiology of these lesions
that much of the confusion surrounding these lesions
was clarified[2]. This system divided vascular anomalies
into two categories: vascular tumors (hemangiomas) and
vascular malformations. This standard was adopted by the
International Society for the Study of Vascular Anomalies (ISSVA)[3,4] and continues to be embraced by many
clinicians in current practice. Subsequent modifications
to this classification system have included the addition of
other rare vascular tumors distinct from hemangiomas,
including tufted angioma, Kaposiform hemangioendothelioma, angiosarcoma and others. With these additions,
vascular anomalies continue to be divided into two categories: vascular tumors, which include hemangiomas, and
vascular malformations. Several years later, the Hamburg
classification system adopted an embryologic perspective
to further aid in the classification of vascular malformations[3]. Lesions are identified first based on the prevailing
vascular structure involved- arterial, venous, lymphatic,
or capillary, also considering arteriovenous shunting and
combined vascular defects[3]. The embryological background of the lesion is then considered for additional
delineation[5]. Extratruncular lesions result from developmental arrest in the early reticular embryonic stage, prior
to the development of vascular trunks. Extratruncular
malformations may be infiltrating and diffuse or limited
and localized. Truncular lesions result from a defect occurring during the stage of fetal development following
the reticular stage, as the vascular trunks are developing.
Truncular forms develop from stenosis or obstruction
of vascular trunks, with resulting hypoplasia, or dilatation
of vascular trunks, which in turn may be localized or diffuse[6].
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VASCULAR TUMORS
In their seminal paper, Mulliken and Glowacki[2], reported
vascular tumors - then referred to as hemangiomas - to
demonstrate specific mitotic activity and eventual involution, setting them apart from vascular malformations.
Much has been discovered about vascular tumors, and
while beyond the scope of this discussion, this information encompasses a variety of different entities. These
include but are not limited to infantile hemangiomas and
rapidly involuting and noninvoluting congenital hemangiomas, as well as more aggressive tumors, such as tufted
angiomas, Kaposiform hemangioendotheliomas, and angiosarcomas.
Infantile hemangiomas are the most common tumor
of infancy and childhood affecting up to 12% of children
with a female preponderance[7,8]. Histologically, these lesions stain positively for glucose transporter-1 protein
(GLUT-1). Tumors typically appear between 2 wk and 2
mo of life and follow a proliferating phase, an involuting
phase, and a state of complete involution[9,10].
Congenital hemangiomas are tumors that demonstrate intrauterine development with growth completed at
birth[11]. These lesions more commonly affect the extremities, close to the joint, or on the head and neck, close to
the ear[12]. In contrast to infantile hemangiomas, these lesions stain negative for GLUT-1[11,12]. Lesions are divided
into two categories based on biologic activity: rapidly involuting congenital hemangiomas (RICHs) and noninvoluting congenital hemangiomas (NICHs). RICHs typically
regress within 6-14 mo while NICHs do not regress and
have a tendency for progression, usually leading to surgical excision[12].
Kaposiform hemangioendothelioma (Figure 1) is a rare
vascular neoplasm, which usually arises in the skin and infiltrates into the deeper tissues over time. Most cases are associated with consumptive coagulopathy or Kasabach-Merritt
Syndrome, as well as lymphangiomatosis[13].

VASCULAR MALFORMATIONS
Vascular malformations are structural lesions resulting
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Figure 2 Low flow extratruncular venous malformation. Radiograph of the right lower leg (A) demonstrates phleboliths within the soft tissues (arrows). T2weighted magnetic resonance images in the coronal (B), sagittal (C), and axial (D) planes demonstrate hyperintense signal within the gastrocnemius muscle due to
infiltrative low flow extratruncular venous malformation.

from errors of vascular morphogenesis[2]. Differentiation
of vascular malformations into high flow, low flow or
mixed lesions is critical in developing treatment strategies.
The distinction of truncal from extratruncal may provide
insight in predicting response to treatment.

Doppler analysis. Venous malformations contain enlarged subcutaneous vessels without an associated mass,
are compressible and demonstrate venous flow on color
and pulsed Doppler US[16]. Lymphatic malformations
are characterized by macrocystic or microcystic spaces
with or without debris separated by septae. On color and
pulsed Doppler US these cysts will contain no flow, however the septa may contain small arteries and veins[16]. US
is limited in its ability to evaluate deep lesions and lesions
that involve bone[14].
MRI is the most valuable modality for imaging vascular anomalies due to its superior contrast resolution,
ability to characterize flow dynamics, depiction of deep
and adjacent structures and lack of ionizing radiation[14].
Most information needed to characterize a vascular
anomaly can be obtained from T1-weighted, fat saturated
T2-weighted and gradient echo MR sequences[15]. Basic
MR imaging protocols should include each of these sequences in the axial plane along with fast spin echo T2weighted images in the coronal and sagittal planes[15,17].
Dynamic contrast-enhanced MRI can provide supporting
information about flow dynamics[18] and may also be employed. On MRI, hemangiomas will appear as a mass[15,19]
with flow voids and intermediate signal on T1-weighted
images, flow voids and high signal on T2-weighted images, high signal within vessels on gradient echo sequences
and arterial enhancement on contrast enhanced images[15,
19]
. High-flow vascular malformations including AVMs
and AVFs will also demonstrate flow voids and intermediate signal on T1-weighted images, flow voids and high
signal on T2-weighted images, high signal within vessels
on gradient echo sequences and arterial enhancement on
contrast enhanced images, but no associated soft tissue
mass[14-19]. Low flow lesions including venous malformations and lymphatic malformations can also be differentiated based on MRI. Venous malformations will appear
as multiple serpentine tubular structures or amorphous
dilated channels containing intermediate signal on T1
weighted images, high signal on T2 weighted images, intermediate signal on gradient echo sequences and delayed
enhancement on dynamic contrast enhanced MRI[14-19].
Flow voids are not seen within venous malformations

IMAGING OF VASCULAR ANOMALIES
Several noninvasive imaging modalities are useful in characterizing vascular anomalies, contributing information
about lesion size, flow characteristics and relationship to
adjacent structures[14]. Conventional radiography plays a
minor role, though may be valuable in defining bone and
joint involvement and presence of phleboliths[14] (Figure
2A). Contrast enhanced computed tomography (CT) and
CT angiograph are useful in evaluating osseous involvement and phleboliths, but also provides information
about enhancement, thrombosis, calcification, vascular
anatomy and involvement of adjacent structures[14]. The
use of ionizing radiation and relatively limited ability
to provide information about flow dynamics decreases
its usefulness. For these reasons ultrasonography (US)
and magnetic resonance imaging (MRI) are the primary
noninvasive imaging modalities used in the evaluation of
vascular anomalies[15].
US is indispensable in the evaluation of superficial
vascular lesions given its low cost, ease of use, high temporal and spatial resolution, and ability to evaluate flow
dynamics[14,16]. With US, hemangiomas are reliably differentiated from vascular malformations based on depiction
of a well-circumscribed solid mass[16]. Hemangiomas and
high-flow vascular malformations, including arteriovenous malformations (AVMs) and arteriovenous fistulae
(AVFs), demonstrate arterial and venous waveforms on
pulsed Doppler US, but are differentiated based on a lack
of associated mass in AVMs and AVFs[15,16]. AVMs and
AVFs will contain multiple enlarged subcutaneous arteries and veins on grey scale and color Doppler US with
associated low-resistance arterial and venous waveforms
on pulsed Doppler US[15,16]. Low-flow vascular malformations, including venous and lymphatic malformations,
can be differentiated from high flow lesions based on
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Figure 3 Three-month-old child with CLOVES syndrome. Radiograph of the chest and abdomen (A) demonstrates large soft tissue mass within the left chest and
upper abdominal wall. Radiograph of the foot (B) demonstrates overgrowth of the third and fourth digits. Fat suppressed T2 weighted magnetic resonance (MR) images in axial (C), coronal (D) and sagittal (E) planes show the large soft tissue mass within the chest wall contains several loculations, some of which demonstrate
hypointense fluid-fluid levels due to hemorrhage. T1 weighted MR image in the axial plane (F) confirms lipomatous overgrowth admixed with muscle.
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Figure 4 Cervicothoracic macrocystic lymphatic malformation. T1- (A) and T2-weighted (B) fat suppressed magnetic resonance images (MRI) demonstrate a
macrocyst within the left neck that is predominantly hypointense on T1-weighted image and hyperintense on T2-weighted image. Trace blood products layering within
the posterior aspect of the cyst are hyperintense on the T1 weighted image and hypointense on the T2 weighted image. Transverse ultrasound (C) demonstrates a
predominantly anechoic macrocyst with layering low-level echoes, corresponding to blood products seen on MRI.

due to a lack of fast-flowing blood. Lymphatic malformations are characterized by micro- or macrocystic spaces
that often contain fluid-fluid levels due to hemorrhage or
proteinaceous material within the cysts[15] (Figures 3-5).
Cysts will often be hyperintense on T2-weighted images,
hypointense on T1 weighted images (though may be isoto hyperintense depending on proteinaceous contents),
and will not enhance[15,19]. When microcystic, the cystic
spaces may not be visible with the fibrovascular stroma
seen as regions of intermediate signal on T1-weighted
images and high signal on T2-weighted images with associated enhancement on post-contrast images (Figure 2).

WCR|www.wjgnet.com

LOW-FLOW VASCULAR
MALFORMATIONS
Capillary malformations present as flat pink or red macules that do not involute. These lesions result from abnormal morphogenesis of superficial dermal blood vessels, which lead to ectatic papillary dermal capillaries and
postcapillary venules[20]. Histologically, these lesions stain
positive for fibronectin, von Willebrand factor, and collagenous basement membrane proteins[21]. Particularly, in
port wine stains, there is increased expression of vascular
endothelial growth factor VEGF-A as well as its most
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Figure 5 Macrocystic lymphatic malformation with hemorrhage. Axial fat suppressed T2 weighted magnetic resonance image of the elbow (A) demonstrates
a predominantly hyperintense malformation with hypointense hemorrhage in a loculation (asterisk). Direct access to the malformation is obtained with a 22-gauge
needle for sclerosis (B), subsequently performed with doxycycline.

Table 1 Commonly used sclerosants and liquid embolic agents
Sclerosants and liquid embolic agents
Sodium tetradecyl sulfate (STS)
Doxycycline
Ethanol
Bleomycin
OK-432/Picibanil
Polidocanol
n-BCA glue
Onyx

Comments
Combined with non-ionic contrast for final concentration of 1.5%; foamed according to Tessari’s method[39]
10 mg/mL, maximum dose 1000 mg
95% concentration; Risk of systemic toxicity increases with doses > 1 mL/kg or total volume > 60 mL
0.3-0.5 mg/kg
1-3 intralesional injections of 0.2 mL each dose at 0.01 mg/kg
0.5-1.0% concentration; Inject 0.1-0.3 mL for a total administered dose of 10 mL
Combined with Ethiodol for polymerization
Dissolved with DMSO and tantalum; three different concentrations (6%, 6.5%, 8%)

STS: Sotradecol; n-BCA: n-butyl cyanoacrylate.

active receptor VEGF-R2, which is suggestive of an underlying mechanism for pathogenesis[22]. These lesions
occur in 0.3% of newborns without preponderance for
gender[23]. Detection typically occurs at birth, although
acquired capillary malformations are rarely identified.
Capillary malformations can be seen with several different syndromes as described later.

fined as greater than two centimeters in diameter, microcystic, or a combination of macrocystic and microcystic.
As these lesions are commonly encountered in infants
and children ultrasound plays an important role in the
diagnosis, staging, and treatment of lymphatic malformations. MR is useful in determining the type and anatomic
relationships of lesions but often requires sedation or
general anesthesia in children.

LYMPHATIC MALFORMATIONS

Treatment
Sclerotherapy is the primary form of treatment of macrocystic lymphatic malformations. Lesions are punctured
under ultrasound guidance and accessed with 3 to 8.
French multiholed drainage catheters. The entire contents
of the cysts are aspirated and then 25% to 50% of the
volume replaced with a sclerosant. The sclerosant is instilled for several hours and then aspirated. Some remove
the catheters at this time and re-access the malformation
as required, while others leave the catheters in place for
serial sclerosis over 24-48 h. Many sclerosants have been
described (Table 1), including doxycycline, sodium tetradecyl sulfate (Sotradecol, STS), ethanol, bleomycin, and
OK-432 (picibanil). Using bleomycin as a sclerotherapy
agent in macrocystic lymphatic malformations has been
reported as successful in up to 72% of patients[25,26]. Using OK-432 (picibanil) has shown success in up to 66.5%
of patients, while using doxycycline (Figures 5, 6) has
demonstrated success in up to 93% of patients[27].

Lymphatic malformations arise from abnormal development of the lymphatic system during the early phases
of angiogenesis and may be diffuse, often described
as lymphedema, or localized, commonly described as
a lymphangioma[20]. These malformations are typically
large, spongy masses that are non-tender. These lesions
can affect any area of the body, but there is a propensity
for the head and neck, where they are often referred to as
cystic hygromas[20]. Sixty five to 75% of lesions present
at birth whereas the remainder of cases appear within 2
years of age[24]. While most lesions are sporadic, some are
occur as part of syndromes, such as CLOVES (Figure
3). Complications of these lesions may include bleeding
or infection for superficial lesions and encroachment on
other anatomic structures such as airways or abdominal
viscera for deep lesions.
Lymphatic malformations may be macrocystic (Figures 4, 5), consisting of lymphatic spaces arbitrarily de-
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Figure 6 Ten-year-old girl with CLOVES syndrome. Photograph (A) demonstrates right upper extremity overgrowth. Pre-treatment coronal MR images of the right
upper extremity (B, C, D) demonstrate a large, combined macro/microcystic lymphatic malformation with venous lakes in the axilla and evidence of lipomatous overgrowth. Angiographic images (E, F) demonstrate direct puncture of the malformation followed by sclerosis with doxycycline.
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Figure 7 Infiltrative extratruncular low flow vascular malformation of the right leg. Coronal (A) and axial (B) T2-weighted magnetic resonance images demonstrate a high signal intensity infiltrative lesion (arrows). Venography (C) demonstrates filling of the malformation with outflow communication to the femoral vein (arrow).
Sclerosis was subsequently performed utilizing 3% STS opacified with contrast (D) with compression of the outflow vein using metal forceps.

as a soft, compressible, blue mass typically within the
cutaneous tissues of the face, trunk, and limbs, although
involvement of the viscera and bones has also been described[28,29] (Figure 7). It should be noted that two thirds
of all vascular malformations are venous predominant[30].
Although it is felt that there is no gender predisposition,
one series did find a female preponderance[29,31].

Low-Flow Venous Malformations
Venous malformations result from abnormal sprouting or
branching during embryonic development. Venous malformations may be focal, multifocal or diffuse and infiltrative. These dysmorphic vascular channels are lined with
flattened endothelium[2,20] and defective smooth muscle,
leading to progressive expansion under hydrostatic pressure. Stasis promotes in-situ thrombosis and lysis. Patients
present most often with swelling and pain, worse as the
day progresses and exacerbated in the standing position.
On physical examination there may be an associated dermal capillary malformation. Clinically, these lesions appear
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Treatment
Low flow venous malformations may be treated by
compression, surgical excision or sclerosis. Treatment
should be reserved for symptomatic or cosmetically
disfiguring malformations (Figure 8). Sclerosing agents,
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sentation dependent on location (Figures 11, 12). Superficial lesions may present as a warm painless mass with palpable bruit and associated dilated veins. Skin erosion and
bleeding is possible (Figure 12). Deeper lesions may present with steal phenomena as the malformation deprives
blood flow from downstream structures. Staging of these
lesions can be accomplished by scoring according to the
Schobinger clinical staging system[20,42]. Within this system, stage Ⅰ describes a phase of quiescence where there
is a cutaneous blush and skin warmth. In stage Ⅱ, there
is expansion with a darkening blush, lesion pulsation, as
well as a bruit or palpable thrill. Stage Ⅲ is defined by
destruction, namely pain, dystrophic skin changes, ulceration, distal ischemia, and steal. Finally, stage Ⅳ is marked
by decompensation or high output cardiac failure.
High flow vascular malformations include macrofistulas, or truncular malformations, that consist of single
or multiple arteries directly communicating with outflow
veins without an interposed high resistance capillary system. In contrast, arteriovenous malformations, which are
often extratruncular, consist of a low resistance nidus
recruiting blood supply from numerous regional inflow
arteries and draining by multiple outflow veins.

Figure 8 Superficial low flow venous malformation. This soft compressible
mass with nodular purple skin discoloration in the buttock is typical of a superficial low flow venous malformation.

which comprise the main form of treatment, include
STS, polidocanol, and absolute alcohol. Overall, good to
excellent results with sclerotherapy have been reported
in 53%-100% patients, depending on the size and definition of the treated lesion[14,32-36]. Technical success rates
using absolute alcohol have been reported in up to 95%
with no evidence of recurrence[32]. Studies looking at
STS have reported moderate to excellent clinical results
in 68%-86% of patients[33,37,38]. Polidocanol has shown a
treatment benefit in 78%-100% of patients[33,39,40].
Access to the venous vascular malformation is generally achieved by direct puncture, utilizing ultrasound guidance. A butterfly needle is frequently utilized for more
superficial malformations. Venography is then performed,
and the volume of contrast administered to fill the malformation is noted. The appearance of any outflow into
the deep venous structures is also noted. The malformation is emptied of as much blood as possible to increase
contact of the sclerosant with the vein wall. Compression
of previously visualized outflow veins is applied with
tourniquets or direct pressure (Figure 9). Sclerosant is
then injected, generally at a volume of 50%-60% of that
which was noted to fill the malformation with contrast.
Foam sclerotherapy is ideal for treatment of low flow venous vascular malformations (Figure 10). The sclerosant
3% STS is combined on a one-to-one basis with nonionic contrast, for a final concentration of 1.5%, and is
then foamed according to Tessari’s method[41] with 4 parts
of air, or an O2/CO2 mixture, with one part sclerosant.
Foaming the sclerosant increases the surface contact of
the foam micelles with the endothelium of the malformation (Figure 9). Depending upon the size of the malformation, additional access is obtained and the process is
repeated. Large truncular malformations may require coil
embolization or balloon occlusion of larger outflow veins,
in addition to sclerotherapy.

Treatment
Macrofistulous malformations are treated by coil occlusion of the fistula at the distal arterial end of the communication. Accurate oversizing of the coils is essential
to eliminate systemic embolization of the coil. The use
of detachable coils, released only when satisfactory placement is achieved, may increase the safety of the procedure (Figure 13). In addition to coils, occlusion devices
such as the Amplatzer occluder device (St. Jude Medical,
Plymouth, MN, United States) may be considered.
The goal in the treatment of high flow arteriovenous
vascular malformations is eradication of the nidus. This
is best accomplished with a liquid embolic agent, which
will penetrate the feeding vessels into the nidus. A coaxial
guiding and microcatheter system is advanced toward the
nidus and repeat angiography is performed to determine
the volume of embolic agent required to penetrate and fill
the nidus.
Particulate agents, such as polyvinyl alcohol (PVA)[43,44]
may be used independently or in conjunction with liquid
embolic agents. Particulate agents do not generally provide complete occlusion, and recanalization may occur
(Figure 14).
A commonly employed embolic agent is n-butyl
cyanoacrylate (n-BCA), commonly referred to as “glue.”
n-BCA is a non-adherent liquid in a nonionic environment that rapidly polymerizes in an ionic environment.
Polymerization rate is decreased by mixing with increasing volumes of Ethiodol, permitting progressively distal
penetration. Selecting the ideal ratio of n-BCA/ethiodol
permits polymerization to occur within the nidus of the
AVM rather than the feeding artery (Figure 15).
An alternative to n-BCA as a liquid embolic agent is
Onyx (ev3 Endovascular, Inc., Plymouth, MN, United
States)[45-47]. Distal microcatheter placement is essential.

HIGH FLOW VASCULAR
MALFORMATIONS
High flow vascular malformations exhibit variable pre-
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Figure 9 Foaming the sclerosant increases the surface contact of the foam micelles with the endothelium of the malformation. Axial T2 magnetic resonance
demonstrating high signal intensity subcutaneous low flow venous malformation of the left upper arm (A). The lower signal small round structure likely represents a
phlebolith. Color Doppler ultrasound demonstrates low flow signal in the venous malformation (B). Venography prior to sclerotherapy with tourniquet in place on upper
arm demonstrates the venous malformation with no filling of normal deep venous drainage (C). A few faint radio-opaque phleboliths are seen in the venographic image.

A

Figure 10 Foam sclerotherapy is ideal for
treatment of low flow venous vascular malformations. Axial and coronal T2 weighted magnetic
resonance images demonstrate a low flow venous
malformation of the chest and upper abdominal
wall (A, B, C). Direct access venography with a
22-gauge needle shows foamed STS opacified
with contrast filling the malformation (D).

B

C

D

The technique of delivery of Onyx differs from glue
in that a “plug” of Onyx is first formed around the tip
of the microcatheter, preventing retrograde flow after
the agent is forced in the direction of the nidus (Figure
15).
Absolute alcohol is an extremely effective alternative liquid agent, which causes protein denaturation and
endothelial cell destruction (Figure 16). The treatment
success rate of using ethanol in arteriovenous malformations has been reported up to 68% in certain small
series[48]. Its efficacy decreases with decreasing concentration, making it difficult to mix with contrast agents
and still achieve the same result. It has a greater tendency for peripheral penetration and a higher incidence
of non-target injury such as skin necrosis, nerve injury
and related complications (Figure 12). Using a balloon

WCR|www.wjgnet.com

occlusion catheter during ethanol delivery may decrease
the incidence of complications. Acute pulmonary hypertension, right heart strain, and sudden death during
the administration of alcohol have been reported, urging
careful monitoring of pulmonary arterial pressures during procedures involving alcohol sclerosis[49-51].

SYNDROMES ASSOCIATED WITH
VASCULAR MALFORMATIONS
While most vascular malformations occur sporadically,
some are associated with known syndromes. In some
syndromes, the vascular malformation is the predominant
source of morbidity, while in the majority of syndromes,
the vascular malformation is present in association with

711

March 28, 2015|First Edition|

Nosher JL et al . Pictorial review of vascular anomalies

A

B

C

D

Figure 11 High flow arteriovenous malformation of second digit. This patient scheduled for amputation due to intractable pain under went alcohol embolization
as a last resort prior to surgery. Digital arteriography with a microcatheter in the lateral digital artery with the tip at the level of the middle phalanx demonstrating filling
of the nidus of the malformation (A, B, C). Following embolizaton, there is stasis of flow in the malformation (D). The medial digital artery remained patent with preservation of arterial flow to the digit.

A

Figure 12 Superficial lesions may present as a warm painless mass with palpable bruit and associated dilated veins.
High flow arteriovenous malformation with extensive skin breakdown in the region of this superficial malformation (A). Magnetic
resonance angiogram demonstrates a high flow arteriovenous
malformation with arteriovenous shunting (arrow) (B). Left
internal iliac arteriogram demonstrating filling of the nidus of the
malformation (arrow) (C). Arteriography following alcohol embolization shows eradication of the nidus of the malformation (D).
As the malformation was located in subcutaneous fat, it was resected en block and skin grafts were created to bridge the area
of skin breakdown.

B

C

D

other components, which produce the more significant
pathology. When considered from the point of view of
the vascular malformation, syndromes associated with
vascular malformations may be classified according to
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their flow characteristics. Syndromes involving predominantly the head and neck or characterized by capillary
malformations only are well described within the literature and are not included in this review.
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Figure 13 Use of detachable coils, released only when satisfactory placement is achieved, may increase the safety of the procedure. Radiograph of the middiaphysis of the femur demonstrates a region of endosteal erosion (arrows) (A). Arteriography demonstrates a multifistulous malformation with arterial supply from two
muscular branches of the superficial femoral artery (arrow) with early filling of intraosseous venous drainage (arrowheads) (B, C). Occlusion of the feeding arteries
was accomplished with large coils (arrow) eliminating the fistulous communications (D, E).

A

B

C

Figure 14 Particulate agents do not generally provide complete occlusion, and recanalization may occur. High flow arteriovenous malformation with nidus
and venous aneurysm originating from branches of the left internal iliac artery (A). Following superselective catheterization of the feeding branch of the inferior gluteal
artery there is demonstration of the nidus and venous aneurysm (arrow) (B). Following particulate embolization with PVA, there is occlusion of the nidus. Surgical clips
are seen overlying internal iliac artery branches from previous unsuccessful attempts at surgical treatment (C).

A

Figure 15 Arteriogram of high flow arteriovenous malformation. A: Arteriogram demonstrates
nidus (arrows) of a high flow arteriovenous malformation of the abdominal wall, supplied in part by a
muscular branch of the circumflex femoral artery;
B: The lesion was treated twice, initially with Onyx,
then with n-BCA glue, seen within the arterial
feeders of the malformation on post-embolization
imaging.

B

ing in irregular cytoskeletal architecture and abnormal
vascular tubule formation characterized by telangiectasias
and fistulous malformations. Incidence is estimated to
be between 1 in 5000 to 8000 with males and females
affected equally[52,53]. Onset of symptoms most commonly occurs within the second and third decades of life.
Telangiectasias are seen on mucosal surfaces and associated with epistaxis and gastrointestinal bleeding. Arteriovenous fistulas, particularly in the lung, liver, brain and

SYNDROMES ASSOCIATED WITH
HIGH FLOW AND MIXED VASCULAR
MALFORMATIONS
Hereditary hemorrhagic telangiectasia S
Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant disorder involving mutations in the
transforming growth factor-beta signaling pathway result-
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Figure 16 This patient with hereditary hemorrhagic telangiectasia presented with an abnormal chest radiograph. A computed tomography angiogram was
performed for further evaluation. Axial CTA demonstrates a left lower lobe high flow vascular malformation (arrows) (A). Coronal reconstruction demonstrates several
branches of the left lower lobe pulmonary artery feeding the malformation (arrows) (B). Sequential coil embolization of pulmonary arterial branches feeding the malformation was performed (arrow) (C). A framing coil was then placed in the venous aneurysm (D) followed by coil occlusion of the venous aneurysm and each of the
remaining pulmonary arterial feeding branches (arrow) (E).

gastrointestinal tract are a major source of morbidity and
mortality.
While 30% of patients with HHT have pulmonary
arteriovenous fistulas, 80% of pulmonary arteriovenous
fistulas occur in patients with HHT. As these fistulas act
as right to left shunts, patients can present with hypoxia,
stroke or brain abscess and less frequently hemoptysis or
hemothorax. Lesions may be single or multiple. Simple
lesions consist of fistulas between a single segmental
branch of the pulmonary artery and the pulmonary vein,
or complex with multiple segmental pulmonary artery
branches supplying the fistula. Fistulas with arterial supply greater than 3 mm in diameter are considered at
greatest risk of complication.
Surgical resection of pulmonary arteriovenous fistulas
has currently been replaced by transcatheter occlusion.
Superselective catheterization of the feeding pulmonary
arterial branch close to the site of arteriovenous communication is required for placement of coils. Coil size selection, usually 20% larger than the target artery, is critical
to avoid systemic coil embolization. Complete occlusion
of each feeding artery is critical. Occasionally, occlusion
of the aneurysmal draining vein can precede arterial occlusion in order to prevent systemic coil loss (Figure
17). Success of coil embolization approaches 80% but
recanalization of the occluded artery or recruitment of
additional feeding arterial supply results in recurrence of
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the fistula in up to 25% of patients, necessitating retreatment[54]. Careful follow-up of patients, therefore, is essential. Detachable coils or use of the Amplatzer occluder
device may increase the safety of the procedure in select
cases.
Parkes Weber syndrome
Parkes Weber Syndrome is an OSCVA syndrome [55]
(Overgrowth Syndrome with Complex Vascular Anomalies), characterized by extremity overgrowth and vascular
anomaly. In contrast to the Klippel Trenaunay syndrome,
venous abnormalities are associated with high flow arteriovenous malformations within the hypertrophied
extremity. A third component of the syndrome is a cutaneous capillary malformation. Arteriovenous fistulas may
form around the time of puberty, and exacerbation of
the vascular abnormalities is associated with trauma (Figure 17).
PTEN Hamartoma Syndrome
PTEN mutations promote stimulation of angiogenesis
by the Akt/mTOR pathway[56]. PTEN Hamartoma Syndrome (PHTS) usually involves cutaneous lesions, capillary or capillary venous malformations, typically small
deep tissue vascular malformations, and multiple high
flow AVMs, associated with hamartomatous lesions[55].
Occasionally, lymphatic and venous malformations may
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Figure 17 Venogram of low flow venous malformation in
Parkes Weber Syndrome. Right lower extremity venogram
demonstrates extensive low flow venous malformation in a patient with the Parkes Weber syndrome (A). Right lower extremity
arteriogram demonstrating tibial artery shunting to the venous
malformation (arrows) (B, C).

C

C

D

Figure 18 Klippel Trenaunay Syndrome. Axial T2 weighted fat suppressed magnetic resonance image of the thigh (A) in a patient with Klippel Trenaunay syndrome
demonstrates a lateral embryonic vein (arrows) and venous malformation (short arrows). Lower extremity venogram demonstrates the lateral embryonic vein (arrows)
(B). Direct puncture venography prior to alcohol sclerotherapy demonstrates progressive filling of the low flow truncular venous malformation (arrows) (C, D).

be present. High flow AVMs may be present in the limbs,
paraspinal region and dura. They are frequently intramuscular and associated with ectopic fat. The hamartomatous
lesion, comprised of vascular clusters, fibrous tissue, large
veins and fat, has been termed PTEN hamartoma of soft
tissue. Cowden syndrome, Bannayan-Riley-Ruvalcaba
syndrome (BRRS) and some instances of Proteus syndrome are classified together with PHTS. More extensive
high flow AVMs are occasionally seen in the BRRS.

ing in KTS, with sonography reserved for guiding interventions and for distinguishing venous from lymphatic
components of malformations (Figures 18, 19). Catheter
based venography is occasionally needed to determine
the presence, absence or partial aplasia of the deep venous system, when this is not obvious on other imaging
modalities.
CLOVES Syndrome
The congenital lipomatous overgrowth, vascular malformations, epidermal nevi, and scoliosis and other skeletal
deformities (CLOVES) syndrome consists of truncal
lipomatosis, vascular malformations, and acral/musculoskeletal anomalies. The lipomatous lesions are often
infiltrative and tend to recur following resection. Skeletal
overgrowth and malformation are common in the extremities, as is scoliosis. Vascular lesions include capillary, lymphatic, venous and arteriovenous malformations
(Figures 3, 19). In contrast to the Proteus and BRRS
syndrome there is no mental impairment. Treatment includes sclerotherapy of lymphatic and venous malformations and resection of lipomatous lesions[55].

SYNDROMES ASSOCIATED WITH LOW
FLOW VASCULAR MALFORMATIONS
Klippel trenaunay syndrome
Klippel trenaunay syndrome (KTS) is another OSCVA
syndrome with extremity overgrowth, associated with
a superficial vascular stain, venous malformations, and
usually partial aplasia of the deep venous system. The
syndrome may also involve lymphatic anomalies. The
vascular venous vascular malformations in KTS are characterized as truncal malformations, and may be related to
persistence of the embryonic dorsal vein system in the
lateral aspect of the extremity (lateral marginal vein in the
lower extremity). Large varicosities may result in venous
thrombosis and pulmonary embolism. Coagulopathy and
gram-negative sepsis are also complications. Limb gigantism is especially prominent when there is an associated
lymphatic malformation. MRI is the mainstay of imag-
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Blue rubber bleb nevus syndrome
This syndrome consists of venous malformations of the
skin and those within the gastrointestinal tract. The skin
lesions are comprised of a compressible blue subcutaneous nodule, representing a cutaneous venous malforma-
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Figure 19 Klippel Trenaunay Syndrome. CT scan of the abdomen in a patient with the Klippel Trenaunay syndrome demonstrating extensive venous malformation
in the abdominal wall (arrows) as well as venous malformations in the spleen (asterisk) (A, B). CT scan of the pelvis demonstrating extensive venous malformation in
the inguinal canal and scrotum (arrows) (C). Sclerotherapy was performed through the dorsal vein of the penis to treat intractable urethral hemorrhage (D).

A

B

Figure 20 21-year-old man, who presented with pain
and swelling of his leg. Radiograph of the femur demonstrates cortical erosion of the distal femur (arrows) (A).
T1 weighted coronal magnetic resonance (MR) of the
knee demonstrates innumerable focal lesions in the tibia
and femur (B). These lesions are high signal intensity
on T2 weighted coronal MR (C), however no contrast
enhancement was seen within the lesions. Biopsy of the
femur demonstrated a lymphatic microcystic lymphatic
malformation.

C

tion. Clinical consequences generally result from gastrointestinal venous malformations, which may lead to occult
or frank gastrointestinal bleeding.

“cystic angiomatosis” and “lymphangiomatosis,” though
the term GLA is preferred based on the ISSVA classification system. GLA is a multisystem disorder characterized
by dilated lymphatic vessels[58,59]. Features of GLA may
include splenic cysts, hepatic cysts, pleural effusions, and
macrocytic lymphatic malformations, which may involve
several organ systems, including bone[57-59]. On imaging,
osseous lesions in GLA are seen as lucent lesions within
the medullary cavity on radiography and display hyperintensity on T2-weighted MR imaging, but do not demonstrate cortical destruction[57,60]. Numerous bones are
typically affected in GLA, and the axial and appendicular
skeleton are both affected with similar frequency[57]. In
cases of osseous involvement, patients may present with
pain and pathologic fracture (Figure 20).
Gorham-Stout disease, which has been called “vanish-

Maffucci syndrome
In this syndrome, enchondromas are found in coexistence with venous malformations. There is a high frequency of malignant transformation of the enchondromas into chondrosarcomas.
Generalized Lymphatic Anomaly and Gorham-Stout
disease
Generalized Lymphatic Anomaly (GLA) and GorhamStout Disease are two different disorders of the lymphatic system with overlapping features[57]. GLA is synonymous with “generalized cystic lymphangiomatosis”,

WCR|www.wjgnet.com

716

March 28, 2015|First Edition|

Nosher JL et al . Pictorial review of vascular anomalies

ing bone disease,” is also a vascular anomaly of the lymphatics characterized by proliferation of lymphatic vessels
within bone, resulting in progressive bony destruction[61].
Though the skeletal system is the primary site of disease
in GSD, extra-osseous findings are also seen in GSD and
include pleural effusions, splenic cysts, hepatic cysts, and
infiltrating soft tissue abnormalities, which may extend
from the bone into the adjacent soft tissues[57]. On imaging, osseous lesions are lytic, as in GLA, but are characterized by progressive osseous resorption and cortical
destruction. On MRI, osseous lesions in GSD are most
frequently accompanied by infiltrating soft tissue signal
that is iso-to hypointense to muscle on T1-weighted images, hyperintense and heterogeneous on T2 weighted
images, and enhances with contrast[57,62]. Infiltrative soft
tissue is less common in GLA, which is seen in a minority of cases[57]. Unlike GLA, which affects the appendicular and axial skeleton with similar frequency, the axial
skeleton is more commonly affected in GSD, with appendicular involvement seen in a minority of cases[57]. Macrocytic lymphatic malformations are infrequently seen in
GSD[57]. As in GLA, patients with GSD may present with
pain and pathologic fracture.

8

CONCLUSION
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Accurate diagnosis of vascular malformations and their
associated syndromes is often challenging but crucial in
the formulation of appropriate treatment. The approach
to the described entities requires an organized multidisciplinary team effort, with diagnostic imaging playing
an increasingly important role in the proper diagnosis and
a combined interventional radiologic and surgical treatment method showing promising results.
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Core tip: Stereotactic radiosurgery is a novel treatment modality in gynecologic oncology. Its use has
been reported for inoperable primary tumors, recurrent
tumors in or near irradiated fields, and isolated pelvic
nodal metastases. Associated toxicities are usually mild.
Though further research is needed to establish the
role of SRS in gynecologic oncology, it represents an
important second line therapy in appropriately selected
patients.

Abstract
Recent retrospective studies have reported the use of
stereotactic radiosurgery (SRS) in the treatment of gynecologic cancers. SRS uses real-time imaging and high
dose radiation beams attached to precise robotic arms
to target malignant lesions while sparing normal tissue.
The purpose of this review is to examine the indications
for SRS in gynecologic oncology, review the current
literature regarding the use of SRS in gynecologic cancers, and identify future directions for research in this
area. Literature on stereotactic radiosurgery was reviewed using the PubMed search engine. Articles written in English from 1993-2013 were reviewed, and 20
case series and clinical trials were included. The safety
and efficacy SRS has been demonstrated in all gynecologic disease sites including cervical, endometrial,
vulvar, vaginal, and ovarian cancers. Indications for its
use include non-central pelvic recurrences in previously
irradiated patients, complex or non-resectable disease
recurrence, and solitary brain metastases. Toxicities
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INTRODUCTION
Stereotactic radiosurgery (SRS) is an emerging technology in the treatment of gynecologic cancers. It targets
malignant lesions using real-time imaging in combination with high dose radiation beams attached to precise
robotic arms. First used in the treatment of intracranial
lesions, technological advancements in radiation and
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image-guidance have allowed for its use in a variety of
extracranial locations. Because SRS can focus on targets
with sub-millimeter accuracy, it has been used for inoperable primary tumors near radiosensitive tissues, recurrent
tumors in or near irradiated fields, and isolated pelvic
nodal metastases. Its precise beams spare normal tissues
and result in decreased toxicity when compared to conventional radiotherapy.
SRS is of particular interest in women with gynecologic malignancies, since many of these patients will recur
in or near previously irradiated tissues, inoperable anatomic regions, or sites inaccessible to traditional radiation
therapy[1]. Recent retrospective studies have reported on
the safety and efficacy of SRS in the treatment of gynecologic cancers. The purpose of this review is to examine
the indications for SRS in gynecologic oncology, review
the current literature regarding the use of SRS in gynecologic cancers, and identify future directions for research
in this area.

efficacy of SRS in 50 patients with recurrent cervical,
endometrial, ovarian, and vulvar cancer. SRS was used
to deliver 24 Gy in 3 fractions to a clinical target volume
(CTV) that included the gross tumor volume (GTV)
as well as surrounding fluorodeoxyglucose (FDG)-avid
areas. The positron emission tomography (PET) images
were overlaid and co-registered with computed tomography (CT) scans in order to accurately target the entire
tumor site. One patient had a complete response, and the
overall response rate (defined as complete response, partial response, or stable disease without progression) was
96%. Sixty-two percent of patients showed clinical benefit at 6 mo. Most toxicity was mild, though one patient
did experience grade 4 hyperbilirubinemia and another
developed an enterovaginal fistula. The study authors
concluded that SRS was safe and efficacious for patients
with recurrent gynecologic malignancies[1]. All other data
are derived from case series, and no controlled trials have
been published. While studies mostly describe patients
with endometrial or cervical primaries, SRS has been utilized for all gynecologic disease sites.

STEREOTACTIC RADIOSURGERY
Stereotactic radiosurgery combines the complex dose
distributions of intensity modulated radiation therapy
(IMRT), the accuracy, reproducibility, and high doses
of radiosurgery, and the fractionation of external beam
radiation therapy to build a technique capable of treating
complex abdominal-pelvic tumors. In this method, linear
accelerators generate multiple X-ray beams, which can
precisely target malignant tissues using advanced treatment planning, real-time imaging, and/or fiducial marker
localization. The precision of these X-ray beams allows
delivery of high doses to the tumor while sparing normal
tissues. Doses are usually divided into 1-5 fractions given
over 1-2 wk. Body immobilizers may be used to maintain spatial relationships during treatment sessions. Realtime image guidance ensures accurate tumor location, as
abdominal and pelvic structures can exhibit substantial
inter- and intra-fraction movement.
SRS has been utilized for lung, liver, pancreatic, renal,
prostate, spinal, and pelvic tumors. It was first described
for use in liver and lung lesions in the 1980s and has been
used for gynecologic cancers since 2006. Twelve, small
retrospective case series and one phase Ⅱ clinical trial
have described single institution experiences with SRS
in the treatment of uterine, cervical, vaginal, vulvar, and
ovarian cancers (Table 1). These series include a combined 291 patients who have undergone SRS for distant,
local, lateral pelvic, or isolated pelvic node recurrences or
as a substitute for brachytherapy in primary disease. One
study specifically reported hematologic toxicities associated with SRS. Populations in these studies were heterogeneous, and varying doses and fractionation schedules
have been described. Differences in reporting these
results make it difficult to calculate a composite rate of
survival, loco-regional control, or disease response.
The largest population was described by Kunos et
al[1], in a phase Ⅱ clinical trial evaluating the safety and
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CERVICAL CANCER
Since radiation therapy is commonly used in cervical
cancer, SRS is an attractive option for inoperable patients with primary or recurrent disease. Overall, 76 cases
describing the use of SRS in cervical cancer have been
published in 9 series. Four papers describe its use in the
primary setting (usually as a substitute for brachytherapy),
while others report its use for loco-regional, para-aortic
node, or pelvic side-wall recurrences. All series included
only patients who were unsuitable or unwilling to undergo other treatment modalities such as brachytherapy
or surgical resection.
The largest series of patients treated with SRS for primary disease was published by Hsieh et al[2] in 2013. They
described 9 patients with locally advanced cervical cancer
who were treated with SRS (via helical tomotherapy) as a
replacement for brachytherapy boost after the standard
dose of EBRT and concurrent cisplatin. These patients
were unable to undergo the recommended brachytherapy due to anatomic factors or medical comorbidities.
Though three-year actuarial loco-regional control was
77.8%, three-year disease free survival was only 28.6%.
Distant metastases were the most common pattern of
failure, suggesting efficacy of SRS in controlling central
pelvic disease[2]. Mollà et al[3] reported similar results when
treating primary disease. Their population included seven
cervical cancer patients who underwent EBRT with SRS
boost due to high-risk disease after initial surgical management. Only one patient recurred within the 12-month
follow up period; however, actuarial values were not
calculated. Toxicities were low in both series, consisting
mostly of grade 1 or 2 sexual and GI symptoms. However, one patient did have grade 3 diarrhea, and another
had grade 3 thrombocytopenia. One patient with stage
4A disease developed a rectovaginal fistula. Four patients
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Table 1 Summary of case series of stereotactic radiosurgery
Ref.

n

Cancer types

Molla et al[3]

16

Cervical (7)
Uterine (9)

Deodato et
al[13]

11

Ovarian (4)
Cervical (4)
Uterine (3)

Guckenburger 19
et al[7]

Cervical (12)
Uterine (7)

Recurrence

EBRT 50 Gy
SRS 15 Gy/3
fractions
+/- vaginal BT (3
pts)

Choi et al[10]

30

Cervical (28)
Uterine (2)

Recurrence

EBRT 27-45 Gy
SRS 13-45 Gy/1-3
fractions

4 yr local
control rate
67.4%

Median PFS 32
mo

Various (5)

Dewas et al[9]

16

Recurrence

EBRT 36-66 Gy (3
pts)
SRS 36 Gy/6
fractions

1 yr local
control rate
51.4%

Median OS
11.5 mo (DFS
8.3 mo)

None

Systemic/distant
progression (n = 4)
Local progression (n = 1)
Local and systemic
progression (n = 1)
Systemic progression
(n = 7)
Local tumor progression
(n = 1)
Comorbid illness (n = 1)
Unknown (n = 1)
Locoregional failure
(13.8%)
Distant mets (10.3%)
Local and distant failure
(6.9%)
Not reported

Primary
(stage
3B-4)

EBRT 45 Gy
SRS 19.5-20 Gy/
3-5 fractions
+/- 50.4-61.2 Gy
IMRT boost (5 pts)
EBRT 50.4 Gy
SRS 15-27 Gy/
5-9 fractions

100% local
control at 14
mo

100% at 14 mo

None

Not reported

SRS 24 Gy/3
fractions

6 mo clinical
benefit 68%

Disease
setting

Primary
EBRT 45 GyT
(stage
SRS 14-20 Gy/2-5
1-3) and
fractions +/- pararecurrence aortic boost (2 pts)
Recurrence SRS 20-30 Gy/4-6
fractions

Haas et al[6]

6

Cervical (4)
Uterine (1)
Rectal (4)
Anal (6)
Bladder (1)
Cervical (6)

Hsieh et al[2]

9

Cervical (9)

Primary
(stage
3B-4A)

Hsieh et al[2]

31

Uterine (31)

Primary
(stage
1B-3C)

Kubicek et al[19] 11

Cervical 7)
Uterine (2)
Vaginal (2)

Kunos et al[20]

3

Vulvar (3)

Primary
(stage
2-3C) and
recurrence
Recurrence

Kunos et al[15]

5

Kunos et al[1]
Phase Ⅱ trial

Dose

Endometrial (1) Recurrence
0varian (3)
Cervical (1)
50
Cervix (9)
Recurrence
Endometrial (14)
Ovarian (25)
Vulvar (2)

Response/
control rate

Survival

Grade 3/4 toxicities

Patterns of failure

15 pts NED
at 12.6 mo (1
recurrence)

Not reported

Rectal bleeding (1)

Not reported

83.3% overall Not reported
None
response rate
63%
recurrence at
19 mo
3 yr local
Median OS 25
Intestino-vaginal
control rate mo, PFS 16 mo
fistula (2)
81%
Small bowel ileus (1)

3 yr local
control rate
77.8%

Median OS 13
Diarrhea (1)
Distant metastases (44%)
mo
Thrombocytopenia (1)
Rectal bleeding (3)
Rectovaginal fistula (1)
IMRT or SRS via HT Not reported Median OS 21
None
Distant metastases
45-50.4 Gy/25-28
mo
fractions
ICBT 4.5-5 Gy x 2-6
fractions
EBRT or IMRT
Not reported 73% overall
Rectal bleeding (1)
Not reported
45-50.4 Gy
survival at
SRS 5-27.5 Gy/1-5
follow-up
fractions
SRS 24 Gy/3
Not reported
1-3 mo PFS
None
Out of field recurrence
fractions
SRS 5-8 Gy x 3-5
Not reported Not reported
Fatigue (1)
Distant metastases
fractions
Median OS
20.2 mo

Hyperbilirubinemia
(1)
Enterovaginal fistula
(1)

Out of field
recurrence (62%)

EBRT: External beam radiation therapy; SRS: Stereotactic radiosurgery; NED: No evidence of disease; BT: Brachytherapy; OS: Overall survival: HT: Helical
tomotherapy; IMRT: Intensity modulated radiation therapy; PFS: Progression free survival.

had rectal bleeding following treatment[3]. Two other papers by Hsieh et al[4,5] report similar findings in this patient
population, and Haas et al[6] described 100% disease free
survival at 14 mo in a series of six patients treated with
SRS boost for primary disease.
These rates of local control exceed that of brachytherapy in many studies; however, the small sample sizes,
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short duration of follow-up, and lack of a brachytherapy
control group make it impossible to compare the two
treatments. Still, the authors of these papers suggest that
SRS could be considered as an alternative to brachytherapy boost, especially in patients unsuited for brachytherapy.
SRS has been more frequently described for recur-
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Figure 1 CyberKnife (left) and GammaKnife (right). The CyberKnife device employs a mobile frame to radiate tumors in complex locations. The GammaKnife provides head immobilization for more accurate radiation delivery.

rent disease. Guckenberger et al[7] describe its use in 12
patients with local recurrences of cervical cancer. Six
patients in this study (which included patients with endometrial and cervical cancer) had undergone previous
radiation, though most had received only vaginal brachytherapy. The majority of patients had been surgically
treated for their primary disease. Those who had not had
previous EBRT underwent standard external radiation at
a dose of 45 Gy followed by a SRS boost using 14-20 Gy
in 3 fractions. Patients previously treated with external
beam radiation underwent only SRS. Loco-regional control was again excellent, with 81% loco-regional control
at 3 years. Overall 3-year survival was 34%, and systemic
disease progression remained the most common pattern
of failure[7]. This survival rate is similar to that of patients
who undergo brachytherapy boost after EBRT for recurrent disease.
Interestingly, while pelvic sidewall recurrences carry
a poor prognosis in patients treated with brachytherapy
boost, location was not found to be a prognostic factor
for patients treated with SRS[8]. Dewas et al[9] included
four cervical cancer patients in their series describing SRS
for lateral pelvic recurrences of cervical, uterine, anal,
rectal, and bladder cancers. In this study, previously irradiated patients were treated with CyberKnife SRS (36 Gy
in 6 fractions) for lateral pelvic masses (Figure 1). While
disease free survival remained relatively low (8.3 mo), the
authors argued that this treatment delayed local progression, as these recurrences would usually progress much
more rapidly, improving quality of life. No grade 3 or
higher toxicities were noted, and self-reported pain scores
were improved after treatment. However, results should
be interpreted with caution, as none of these patients
exhibited unequivocal response. Favorable response was
reported based on decreased uptake of contrast material
on follow up PET studies[9]. Further research is needed to
determine whether SRS is superior to alternate radiation
modalities in patients with lateral pelvic recurrences.
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Another clinical challenge in recurrent cervical cancer occurs in patients with isolated, unresectable, paraaortic nodal recurrence. Though this type of recurrence
is rare, it is associated with a poor prognosis and high
post-treatment morbidity due to the radiosensitivity of
surrounding organs, particularly the small bowel. Because
of the precision of its radiation beams, SRS could be an
excellent treatment modality for this type of recurrence.
Choi et al[10] described their experience in 28 patients
with cervical cancer recurrence confined to para-aortic
nodes. These patients received EBRT followed by SRS
boost with 33-45 Gy in 3 daily fractions. Twenty-five
patients received cisplatin before, during, or immediately
after their radiation courses. Four year overall survival
was 50.1%, and 96.5% of patients had at least partial response. Median time to disease progression was 32 mo.
Though this population is small, SRS appears to be associated with improved overall survival, fewer toxicities,
and shorter treatment times when compared for EBRT
for nodal para-aortic recurrence[11,12].
In combination, these reports indicate that SRS may
be a promising therapeutic modality for primary and recurrent cervical cancer, especially in patients who have
undergone previous radiation and/or are not candidates
for surgical resection. Further studies are needed to clarify patient populations most likely to benefit from SRS.
The role of concurrent chemotherapy with SRS is also an
important area of research, as distant metastases are the
most common sites of failure.

ENDOMETRIAL CANCER
SRS has been similarly studied in endometrial cancer.
Seventy cases of SRS use for primary or recurrent endometrial cancer have been described in nine unique series.
However, dosing regimens are not uniform, and study
populations are heterogeneous. SRS has been used as a
substitute for both EBRT and brachytherapy boost after
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surgical therapy for high-risk disease, as well as in the
treatment of recurrent endometrial cancer. It has also
been used as a substitute for IMRT, due to it’s improved
accuracy and ability to target higher doses of radiation to
precise areas of tissue.
The largest series of SRS in the primary setting was
published by Hsieh et al[2]. They reported 31 cases of
FIGO stage ⅠB to ⅢC uterine cancer, in which either
SRS or IMRT was used as a substitute for EBRT after
surgical staging for primary disease. IMRT or SRS was
followed by vaginal brachytherapy in all patients. Two
patients received concurrent cisplatin. This study is
unique in that it is the only study that has compared SRS
to another treatment modality. However, the study was
not powered to detect statistical differences between the
groups. While the study found no differences in overall
survival or toxicity in SRS when compared to IMRT, SRS
did provide significantly better critical organ sparing for
the rectum, bladder, femoral heads, and intestines when
compared to IMRT using dose-volume histograms. One
cervical stump failure occurred in each group, and no
grade 3 or 4 toxicities were noted[2].
SRS has also been studied as a substitute for brachytherapy in patients with primary endometrial cancer.
Mollà et al[3] included nine patients with FIGO stage Ⅰ-Ⅲ
uterine cancer in their series describing SRS boost after
primary or post-operative EBRT. As described above, patients received 45 Gy EBRT or IMRT followed by 14-20
Gy SRS, usually following surgical treatment for either
endometrial or cervical cancer. While most subjects had
primary disease, two patients were enrolled due to local
relapse. Patients underwent therapy at varying doses and
fractionations. At 12-month median follow up, no recurrences were reported for the endometrial cancer group.
Mostly grade 1 or 2 toxicities were noted, though one of
the patients with recurrent endometrial cancer experienced persistent (grade 3) rectal bleeding 18 mo after reirradiation at the vaginal vault[3].
SRS is more commonly used in the setting of recurrent endometrial cancer, especially in previously irradiated patients. Both Guckenberger et al[7] and Deodato et
al[13] have published separate series describing the use of
SRS for distant or local recurrences of endometrial and
cervical cancers. Favorable rates of local control were
demonstrated, though statistics for cervical vs. uterine
cancers were not separately reported. Both series were
small, including only seven and three endometrial cancer
patients, respectively[7,13]. Two patients with isolated paraaortic nodal recurrences of endometrial cancer were also
included in the above-mentioned study by Choi et al[10]
with results as described above. While it is likely that results from cervical cancer patients could be extrapolated
to those with endometrial cancers, it is difficult to draw
conclusions with these small patient populations. Study
authors have suggested that SRS could benefit patients
with pelvic or para-aortic node recurrences who are not
candidates for exenteration or salvage radiotherapy; however, further studies are needed to confirm these results
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and delineate optimal SRS dosing and fractionation.

OVARIAN CANCER
While the use of radiation therapy is much more common in endometrial and cervical cancers, SRS has also
been used in the treatment of recurrent or non-operative
ovarian cancers. Higginson et al[14] describe the use of
SRS for patients with isolated lung metastasis, para-aortic
nodes, or vaginal cuff recurrences after primary surgery
and adjuvant therapy.
Kunos et al[15] included three cases of ovarian cancer
in a 2009 report of their single-institution experience
with SRS. These cases involved patients with multiple local and distant recurrences treated with multiple courses
of chemotherapy, prior radiation, and/or surgeries. One
patient with FIGO stage ⅢC papillary serous cancer received primary surgery followed by two differing chemotherapy courses, as well as a repeat operation with intraoperative radiation before opting for SRS in the place
of pelvic exenteration for a third relapse of her cancer.
Stable disease remained after radiotherapy and the patient
was without evidence of progression for 9 mo, treated
with concurrent bevacizumab and cyclophosphamide.
Another patient was free of disease at 10 mo after SRS
was used to treat a persistent vaginal lesion following
primary debulking, several chemotherapy courses, and
external pelvic radiation. A third patient who underwent
SRS after multiple surgeries, one dose of intra-operative
radiation, and 3 mo of single-agent chemotherapy had
stable disease at six month follow up with no more than
grade 2 acute toxicities[15].
Deodato et al[13] described four other cases of SRS use
in ovarian cancer. Three patients were without evidence
of disease at 37, 31, and 19 mo after undergoing SRS to
presacral lymph nodes, hepatic lesions, and supraclavicular nodes, respectively. One patient was alive with disease
at 18 mo after SRS dosing to anterior mediastinal and left
internal mammary nodes[13]. Further studies are needed to
define the appropriate patient population for SRS use in
ovarian cancer. Currently, SRS is only used as a palliative
measure for patients with localized, recurrent disease.

TOXICITIES
Most toxicities associated with SRS are mild and selflimiting. They include grade 1-2 fatigue, diarrhea, dysuria,
nausea, and sexual side effects. However, rare grade 3
toxicities have been reported in almost every series. Rectal bleeding was reported in 4 patients in two different
series of patients receiving EBRT followed by SRS boost.
One of these events occurred in a patient with a history
of prior radiation; however, the other patients with rectal
bleeding had not undergone previous radiation therapy.
Four patients in three series reported enterovaginal fistulas; all of these occurred in the recurrent setting[1,2,7].
The largest study of toxicities associated with SRS
was published by Kunos et al[16] in 2012. This retrospec-
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tive series analyzed hematologic toxicity in 61 women
treated with SRS for stage 4 gynecologic malignancies.
Ninety-three percent of these patients had received chemotherapy prior to SRS. Twenty-five percent had grade 2
fatigue, but the incidence of grade 3 fatigue was only 3%.
All symptoms resolved by 30 d post-radiation. No neutropenia was reported; however, 5% of women had grade
1 anemia (Hb < 10.0 g/dL), and there were single incidences of grade 1, 2, and 3 thrombocytopenia. Further
studies are required to better estimate the rates of nonhematologic toxicities, though it is difficult to isolate SRS
as the cause of morbidity, since many patients receive
surgery, chemotherapy, and other methods of radiation
prior to receiving SRS[16].

Table 2 Indications for SRS in recurrent and metastatic
gynecologic malignancy
Recurrent cervical cancer

Recurrence in a previously radiated fields
Recurrence in patients who are not
candidates for pelvic exenteration
Complex oligometastases
Unresectable oligometastases
Oligometastases in abdominal
retroperitoneum
Central nervous system Intracranial lesions not accessible to Gamma
and brain metastases
Knife

ever, will have distant disease recurrence in complex locations involving the abdominal retro-peritoneum. Clinical
options in this setting are limited, as access for adequate
surgical resection is difficult to achieve. Treatment using
chemotherapeutics or biologic agents is encouraged, and
a combined approach utilizing systemic chemotherapy in
conjunction with SRS is promising. Research regarding
the above is limited, and given the unmet clinical need,
warrants further investigation. There are well-defined
selection criteria for utilization of SRS in the treatment
of oligometastases for other primary disease sites such as
lung, prostate and liver, and this data can may be extrapolated to gynecologic cancer patients.

SRS IN GYNECOLOGIC CANCER
For now, the indications for SRS in gynecologic oncology remain undefined. Our review found three clinical
scenarios for which SRS could provide benefit. These
include non-central pelvic recurrences in previously irradiated patients, complex or unresectable disease recurrence, and solitary brain metastases (Table 2). This is an
especially promising area of research, as few treatment
options are available for these patients.

CENTRAL NERVOUS SYSTEM AND BRAIN
METASTASES

RECURRENT CERVICAL CANCER
Patients with locally advanced primary cervical cancer are
usually treated with curative chemoradiation. Others may
undergo primary surgery but require adjuvant chemoradiation due to high-risk pathologic features, positive margins, positive parametria or positive pelvic lymph nodes.
In this population, utilization of traditional radiotherapy
in a previously radiated field is associated with prohibitive
toxicity, and thus, SRS may represent a suitable alternative. While central pelvic recurrences can be treated with
surgical exenteration, many patients have non-central
recurrences or comorbid conditions that make them unsuitable for aggressive surgical resection with significant
quality of life implications. Currently, the majority of
these patients are treated with systemic chemotherapy using cisplatin, paclitaxel, and bevacizumab (following presentation of GOG 240)[17] or are enrolled in clinical trials.
Cyberknife SRS represents another therapeutic alternative
and has decreased morbidity compared to exenteration.
Series by Guckenberger, Dewas, and Deodata report
mostly grade 1-2 toxicity, even in previously irradiated
patients[7,9,13]. In one series, two out of the three patients
with grade 3-4 toxicities had received prior radiation;
however, most previously irradiated patients did not suffer significant morbidity[7].

Central nervous system (CNS) and brain metastases are
rare in gynecologic malignancies. Between 0.4%-1.2% of
cervical cancers involve intracranial metastases, and percentages are similar for other pelvic disease sites. These
lesions are usually treated with whole brain radiation or
Gamma Knife stereotactic radiosurgery (Figure 1). A
series by Menedez et al[18] included 14 patients with brain
metastases from primary endometrial, ovarian, or cervical
cancer. Patients received 16-20 Gy and experienced median survival of 5-13 mo. While the CyberKnife system
is not well studied in gynecologic malignancies, its use is
described for brain metastases in primary lung, breast,
colon, and other cancers. CyberKnife eliminates the need
for target fixation and allows for expanded treatment
freedom for large or complex lesions.
The preference for Gamma Knife in the treatment of
brain and spinal cord metastasis stems from the theoretical improvement in accuracy, 0.5 mm or less, over Cyber
Knife (1 mm or less), although these measurements have
been disputed (Figure 1). Additionally, the smaller size
of the Gamma Knife collimators reduce the potential
injury to neighboring normal brain tissue, improving long
term morbidity. The Gamma Knife also improves precision using a rigid immobilization device to prevent head
movement during treatment. Conversely, utilization of
CyberKnife SRS, allows for improved therapeutic versatility given the dynamic nature of the robotic arms, compensating for target organ motion, and allowing access
to portions of the CNS that are difficult to treat using

COMPLEX OLIGOMETASTASES
Although the location of gynecologic cancer recurrence
is unpredictable, patients with cervical and endometrial
cancer commonly recur in the pelvis. A proportion, how-
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Gamma Knife therapy.

3

FUTURE RESEARCH
While SRS is a promising treatment modality for inoperable or recurrent gynecologic cancers, many aspects of
treatment remain uncertain. The available series describing SRS use heterogeneous dosing and fractionation
schedules, and the optimal regimen has not been delineated. Controlled trials comparing SRS to brachytherapy or
IMRT are also needed. Studies of SRS use for adjuvant
therapy in high risk disease could further define the role
of SRS in gynecologic malignancies. Today, SRS remains
a second line treatment, reserved for patients with primary disease who are unsuitable for standard surgical or
radiation therapy or for recurrent disease in a previously
irradiated field.
Because most patients in the above-mentioned series
suffered disease recurrence or progression outside the
treatment area, many researchers have proposed concurrent chemotherapy with SRS to prevent progression
of occult disease. Twenty five patients reported in the
literature have received concurrent cisplatin during SRS,
and four patients have received other chemotherapy regimens within 4 mo of SRS[1,2,3,7,10]. However, this patient
population is too small for any comparisons to be made
regarding the benefits of concurrent chemotherapy. A
phase Ⅰ clinical trial of palliative SRS with gemcitabine
and carboplatin is currently enrolling patients with recurrent or persistent cervical, endometrial, ovarian, vulvar,
and vaginal cancers (NCT01652794).

4

5

6

7

8

9

10

CONCLUSION
SRS is an emerging area of radiation oncology, which has
been successfully used in high risk gynecologic malignancies. Because of its unique ability to precisely target
malignant lesions while sparing surrounding normal tissues, SRS can safely radiate tumors that may be difficult
or impossible to treat with surgery or conventional radiotherapy. SRS has been described for all gynecologic
malignancies and appears to have an excellent safety profile. Further research is necessary to determine optimal
dosing and fractionation schedules, delineate appropriate
patient populations, and evaluate long term survival and
morbidity.
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