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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.

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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Coronary venous system in cardiac computer tomography:
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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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Visceral fat area (VFA) measured in a single slice at L4
level correlated significantly with the total abdominal
visceral fat volume measured on multislice CT scan. In
a large-scale study of a Japanese population, the mean
number of obesity-related cardiovascular risk factors
(hypertension, low high-density lipoprotein cholesterolemia and/or hypertriglyceridemia, and hyperglycemia)
2
was greater than 1.0 at 100 cm of VFA, irrespective
of gender, age and body mass index. Our group also
demonstrated that reduction of visceral fat accumulation subsequent to voluntary lifestyle modification,
“Hokenshido”, correlated with a decrease in the number of obesity-related cardiovascular risk factors. It is
important to select the most appropriate subjects from
the general population (e.g. , non-obese subjects with
a cluster of risk factors for the metabolic syndrome)
that are most suitable for body weight reduction, with
the goal of preventing atherosclerotic cardiovascular
diseases.

Abstract

Core tip: Accumulation of intra-abdominal visceral fat
correlates with atherogenic and metabolic abnormalities, collectively known as the metabolic syndrome.
Visceral adiposity is an important component of the
syndrome in Japanese individuals with mild adiposity
compared with Western subjects. A computed tomography (CT) scan allows the separate analysis of subcutaneous fat and visceral fat, and the visceral fat area
(VFA) from a single CT slice L4 level correlates with to2
tal visceral fat volume. A VFA cut-off value of 100 cm
is used for risk assessment of obesity-related disorders.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Visceral fat; Metabolic syndrome; Computed
tomography; Atherosclerotic cardiovascular diseases

Abdominal obesity, rather than total amount of fat, is
linked to obesity-related disorders. Visceral adiposity is
an important component of obesity-related disorders
in Japanese individuals with a mild degree of adiposity
compared with Western subjects. In 1983, our group
reported techniques for body fat analysis using computed tomography (CT) and established the concept
of visceral fat obesity in which intra-abdominal fat accumulation is an important factor in the development
of obesity-related complications, such as diabetes, lipid
disorders, hypertension and atherosclerosis. Our group
also established ideal imaging conditions for determining abdominal fat area at the umbilical level CT scan.
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the level of the umbilicus (V/S ratio) in obese subjects
is about 0.4. Accordingly, we defined obese subjects with
V/S ratio of ≥ 0.4 as visceral fat obesity, whereas obese
subjects with V/S ratio of < 0.4 were considered subcutaneous fat obesity[7,8]. Comparison of the metabolic features of subjects with visceral fat obesity and those with
subcutaneous fat obesity showed significantly higher or
otherwise greater fasting plasma glucose level, area under
the plasma glucose concentration curve after oral glucose
loading, triglyceride level, and total cholesterol level in
the former group, when either all or sex-matched obese
subjects were examined, although BMI or the duration of
obesity was not different between the two groups[7,8].

computed tomography: A Japanese perspective. World J Radiol
2014; 6(7): 409-416 Available from: URL: http://www.wjgnet.
com/1949-8470/full/v6/i7/409.htm DOI: http://dx.doi.org/10.4329/
wjr.v6.i7.409

ABDOMINAL OBESITY RATHER THAN
TOTAL AMOUNT OF FAT CORRELATES
WITH OBESITY-RELATED DISORDERS
Obesity is generally defined as excess storage of energy
in the form of fat. Clinical evidence indicates that regional body fat distribution correlates with morbidity and
mortality in obese subjects. In 1947, Vague[1] was the first
to report a link between adipose tissue distribution and
complications in obese subjects. Subsequent clinical studies demonstrated that abdominal obesity [increased waist
to hip (W/H) ratio], rather than total amount of fat, is
linked to obesity-related disorders[1-5]. A high W/H ratio
(an expression of upper body or abdominal obesity) became an index used to predict risks associated with fat accumulation. In comparison, “waist” originally comprised
both abdominal subcutaneous fat and intra abdominal
visceral fat.

STANDARD METHOD FOR
MEASUREMENT OF VISCERAL FAT AND
SUBCUTANEOUS FAT
A CT scan and magnetic resonance imaging (MRI) at the
umbilical level are the standard techniques used for the
assessment of visceral fat accumulation[6-12]. The MRI
findings significantly correlate with those of a CT scan.
MRI offers the advantage of lack of radiation exposure,
although it is more expensive. Several studies have demonstrated that visceral fat area (VFA) measured in a single
slice obtained at the level of the umbilicus (approximately
the level of L4 and L5) correlates significantly with total
visceral abdominal fat volume[6,9,10].
Accurate and standardized techniques are required to
implement the use of CT in clinical practice for measurement of VFA. Our group established the imaging conditions necessary for measurement of abdominal fat area at
the umbilical level from a CT scan taken in the supine position[11]. The VFA was measured by drawing a line within
the muscle wall surrounding the abdominal cavity. The
subcutaneous fat area (SFA) was calculated by subtracting the visceral fat area from the total fat area. Fat areas
measured by this method correlated closely with those obtained by the computed planimetric method. Thus, VFA
measured on a single CT slice at the L4 level correlated
strongly with total abdominal visceral fat volume measured by multislice CT (r = 0.94, P < 0.0001) (Figure 1).
VFA but not SFA value varies considerably (approximately 20%) with respiration and site of obtained CT
scan (Figure 2). During inspiration, the downward movement of the diaphragm results in the compression of
the abdominal cavity and extension of visceral fat. These
changes cause overestimation of VFA and/or inclusion
of the lower part of the kidney in the slice. For accurate
measurement of VFA, it is important that measurement
is made in late expiration. In subjects with a low position
umbilicus, the umbilicus CT slices can also include the
pelvic cavity. To avoid errors in measurements in such
subjects, the slice position must be adjusted to a much
higher level (L4 level).
To take VFA measurement from the research bench
to daily clinical practice, our group also developed com-

SEPARATE ANALYSIS OF
SUBCUTANEOUS FAT AND INTRAABDOMINAL VISCERAL FAT
In 1983, our group introduced a new method for fat
analysis using a computed tomography (CT) scan, which
allowed the separate measurement of subcutaneous fat
and intra-abdominal visceral fat[6]. We divided the human
body into 11 cylindrical parts (head, forearm, upper arm,
chest, abdomen, thigh, calf) for the measurement. Intraperitoneal fat, with a density similar to the subcutaneous
fat layer, is considered the visceral fat area (representing
fat accumulation predominantly in the mesenteric and
omental regions). These respective areas (cm2) are measured by tracing object contours on the films of each individual scan using the computerized planimetric method.
CT scans at the level of the umbilicus show great variability in fat distribution. Two different types of fat distribution patterns are found among obese subjects with
similar waist circumferences and body mass indices. In
one group of subjects, subcutaneous fat is rather scanty;
fat accumulates in the intraperitoneal compartment. In
the other group of subjects, fat accumulates exclusively
in the subcutaneous area. Lean body mass comprising
muscles and bones did not increase with obesity, at least
in the abdomen.

VISCERAL FAT OBESITY
The average ratio of visceral fat to subcutaneous fat at
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Figure 1 Correlation between visceral fat volume and visceral fat area measured by multislice computed tomography. A: Abdominal fat distribution; B; Correlation between abdominal visceral fat volume and visceral fat area from a single slice at the level of L4. Number = 75 (males 55, females 20); age: 53 ± 1 yr (range,
18-81 yr), body mass index: 25.4 ± 3.9 kg/cm2 (18.9-38.8 kg/cm2). Slice thickness was 10 mm, and images were obtained from Th 8/9 to the pubis. Fat area measurement application: Advanced area calculation, GE Healthcare Co.
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Figure 2 Measurement of visceral fat area varies with respiratory phase and level of computed tomography scan. Fat area measurement application: Advanced area calculation, GE Healthcare Co. VFA: Visceral fat area; SFA: Subcutaneous fat area; BMI: Body mass index.

mercial software that measures both VFA and SFA from
a single slice CT scan. These investigations were confirmed in the subsequent generation of CT scanners and
the Japanese guidelines of obesity treatment 2011 (Japan
Society for the Study of Obesity, in Japanese) defined the
imaging conditions for assessment of abdominal fat in
multislice CT scan (Table 1).
With regard to the radiation dose, the dose-length
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product (mGy‧cm) is determined by multiplying CT dose
index volume (mGy) by scan length (cm)[13]. The effective
dose (0.015 mSv/mGy‧cm) is computed by multiplying
the dose-length product by a conversion factor for the
abdomen[13]. The mean ± SD of the radiation dose used
in the standard protocol for assessment of abdominal fat
measured in 37 subjects (men 20, women 17) was 26.6 ±
4.4 for men and 25.6 ± 4.2 mGy/slice for women, while
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Table 1 Parameters used for computed tomography imaging of abdominal fat: Multislice computed tomography
Scan position
Tube voltage
Tube current
Slice thickness
FOV
Respiratory phase
Reconstruction conditions

Umbilicus. Scan around the level of L4 to avoid the kidney and/or the ilium in view. Take 3-5 slices in comparative
scans after weight reduction
120 kVp
Preferred AEC. SD 8-10
5-10 mm
Include whole circumference of the abdominal without deficiency
Late expiration
Displaying conditions common for plain CT scan of the abdomen

CT: Computed tomography; AEC: Automatic exposure control; FOV: Field of view.

the respective effective dose was 0.42 ± 0.07 and 0.41 ±
0.06 mSv/slice.
The above data indicate that radiation exposure for
measurement of VFA and SFA is inevitable. Therefore,
an alternative simple, rapid, noninvasive and convenient
technique to evaluate visceral fat accumulation is desirable in routine clinical practice. To date, the abdominal
bioelectrical impedance analysis (BIA) method represents
a simple, rapid, noninvasive and convenient technique
that can specifically measure VFA[14]. The voltage recorded at the flank to the flow of current between the umbilicus and the back correlates significantly with VFA and
is unaffected by SFA. The VFA measured by abdominal
BIA correlates significantly with VFA determined by CT
scan. Routine measurement of VFA by the BIA method
should provide more information on the importance of
visceral fat.

0.005), even after adjustment for clinical risk factors and
BMI. In contrast, the amount of subcutaneous adipose
tissue did not correlate with ACVD[20].

DIAGNOSTIC CRITERIA OF VISCERAL
FAT ACCUMULATION IN JAPAN
The Japanese Visceral Fat Syndrome (J-VFS) Study Committee of the Ministry of Health and Welfare of Japan
was subsequently organized to establish the diagnostic
criteria of obesity disease and the importance of visceral
fat accumulation in obesity-related cardiovascular multiple risk factors[21]. Their study included 1193 subjects (men
775, women 418; 55 ± 12 years of age, mean ± SD). In
that study, the mean number of obesity-related cardiovascular risk factors (hypertension, low high-density lipoprotein cholesterolemia and/or hypertriglyceridemia, and
hyperglycemia) was greater than 1.0 at 100 cm2 of VFA
in both men and women[21]. They also demonstrated that
among the various anthropometric parameters measured
in their study, waist circumference showed the closest
relationship with VFA in both men and women. The
regression line obtained from simple correlation analyses indicated that waist circumference that corresponds
to 100 cm2 of VFA was 84.4 cm for men and 92.5 cm
in women. The cut-off point of VFA of 100 cm2 as indicative of risk of obesity-related disorders in Japanese
corresponds to waist circumferences of 85 cm in men
and 90 cm in women[21]. The J-VFS study also reported a
significant increase in the mean number of cardiovascular
risk factors with increases in CT-measured VFA and was
more than 1.0 at approximately 100 cm2 for VFA in both
men and women. The area under the receiver-operating
characteristic curve analysis indicated that VFA (men
0.741, women 0.763) was a significantly better indicator
of clustering of risk factors (≥ 1) than SFA (men 0.636,
women 0.689). Furthermore, larger VFA values and
smaller SFA values were recorded in men than in women
at similar BMI categories[22] (Figure 3A and B).
The Visceral Fat Accumulation and Coronary Artery
Disease Investigation in Japanese (VACATION-J) study
was organized by the Ministry of Health, Labor and Welfare and included 12443 Japanese (men 10080, women
2363)[23-26]. The results showed that the mean number
of obesity-related cardiovascular risk factors increased

RELATIONSHIP BETWEEN VISCERAL FAT
AND METABOLIC RISK ACCUMULATION
AND CARDIOVASCULAR DISEASE
Analysis of abdominal fat on CT scan showed that body
fat distribution, especially excess accumulation of visceral
fat, rather than the amount of total fat, correlates with
diabetogenic, atherogenic, prothrombotic and proinflammatory metabolic abnormalities or the “metabolic
syndrome”, which is associated with increased risk of
atherosclerotic cardiovascular diseases (ACVD)[15-17].
Using a different approach, other investigators showed
that ACVD can be predicted by measuring the carotid
intima-media thickness (IMT) by ultrasonography (United
States)[18]. Interestingly, however, the Multicultural Community Health Assessment Trial demonstrated that
visceral adiposity measured by CT correlates with the
ultrasound-measured carotid IMT, plaque area and total
area (IMT area plus plaque area) after adjusting for demographics, family history, smoking and percent body fat[19].
The importance of CT-based adiposity indexes in
ACVD was further confirmed in the Framingham Heart
study (n = 3086; men = 1574, women = 1512; mean age
50.2 years; median follow-up 5.0 years), which showed
a significant correlation between visceral adiposity and
cardiovascular diseases (HR = 1.44; 95%CI: 1.08-1.92; P
= 0.01) and cancer (HR = 1.43; 95%CI: 1.12-1.84; P =
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Figure 3 Differences in fat distribution based on sex and age. CT scans of the abdomen in three representative subjects. A: A 60-year-old male; B: A 60-year-old
female; C: A 40-year-old female. Fat area measurement application: Advanced area calculation, GE Healthcare Co. CT: Computed tomography; BMI: Body mass index.

with increase in VFA but not with increase in SFA. VFA
showed a normal distribution pattern in both men and
old women, with a median value of 85-120 cm2. However, the VFA was markedly smaller (median: 59.8 cm2)
(Figure 3C) and cardiovascular risk factors were fewer
in younger women aged under 55 years[23]. The average
number of cardiovascular risk factors exceeded 1.0 at
VFA around 100 cm2 for all groups in men and women,
irrespective of age. Thus, VFA of approximately 100 cm2
equates with the presence of more than 1.0 cardiovascular risk factors in Japanese, irrespective of gender, age
and BMI[23]. In obese Japanese subjects, obesity-related
risk factors did not increase with increase in SFA [23],
suggesting a protective effect for subcutaneous fat[27,28].
Considered together, the above studies suggest that “Hokenshido” designed to reduce visceral fat might target
Japanese subjects with VFA ≥ 100 cm2 (waist circumference of 85 cm for men and 90 cm for women) at risk of
ACVD.
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HEALTH EDUCATION GUIDANCE
“HOKENSHIDO” REDUCES METABOLIC
SYNDROME
“Hokenshido”, a voluntary lifestyle modification, is a
unique and original health education guidance used in Japan[26,29,30]. The Industrial Safety and Health Law of Japan
stipulates that all workers must undergo annual health
check-ups in the workplace. This includes anthropometry and laboratory measurements, testing visual acuity,
audiometry, sphygmomanometry and chest X-ray. Other
adult Japanese usually undergo annual public or private
health check-ups. After the health check-up, physicians
or public health nurses identify subjects at high risk
of ACVD based on the presence of multiple risk factors, with and without visceral fat accumulation. Public
health nurses and/or dietitians provide “Hokenshido”
to subjects at high risk in a group setup and/or one-to-
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one meetings. “Hokenshido” consists of education about
the relationship between visceral fat accumulation and
ACVD and interviews, including counseling, about eating
habits, alcohol intake and physical activity. Through “Hokenshido”, the guided subjects image their own condition
of vascular damage and identify problematic habits that
need to be changed. “Hokenshido” allows subjects to
understand the value of voluntary lifestyle modification
with the aim of reducing visceral fat, consequently resulting in reduction of cardiovascular risks.
Using the health promotion program, we conducted a
prospective cohort study (UMIN 000002391) of Amagasaki Visceral Fat Study based on visceral adiposity[29-40].
The study included 3174 employees [men 2440 (age 46
± 11 years), women 734 (43 ± 10 years)] who underwent
an annual health checkup. Application of “Hokenshido”
resulted in reduction in the prevalence of the metabolic
syndrome from 20.8% to 14.4% in men and from 3.0%
to 1.9% in women in three consecutive years. Among
subjects with the metabolic syndrome at baseline, the
mean decrease in waist circumference was 2.5 cm in men
and 3.9 cm in women after three consecutive years[29].
Furthermore, the decrease in visceral fat (measured by
BIA) correlated with the decrease in the number of metabolic risk factors in men[31].

it is important to select the most appropriate subjects
from the general population, including nonobese overweight subjects with a cluster of risk factors known as
the metabolic syndrome, for body weight reduction in
order to prevent ACVD. Health promotion programs
should be useful in reducing visceral fat accumulation
with subsequent improvement in cardiovascular risks (e.g.,
glucose intolerance, dyslipidemia, hypertension, increased
systemic oxidative stress and hypoadiponectinemia)[32], as
well as reducing the number of obesity-related cardiovascular risk factors[24,31] to prevent cardiovascular events[39].

ACKNOWLEDGMENTS
TF is a member of the “Department of Metabolism and
Atherosclerosis”, a sponsored course endowed by Kowa
Co. Ltd. All the other authors declare no competing interests.

REFERENCES
1
2

VISCERAL FAT REDUCTION EFFECTIVELY
REDUCES CARDIOVASCULAR RISK

3
4

What is the pathological relationship between visceral fat
and ACVD? Visceral fat comprises metabolically active
adipose tissue. It provides fatty acids and glycerol to the
liver via the portal vein and secretes adipocytokines and
other vasoactive substances that can increase the likelihood of developing the metabolic syndrome. Excess visceral fat accumulation results in adipocyte dysfunction, i.e.,
overproduction of plasminogen activator inhibitor type 1
and tumor necrosis factor alpha and underproduction of
defensive adipocytokines, such as adiponectin[41-44].
We have demonstrated through both the VACATION-J Study[23-26] and Amagasaki Visceral Fat Study[29-40]
that a decrease in accumulated visceral fat (measured by
CT or BIA) achieved within one year correlates with a
decrease in the number of metabolic risk factors (hypertension, dyslipidemia and hyperglycemia)[24,31] and an
increase in serum adiponectin level[32]. During 4 years
follow-up of cardiovascular events in 3228 employees
(men 2486, women 742), providing risk factor-oriented
“Hokenshido” to subjects with visceral fat accumulation
resulted in a significant decrease in the cumulative incidence of cardiovascular events in subjects who showed
visceral fat reduction (-20.7 ± 16.1 cm2), compared to
those who showed an increase in visceral fat (12.7 ± 14.6
cm2) (P = 0.0049)[39].
Considered together, the above results suggest that
reducing the amount of visceral fat is beneficial as it
improves obesity-related disorders, possibly preventing
ACVD. Based on this clinical and scientific background,

WJR|www.wjgnet.com

5

6
7
8

9

10
11

12

13

414

Vague J. La differenciation sexuelle, feateur determinant des
formes del’obesite. Presse Med 1947; 55: 339-340
Kissebah AH, Vydelingum N, Murray R, Evans DJ, Hartz
AJ, Kalkhoff RK, Adams PW. Relation of body fat distribution to metabolic complications of obesity. J Clin Endocrinol
Metab 1982; 54: 254-260 [PMID: 7033275 DOI: 10.1210/
jcem-54-2-254]
Bjorntorp P. Obesity and the risk of cardiovascular disease.
Ann Intern Med 1985; 17: 3-9
Kaplan NM. The deadly quartet. Upper-body obesity, glucose intolerance, hypertriglyceridemia, and hypertension.
Arch Intern Med 1989; 149: 1514-1520 [DOI: 10.1001/archinte.
1989.00390070054005]
Després JP, Moorjani S, Lupien PJ, Tremblay A, Nadeau A,
Bouchard C. Regional distribution of body fat, plasma lipoproteins, and cardiovascular disease. Arteriosclerosis 1990; 10:
497-511 [PMID: 2196040 DOI: 10.1161/01.ATV.10.4.497]
Tokunaga K, Matsuzawa Y, Ishikawa K, Tarui S. A novel
technique for the determination of body fat by computed
tomography. Int J Obes 1983; 7: 437-445 [PMID: 6642855]
Matsuzawa Y, Fujioka S, Tokunaga K, Tarui S. A novel classification: visceral fat obesity and subcutaneous fat obesity.
Adv Obes Res 1987; 92-96
Fujioka S, Matsuzawa Y, Tokunaga K, Tarui S. Contribution
of intra-abdominal fat accumulation to the impairment of
glucose and lipid metabolism in human obesity. Metabolism
1987; 36: 54-59 [DOI: 10.1016/0026-0495(87)90063-1]
Sjöström L, Kvist H, Cederblad A, Tylén U. Determination of
total adipose tissue and body fat in women by computed tomography, 40K, and tritium. Am J Physiol 1986; 250: E736-E745
[PMID: 3717334]
Kvist H, Chowdhury B, Sjöström L, Tylén U, Cederblad A.
Adipose tissue volume determination in males by computed
tomography and 40K. Int J Obes 1988; 12: 249-266
Yoshizumi T, Nakamura T, Yamane M, Islam AH, Menju
M, Yamasaki K, Arai T, Kotani K, Funahashi T, Yamashita
S, Matsuzawa Y. Abdominal fat: standardized technique
for measurement at CT. Radiology 1999; 211: 283-286 [PMID:
10189485 DOI: 10.1148/radiology.211.1.r99ap15283]
Seidell JC, Bakker CJ, van der Kooy K. Imaging techniques
for measuring adipose-tissue distribution--a comparison between computed tomography and 1.5-T magnetic resonance.
Am J Clin Nutr 1990; 51: 953-957 [PMID: 2349931]
The 2007 Recommendations of the International Commission

July 28, 2014|Volume 6|Issue 7|

Ryo M et al . Clinical significance of visceral adiposity assessed by CT

14

15

16

17
18

19

20

21
22

23

24

25

on Radiological Protection. ICRP publication 103. Ann ICRP
2007; 37: 1-332 [PMID:18082557]
Ryo M, Maeda K, Onda T, Katashima M, Okumiya A, Nishida M, Yamaguchi T, Funahashi T, Matsuzawa Y, Nakamura
T, Shimomura I. A new simple method for the measurement
of visceral fat accumulation by bioelectrical impedance. Diabetes Care 2005; 28: 451-453 [PMID: 15677816 DOI: 10.2337/
diacare.28.2.451]
Alberti KG, Zimmet P, Shaw J. Metabolic syndrome--a new
world-wide definition. A Consensus Statement from the International Diabetes Federation. Diabet Med 2006; 23: 469-480
[PMID: 16681555 DOI: 10.1111/j.1464-5491.2006.01858.x]
Després JP, Lemieux I, Bergeron J, Pibarot P, Mathieu P,
Larose E, Rodés-Cabau J, Bertrand OF, Poirier P. Abdominal obesity and the metabolic syndrome: contribution to
global cardiometabolic risk. Arterioscler Thromb Vasc Biol
2008; 28: 1039-1049 [PMID: 18356555 DOI: 10.1161/ATVBAHA.107.159228]
Després JP, Lemieux I. Abdominal obesity and metabolic
syndrome. Nature 2006; 444: 881-887 [PMID: 17167477 DOI:
10.1038/nature05488]
Lorenz MW, Markus HS, Bots ML, Rosvall M, Sitzer M. Prediction of clinical cardiovascular events with carotid intimamedia thickness: a systematic review and meta-analysis.
Circulation 2007; 115: 459-467 [PMID: 17242284 DOI: 10.1161/
CIRCULATIONAHA.106.628875]
Lear SA, Humphries KH, Kohli S, Frohlich JJ, Birmingham
CL, Mancini GB. Visceral adipose tissue, a potential risk factor for carotid atherosclerosis: results of the Multicultural
Community Health Assessment Trial (M-CHAT). Stroke
2007; 38: 2422-2429 [PMID: 17673711 DOI: 10.1161/STROKE
AHA.107.484113]
Britton KA, Massaro JM, Murabito JM, Kreger BE, Hoffmann
U, Fox CS. Body fat distribution, incident cardiovascular disease, cancer, and all-cause mortality. J Am Coll Cardiol 2013;
62: 921-925 [PMID: 23850922 DOI: 10.1016/j.jacc.2013.06.027]
Examination Committee of Criteria for “Obesity Disease” in
Japan; Japan Society for the Study of Obesity. New criteria
for “obesity disease” in Japan. Circ J 2002; 66: 987-992
Ryo M, Funahashi T, Nakamura T, Kihara S, Kotani K,
Tokunaga K, Matsuzawa Y, Shimomura I. Fat accumulation
and obesity-related cardiovascular risk factors in middleaged Japanese men and women. Intern Med 2014; 53: 299-305
[PMID: 24531085 DOI: 10.2169/internalmedicine.53.9476]
Hiuge-Shimizu A, Kishida K, Funahashi T, Ishizaka Y, Oka
R, Okada M, Suzuki S, Takaya N, Nakagawa T, Fukui T,
Fukuda H, Watanabe N, Yoshizumi T, Nakamura T, Matsuzawa Y, Yamakado M, Shimomura I. Absolute value of
visceral fat area measured on computed tomography scans
and obesity-related cardiovascular risk factors in large-scale
Japanese general population (the VACATION-J study). Ann
Med 2012; 44: 82-92 [PMID: 20964583 DOI: 10.3109/07853890.
2010.526138]
Hiuge-Shimizu A, Kishida K, Funahashi T, Ishizaka Y, Oka
R, Okada M, Suzuki S, Takaya N, Nakagawa T, Fukui T,
Fukuda H, Watanabe N, Yoshizumi T, Ohira T, Nakamura
T, Matsuzawa Y, Yamakado M, Shimomura I. Reduction
of visceral fat correlates with the decrease in the number of
obesity-related cardiovascular risk factors in Japanese with
Abdominal Obesity (VACATION-J Study). J Atheroscler
Thromb 2012; 19: 1006-1018 [PMID: 22785136 DOI: 10.5551/
jat.12963]
Hiuge-Shimizu A, Kishida K, Funahashi T, Okutsu M,
Kametani R, Kobayashi H, Nozaki Y, Nomura A, Yokoi H,
Yoshizumi T, Ohira T, Nakamura T, Matsuzawa Y, Sumitsuji S, Shimomura I. Coexistence of visceral fat and multiple
risk factor accumulations is strongly associated with coronary artery disease in Japanese (the VACATION-J study). J
Atheroscler Thromb 2012; 19: 657-663 [PMID: 22472215 DOI:
10.5551/jat.13037]

WJR|www.wjgnet.com

26

27

28

29

30

31

32

33

34

35

36

37

415

Kishida K, Funahashi T, Matsuzawa Y, Shimomura I. Visceral obesity and cardiometabolic risks: lessons from the VACATION-J study. Clin Lipidol 2012; 7: 579-586 [DOI: 10.2217/
clp.12.54]
Fox CS, Massaro JM, Hoffmann U, Pou KM, MaurovichHorvat P, Liu CY, Vasan RS, Murabito JM, Meigs JB, Cupples LA, D’Agostino RB, O’Donnell CJ. Abdominal visceral
and subcutaneous adipose tissue compartments: association
with metabolic risk factors in the Framingham Heart Study.
Circulation 2007; 116: 39-48 [PMID: 17576866 DOI: 10.1161/
CIRCULATIONAHA.106.675355]
Porter SA, Massaro JM, Hoffmann U, Vasan RS, O’Donnel
CJ, Fox CS. Abdominal subcutaneous adipose tissue: a protective fat depot? Diabetes Care 2009; 32: 1068-1075 [PMID:
19244087]
Ryo M, Nakamura T, Funahashi T, Noguchi M, Kishida K,
Okauchi Y, Nishizawa H, Ogawa T, Kojima S, Ohira T, Okita K, Iwahashi H, Imagawa A, Matsuzawa Y, Shimomura I.
Health education “Hokenshido” program reduced metabolic
syndrome in the Amagasaki Visceral Fat Study. Three-year
follow-up study of 3,174 Japanese employees. Intern Med
2012; 50:1643-1648 [DOI: 10.2169/internalmedicine.50.5039]
Kishida K, Funahashi T, Shimomura I. Clinical significance
of visceral fat reduction through health education in preventing atherosclerotic cardiovascular disease - Lesson from
the Amagasaki Visceral Fat Study: A Japanese perspective.
Nutr Metab 2011; 8: 57 [DOI: 10.1186/1743-7075-8-57]
Okauchi Y, Nishizawa H, Funahashi T, Ogawa T, Noguchi
M, Ryo M, Kihara S, Iwahashi H, Yamagata K, Nakamura
T, Shimomura I, Matsuzawa Y. Reduction of visceral fat is
associated with decrease in the number of metabolic risk factors in Japanese men. Diabetes Care 2007; 30: 2392-2394 [PMID:
17563343 DOI: 10.2337/dc07-0218]
Okauchi Y, Kishida K, Funahashi T, Noguchi M, Ogawa
T, Ryo M, Okita K, Iwahashi H, Imagawa A, Nakamura T,
Matsuzawa Y, Shimomura I. Changes in serum adiponectin
concentrations correlate with changes in BMI, waist circumference, and estimated visceral fat area in middle-aged general population. Diabetes Care 2009; 32: e122 [PMID: 19793996
DOI: 10.2337/dc09-1130]
Tamba S, Nishizawa H, Funahashi T, Okauchi Y, Ogawa T,
Noguchi M, Fujita K, Ryo M, Kihara S, Iwahashi H, Yamagata K, Nakamura T, Shimomura I, Matsuzawa Y. Relationship
between the serum uric acid level, visceral fat accumulation
and serum adiponectin concentration in Japanese men. Intern Med 2008; 47: 1175-1180 [PMID: 18591837 DOI: 10.2169/
internalmedicine.47.0603]
Fukuda-Akita E, Okita K, Okauchi Y, Ryo M, Nakamura T,
Funahashi T, Iwahashi H, Shimomura I, Miyagawa J, Yamagata K. Impaired early insulin secretion in Japanese type 2 diabetes with metabolic syndrome. Diabetes Res Clin Pract 2008; 79:
482-489 [PMID: 18006169 DOI: 10.1016/j.diabres.2007.10.003]
Kamada Y, Nakamura T, Funahashi T, Ryo M, Nishizawa
H, Okauchi Y, Fukushima J, Yoshida Y, Kiso S, Shimomura
I, Hayashi N. Visceral obesity and hypoadiponectinemia
are significant determinants of hepatic dysfunction: An
epidemiologic study of 3827 Japanese subjects. J Clin Gastroenterol 2009; 43: 995-1000 [PMID: 19407661 DOI: 10.1097/
MCG.0b013e3181962de8]
Tamba S, Nakatsuji H, Kishida K, Noguchi M, Ogawa T,
Okauchi Y, Nishizawa H, Imagawa A, Nakamura T, Matsuzawa Y, Funahashi T, Shimomura I. Relationship between
visceral fat accumulation and urinary albumin-creatinine
ratio in middle-aged Japanese men. Atherosclerosis 2010; 211:
601-605 [PMID: 20363472 DOI: 10.1016/j.atherosclerosis.2010.
02.037]
Nakatsuji H, Kishida K, Funahashi T, Noguchi M, Ogawa T,
Okauchi Y, Nishizawa H, Nakamura T, Matsuzawa Y, Shimomura I. One-year reductions in body weight and blood
pressure, but not in visceral fat accumulation and adiponec-

July 28, 2014|Volume 6|Issue 7|

Ryo M et al . Clinical significance of visceral adiposity assessed by CT

38

39

40

tin, improve urinary albumin-to-creatinine ratio in middleaged Japanese men. Diabetes Care 2010; 33: e110-e111 [PMID:
20668146 DOI: 10.2337/dc10-0739]
Okauchi Y, Kishida K, Funahashi T, Noguchi M, Ogawa
T, Ryo M, Okita K, Iwahashi H, Imagawa A, Nakamura T,
Matsuzawa Y, Shimomura I. Absolute value of bioelectrical
impedance analysis-measured visceral fat area with obesityrelated cardiovascular risk factors in Japanese workers. J
Atheroscler Thromb 2010; 17: 1237-1245 [PMID: 20834192 DOI:
10.5551/jat.5694]
Okauchi Y, Kishida K, Funahashi T, Noguchi M, Morita
S, Ogawa T, Imagawa A, Nakamura T, Matsuzawa Y, Shimomura I. 4-year follow-up of cardiovascular events and
changes in visceral fat accumulation after health promotion
program in the Amagasaki Visceral Fat Study. Atherosclerosis
2010; 212: 698-700 [PMID: 20627199 DOI: 10.1016/j.atheroscl
erosis.2010.06.011]
Akita EF, Iwahashi H, Okauchi Y, Okita K, Noguchi M, Ogawa T, Ryo M, Kishida K, Funahashi T, Nakamura T, Matsuzawa Y, Imagawa A, Shimomura I. Predictors of deterioration of glucose tolerance and effects of lifestyle intervention

41
42

43

44

aimed at reducing visceral fat in normal glucose tolerance
subjects with abdominal obesity. J Diabetes Invest 2011; 2:
218-224 [DOI: 10.1111/j.2040-1124.2010.00080.x]
Friedman JM, Halaas JL. Leptin and the regulation of body
weight in mammals. Nature 1998; 395: 763-770 [PMID:
9796811 DOI: 10.1038/27376]
Hotamisligil GS, Arner P, Caro JF, Atkinson RL, Spiegelman BM. Increased adipose tissue expression of tumor necrosis factor-alpha in human obesity and insulin resistance. J
Clin Invest 1995; 95: 2409-2415 [PMID: 7738205 DOI: 10.1172/
JCI117936]
Shimomura I, Funahashi T, Takahashi M, Maeda K, Kotani
K, Nakamura T, Yamashita S, Miura M, Fukuda Y, Takemura K, Tokunaga K, Matsuzawa Y. Enhanced expression of
PAI-1 in visceral fat: possible contributor to vascular disease
in obesity. Nat Med 1996; 2: 800-803 [PMID: 8673927 DOI:
10.1038/nm0796-800]
Ryo M, Nakamura T, Kihara S, Kumada M, Shibazaki S,
Takahashi M, Nagai M, Matsuzawa Y, Funahashi T. Adiponectin as a biomarker of the metabolic syndrome. Circ J 2004;
68: 975-981 [PMID: 15502375 DOI: 10.1253/circj.68.975]
P- Reviewer: Azevedo CF, Chakarun CJ, Tirumani SH
S- Editor: Ji FF L- Editor: Roemmele A E- Editor: Liu SQ

WJR|www.wjgnet.com

416

July 28, 2014|Volume 6|Issue 7|

WJ R

World Journal of
Radiology
World J Radiol 2014 July 28; 6(7): 417-423
ISSN 1949-8470 (online)

Submit a Manuscript: http://www.wjgnet.com/esps/
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.4329/wjr.v6.i7.417

© 2014 Baishideng Publishing Group Inc. All rights reserved.

TOPIC HIGHLIGHT
WJR 6th Anniversary Special Issues (6): CT

Clinical significance of computed tomography assessment
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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)
417
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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 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),
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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).

occurring in 10%-34% of graft recipients[1,2]. BC are associated 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.

classification for radiologists is based on the temporary
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, surgi-

CLINICAL OVERVIEW
Classification of biliary complications
BC can be classified according to the clinical phenotype,
localization, timing of occurrence and etiology[5]. A useful
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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.

cal salvage after BC or re-transplantation[12].

Communicating arcade

9 o' clock artery

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

3 o' clock artery

Figure 2 Arterial supply to the biliary tree in liver-transplanted patients.
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the transplant make the bile ducts sensitive to “disconnection” from the hepatic artery and/or recipient gastroduodenal 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.

been raised by US.
The use of T-tube after OLT is still a matter for debate[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.

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
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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
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A

B

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.

gadolinium chelate contrast agent just before the acquisition of MRC in order to suppress overlapping fluid signal
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.

WJR|www.wjgnet.com

However, the 3D technique shows slight better diagnostic performance in assessing BC, especially in the case of
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
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tion[31]. In our opinion, the costs inherent to contrast
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

according to the presence or absence of the contrast
medium downstream in the bile duct (Figure 3). This is
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 administra-
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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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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.
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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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REVIEW

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.
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-

447

July 28, 2014|Volume 6|Issue 7|

Palestro CJ. Nuclear medicine and the failed joint replacement

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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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-
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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.

systems 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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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.
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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.
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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
WJR|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
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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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Clinical use of bone-targeting radiopharmaceuticals with
focus on alpha-emitters
Hinrich A Wieder, Michael Lassmann, Martin S Allen-Auerbach, Johannes Czernin, Ken Herrmann
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.

6

7

8

9

10

11

12

13

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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MINIREVIEWS

Nuclear imaging in detection and monitoring of
cardiotoxicity
Carmen D’Amore, Paola Gargiulo, Stefania Paolillo, Angela Maria Pellegrino, Tiziana Formisano,
Antonio Mariniello, Giuseppe Della Ratta, Elisabetta Iardino, Marianna D’Amato, Lucia La Mura, Irma Fabiani,
Flavia Fusco, Pasquale Perrone Filardi
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.

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

WJR|www.wjgnet.com

489

July 28, 2014|Volume 6|Issue 7|

D’Amore C et al . Nuclear imaging and cardiotoxicity

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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RESULTS: In group 1, MR findings were not highly
accurate for lesion characterization, while the results
of nuclear scans showed abnormal nor-cholesterol,
MIBG and FDG concentration in all cases of adenomas,
pheos and malignant tumors, respectively. In group 2,
no differences in MR parameters were found between
hyperfunctioning and non-hyperfunctioning adenomas,
while nor-cholesterol uptake was significantly higher
in hyperfunctioning compared to non-hyperfunctioning
lesions. In group 3, no differences in MR parameters
were found between benign and malignant CCT, while
MIBG uptake was significantly higher in malignant compared to benign tumors.
CONCLUSION: On the basis of our findings, nuclear
imaging modalities using specific target agents are able
to better characterize adrenal tumors, compared with
MR. In particular, radionuclide techniques are able to
identify the nature of adrenal incidentalomas and to
differentiate between hypersecreting and non-hypersecreting adenomas as well as between benign and malignant CTT.

Abstract
AIM: To describe the role of nuclear imaging modalities
using nor-cholesterol, metaiodobenzylguanidine (MIBG)
and fluorine-deoxy-glucose (FDG) in adrenal tumors
for lesion characterization in comparison with magnetic
resonance (MR).

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Adrenals; Tumors; Nor-cholesterol; Metaiodobenzylguanidine; Fluorine-deoxy-glucose; Magnetic resonance imaging

METHODS: Population was classified in group 1 consisting of 30 patients with non-hypersecreting unilateral
adrenal masses, in group 2 consisting of 34 patients
with hypersecreting (n = 19) or non-hypersecreting
(n = 15) adrenal adenomas and in group 3 consisting
of 18 patients with chromaffin-tissue tumors (CTT),
of which 14 were pheochromocytomas while 4 were
paragangliomas (n = 4). All patients underwent MR
and nuclear studies (nor-cholesterol, MIBG and FDG).
Pathology samples (n = 63) or follow-up data in adenomas (n = 19) were used as standard of reference for
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Core tip: This manuscript deals with tumor imaging characterization in patients with adrenal tumors;
in particular, we discuss our results obtained in three
different groups of patients with incidentalomas, adenomas and pheochromocytomas; on the basis of our
experience, nuclear imaging modalities using different
radiotracers such as labeled nor-cholesterol, metaiodobenzylguanidine and fluorine-deoxy-glucose are able
to better characterize, compared with magnetic resonance (MR), adrenal tumors; the functional as well as
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dentalomas; (2) patients with adenomas; and (3) patients
with CTT, are reported.

metabolic features of radionuclide imaging, compared
to anatomical characteristics of MR, may explain the
better performance of nuclear imaging in characterizing
adrenal tumors.

MATERIALS AND METHODS
Patient population
Patients were classified in three groups; in group 1, 30
patients (20 F and 10 M, 51 ± 13 years) with incidental
non-hyperfunctioning adrenal tumors, detected on ultrasound and/or CT, were studied; in group 2, 34 patients (20
F and 14 M, 47 ± 15 years) with non-hypersecreting (n =
15) or hypersecreting (n = 19) adrenal adenomas; group 3
consisted of 18 patients (9 M and 9 M, mean age 37 ± 8
years) with CTT of which 14 were pheochromocytomas
and 4 were paragangliomas. Patients with non-hypersecreting adrenal adenomas were separated into groups 1
and 2 for specific comparative diagnostic purposes. All
patients underwent MR studies. In group 1, a total of 46
nuclear studies were analyzed using FDG (n = 11), MIBG
(n = 15) and nor-cholesterol (n = 20) radiocompounds;
in group 2, all patients underwent nor-cholesterol adrenal
scintigraphy; in group 3 all patients underwent MIBG
imaging. Pathology samples (n = 63) or follow-up data
in adenomas (n = 19) were used as standard of reference
for imaging studies interpretation. Informed patient consent was obtained in all cases.

Maurea S, Mainenti PP, Romeo V, Mollica C, Salvatore M.
Nuclear imaging to characterize adrenal tumors: Comparison
with MRI. World J Radiol 2014; 6(7): 493-501 Available from:
URL: http://www.wjgnet.com/1949-8470/full/v6/i7/493.htm DOI:
http://dx.doi.org/10.4329/wjr.v6.i7.493

INTRODUCTION
The high accuracy of imaging madalities as computed
tomography (CT) and magnetic resonance (MR) in the
evaluation of the abdomen is usually able to detect incidental adrenal abnormalities; in this clinical scenario,
the diagnostic goal is the differential diagnosis between
benign and malignant lesions for the appropriate therapeutic management[1]. As initial diagnostic evaluation,
clinical and laboratory assessment of adrenal function
allows to detect hypersecreting adrenal tumors and, thus,
to characterize such patients[2]. Conversely, an adrenal
mass may not be associated to abnormal hormone hypersecretion or it may produces non-functional agents[1-3].
In these patients, tumor characterization is required; for
this purpose, CT and MR well describe anatomic features
of adrenal masses and may suggest presumptive imaging
criteria for tissue characterization[4-6].
Nuclear adrenal scans with different radiolabeled
compounds, which reflect specific metabolic pathway,
are helpful to characterize adrenal tumors providing
diagnostic information complementary to morphological imaging modalities[7,8]. For this purpose, different
radiocompounds that reflects specific biological functions may be considered in nuclear medicine for adrenal
radionuclide studies; among these agents, nor-cholesterol,
metaiodobenzylguanidine (MIBG) and fluorine-deoxyglucose (FDG) are the more commonly used in the clinical practice[7,9-15]. Furthermore, radiolabeled peptides such
as somatostatin analogs have been reported to be able to
characterize malignant adrenal lesions, as these express
somatostatin receptors[16]. Limited comparative studies
between radionuclide and MR imaging are available. A
complementary role of MIBG and MR techniques in the
diagnostic evaluation of patients with chromaffin-tissue
tumors (CTT), such as pheochromocytoma or paraganglioma, has been suggested, although no data regarding
the imaging characterization of such tumors are reported[17-19].
In this paper, we show the accuracy of nuclear scans
with different radiocompounds in the assessment of adrenal tumors to perform lesion identification in comparison with MR images. The comparative results of nuclear
and MR imaging studies in three different groups of
patients with adrenal tumors, that is (1) patients with inci-

WJR|www.wjgnet.com

MR imaging
MR was performed with a 3.0 Tesla magnet scan (Trio,
Siemens Medical Systems, Hoffman Estates, IL); conventional TSE sequences were used to realize 5 mm contiguous sections of the abdomen in axial, coronal and sagittal
views. T1 (TR/TE = 600/15 ms) and T2 (TR/TE =
2000/15-90 ms) images were obtained. T1 images were
also acquired after intravenous injection of gadoliniumDTPA (0.2 mL/kg, Magnevist, Schering) using dynamic
multi-phase acquisition. The tumor size was measured as
maximal diameter (cm). For qualitative evaluation, signal
intensity of tumor lesions was analyzed on T2 images
as hypo-, iso- or hyper-intensity compared to liver signal
intensity. Tumor lesions enhancement of gadolinium (yes
or no) as well as signal intensity changes on chemical shift
(CS) images were also analyzed. For quantitative analysis,
signal intensity ratios (ratios of lesions signal intensity
vs that of liver, fat, muscle and image background) was
measured on T1 and T2-weighted images using region of
interest analysis. The regions of interest considered for
the analysis were placed on adrenal or lymph node neoplastic lesions as well as on right liver lobe, adrenal bed
fat tissue, lumbar para-vertebral muscle tissue, and image
background to obtain tumor lesion signal intensity ratios
(SIRs).
Nor-cholesterol scintigraphy
Thyroid iodine uptake was blocked before intravenous
tracer (37 MBq) injection with a saturated solution of
potassium iodide (200 mg per os and per day, starting the
day before tracer injection and continuing for 8 d); ad-
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renal scanning was performed five and seven days after
tracer administration using a large field of view gamma
camera with a high-energy collimator (Orbiter, Siemens,
Erlangen, Germany) and a 20% window centered at 364
KeV; posterior abdominal acquisitions were performed
in preset time for 600 s for each scan. A mild laxative
(bisacodyl) was given (10 mg) twice daily beginning 2
d before the first day of imaging to reduce interfering
colonic iodine-131 activity. The grading of nor-cholesterol uptake by tumor lesions was visually and semiquantitatively assessed by two individual and experienced
evaluators; in case of disagreement, final interpretation
was reached by consensus reading; in particular, nuclear
images were assessed using the criteria by Gross et al[20];
for the semi-quantitative analysis, a 4-point scoring system was used to quantify nor-cholesterol concentration
by adenomas as well as to perform a direct comparison
between hypersecreting and non-hypersecreting lesions;
the 4-point scoring system was: 0 = background tracer
uptake, 1 = just visible tumor activity, 2 = increased tumor activity with faint uptake in the opposite gland and
3 = exclusive tumor activity with no uptake in the opposite gland.

evaluated in the superior abdomen where tumor masses
were localized by MR, while the grade of FDG uptake by
the mass was assessed by two experienced evaluators; in
case of disagreement, final interpretation was reached by
consensus reading.

RESULTS
Group 1
In this group, pathology examinations (n = 19), of which
16 post-surgical histology and 3 fine needle cytology
samples, or follow-up controls (n = 11) demonstrated 22
benign adrenal tumors, of which 13 adenomas, 3 cysts,
2 myelolipomas, 4 pheochromocytomas (pheos), and 8
malignant adrenal lesions, of which 4 carcinomas, 1 sarcoma and 3 metastases. Qualitative MR analysis demonstrated: high signal intensity on T2 images in adenomas
(46%), in pheos (100%) and adrenal malignancies (100%);
no contrast enhancement (92%) and clear reduction of
signal intensity on CSI (100%) in adenomas; significant
contrast enhancement in pheos (100%) and malignant
tumors (63%); no changes of signal intensity on CSI in
pheos (100%) and malignancies (100%). Quantitative
MR evaluation showed: higher signal intensity on T2 and
post-contrast images in pheos vs adenomas and malignant tumors (P < 0.03). Radionuclide qualitative analysis
demonstrated abnormal nor-cholesterol uptake only in
adenomas (100%) (Figure 1) and, similarly, abnormal
MIBG uptake only in pheos (100%) (Figure 2) as well
as abnormal FDG uptake only in 100% of malignancies
(100%) (Figure 3); no false positive or negative nuclear
imaging results occurred.

MIBG scintigraphy
Thyroid iodine uptake was blocked before intravenous
tracer (37 MBq) injection with a saturated solution of
potassium iodide (200 mg per os and per day, starting
the day before tracer injection and continuing for 8 d).
Anterior and posterior all-body scans as well as abdominal spot views were acquired 24, 48, and 72 h after tracer
administration using a dual head rotating gamma camera
(ECAM, Siemens Medical Systems, Hoffman Estates, IL)
with a high-energy collimator and a 20% window centered at 364 Kev. MIBG uptake was visually and quantitatively assessed in anatomic sites where tumor lesions were
detected on MR images. For qualitative analysis, MIBG
uptake was graded as mild, moderate, or intense; while
for quantitative analysis, MIBG uptake was evaluated on
48 h images using a photographic densitometer (X-Rite
Company, MI) for measuring optical density (OD), as
previously described[21].

Group 2
Of 34 patients included in this group, 19 presented hypersecreting and 15 had non-hypersecreting adenomas. In
hypersecreting adenomas abnormal plasma amount of cortisol (n = 13) or aldosterone (n = 6) occurred. Pathology (n
= 26) or follow-up data (n = 8) were obtained. MR detected
16 and 18 regular tumors of left and right adrenals, respectively. There was no significant difference in the quantitative
evaluation of SIRs between hypersecreting (Figure 4A)
and non-hypersecreting (Figure 1B) adenomas; however,
no differences in lesion size (cm) were found between hypersecreting (2.7 ± 0.5) and non-hypersecreting (3.1 ± 0.9)
tumors. For radionuclide studies, abnormal nor-cholesterol
focal uptake occurred in all patients with adenomas, both
hypersecreting and non-hypersecreting, showing exclusive
or prevalent uptake. The accuracy of nor-cholesterol scanning was 100%. The semi-quantitative comparison of
nor-cholesterol uptake between hypersecreting and nonhypersecreting lesions demonstrated a significant (P = 0.01)
difference in tracer concentration between hypersecreting
(2.8 ± 0.5) (Figure 4B) and non-hypersecreting (2.2 ± 0.6)
lesions (Figure 1A).

Fluorine-18 FDG PET
PET scan was performed using a EXACT 47 scanner
(Siemens, Erlangen, Germany); patients were evaluated
fasted since 6 h before tracer administration; patients
were placed in the gantry using a computerized program
localized on the superior abdomen; before tracer administration, transmission scan for the attenuation correction of emission scans was acquired for 20 min.; patients
were intravenously injected with 370 MBq of F-18 FDG;
emission scans were performed 30-45 min. after tracer
injection; images were reconstructed using filtered backprojection smoothed with a Hann filter with a cutoff frequency of 0.4 cycles/pixels by SUN Workstation System
generating PET scans as axial, coronal and sagittal views.
The presence of abnormal FDG uptake was visually
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Group 3
Among the 10 patients with benign CTT, 8 had pheo-
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A

B

Figure 1 Right non-hypersecreting adrenal adenoma. A: Abdominal posterior scan of I-131 nor-cholesterol scintigraphy demonstrates abnormal (faint) focal uptake in the right adrenal (black arrow) where a mass was detected by magnetic resonance (MR); no detectable tracer uptake in the left adrenal bed; B: T1-weighted
axial MR detects a small lesion in the right adrenal bed (white arrow) isointense compared to liver signal intensity.

A

B

Figure 2 Right benign non-hypersecreting pheochromocytoma. A: Abdominal posterior scan of I-131 metaiodobenzylguanidine scintigraphy demonstrates abnormal (faint) focal uptake in the right adrenal (black arrow) where a small mass was detected by magnetic resonance (MR); no detectable tracer uptake in the left
adrenal bed; B: T2-weighted axial MR with fat-suppression detects a small right adrenal lesion hyperintense compared to liver signal intensity (white arrow).

A

B

Figure 3 Right adrenal metastasis by melanoma. A: Axial fluorine-18 fludeoxyglucose-positron emission tomography scan detects abnormal focal uptake in the
right adrenal region (black arrow) where a large adrenal metastasis was detected by magnetic resonance (MR); diffuse normal liver tracer activity is detectable; physiologic tracer activity is also detectable in kidneys; B: T1-weighted axial MR detects a right adrenal tumor hypointense compared to liver signal intensity (white arrow).

chromocytoma and 2 paraganglioma; while among the 8
patients with malignant CTT, 6 had pheochromocytoma
and 2 paraganglioma. In patients with benign CTT, a
total of 12 lesions were found since a para-aortic paraganglioma was bilateral and a pheochromocytoma was
bilobated. In patients with malignant CTT, a total of 16
lesions were detected and the majority (75%) of these
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patients showed lymph nodes or bone involvement. At
visual analysis, MR imaging and MIBG scintigraphy detected all tumor lesions. At quantitative analysis, MIBG
uptake intensity ratio was significantly higher in malignant (Figure 5A) compared to benign (Figure 2A) lesions
(5.2 ± 2.4 vs 2.9 ± 1.4, P < 0.01); on the contrary, at MR
imaging no significant difference in tumor signal intensity
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A

B

Figure 4 Right hypersecreting adenoma of the adrenal gland. A: Abdominal posterior scan of I-131 nor-cholesterol scintigraphy demonstrates abnormal (intense)
focal uptake in the right adrenal (black arrow) where a mass was detected by magnetic resonance (MR); no uptake is detected on the contralateral side; normal bowel
uptake is detectable on the left; B: T1-weighted axial MR detects a right adrenal lesion isointense compared to liver signal intensity (white arrow).

A

B

Figure 5 Right malignant hypersecreting pheochromocytoma. A: Abdominal posterior scan of I-131 metaiodobenzylguanidine scintigraphy demonstrates abnormal (intense) focal uptake in the right adrenal (black arrow) where a large mass was detected by magnetic resonance (MR); no detectable tracer uptake in the left
adrenal bed; B: T2-weighted axial MR with fat-suppression detects a large right adrenal lesion hyperintense compared to liver signal intensity (white arrow).

Group 1
Asymptomatic non-hypersecreting adrenal masses have
recently increased as a result of the availability of high
resolution abdominal imaging modalities as CT and MR[1].
However, CT- and MR- based imaging is useful for tumor
detection and the differential diagnosis between benign
and malignant lesions, as it provides accurate anatomic
details useful for lesion characterization[4-6,22,23]. Despite
CT and MR presumptive criteria for tissue characterization, complementary or alternative imaging modalities are
still needed. In this setting, radionuclide techniques with
different agents are able to in vivo characterize adrenal
tumors and differentiate between benign and malignant
abnormalities[4,7,9,12-14,24-26]; in particular, these agents are
not related to each other and are concentrated in adrenal
tumors depending by distinct metabolic pathways.
In adrenal adenomas, MR qualitative patterns were
represented by signal intensity reduction on CS sequence
and transient contrast enhancement with significant
wash-out; in particular, CS signal intensity changes was
the more appropriate criterion to characterize adenomas[4]. On the other hand, the analysis of signal intensity
on T1 and T2 images showed inhomogeneous findings,
which did not allow definite adenoma characterization.

ratios between malignant (Figure 5B) and benign (Figure
2B) lesions was observed; no significant difference in lesion size (cm) was found between benign (3.2 ± 0.5) and
malignant (2.8 ± 0.8) tumors.

DISCUSSION
Tumor imaging characterization in patients with adrenal
masses is clinically important since diagnostic evaluation currently consists not only of lesion detection, but
also of tumor characterization in order to recognize
lesion-type, to assess lesion endocrine activity as well as
to differentiate between benign and malignant tumors.
Advances in imaging techniques allow to reach these
purposes. In this paper, we report the results obtained in
three different groups of patients with adrenal tumors: (1)
patients with incidentalomas; (2) patients with adenomas;
and (3) patients with CTT. On the basis of our findings,
nuclear imaging modalities using specific target agents are
able to better characterize, compared with MR, adrenal
tumors. Radionuclide techniques are able to identify the
nature of adrenal incidentalomas and to differentiate between hypersecreting and non-hypersecreting adenomas
as well as between benign and malignant CTT.
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Therefore, nuclear scans with different radiocompounds
represent a powerful diagnostic tool to specifically characterize non-functioning adrenal tumors.

For pheos, T2 signal hyper-intensity and significant persistent gadolinium enhancement were both specific, as
they were detected in all lesions. In malignant tumors T2
hyperintensity was observed in all lesions, while contrast
enhancement was found only in 63% of these cases.
These MR features suggest that high signal intensity, visually assessed on T2 scan, is not accurate in differentiating
adrenal masses. Furthermore, since CS sequence was not
useful to characterize pheos or adrenal malignancies, other technical methods are necessary in this setting. For this
purpose, we used MR quantitative analysis to assess the
degree of T2 high signal intensity as well as of contrast
enhancement; this evaluation demonstrated higher values
of these two parameters in pheos compared with adenomas and malignant tumours; however, these latter tumors
were not differentiated using these parameters. These
findings are concordant with those of other studies[4,6]
suggesting that MR imaging offers only some indicative
criteria for lesion characterization in patients with nonfunctioning adrenal tumors. In particular, the reduction
of signal intensity on CS sequence seems to be the best
marker for adenomas, while the quantitative evaluation of
T2 or T1-contrast signal intensity allows to better identify
pheos, while no specific MR signs for malignant tumors
were selected.
Conversely, nuclear studies demonstrated more specific imaging results in comparison with MR for tumor
characterization; in fact, the presence of nor-cholesterol
concentration was observed only in adenomas, as well
as that of MIBG in pheo and that of FDG in malignant
tumors (Figures 1-3). Thus, nuclear imaging using different radiotracers is able to accurately and non-invasively
characterize non-functioning adrenal tumors[9,12-14,25,26];
for this purpose, the choice of the radiocompound to
perform adrenal scintigraphy is dependent by the clinical scenario. In patients with incidental occurrence of
an adrenal mass, nor-cholesterol should be initially used
because adenoma is the more frequent lesion; in case of
absence of nor-cholesterol by the lesion, MIBG should
be used as second choice, while FDG should be selected
in case of clinical suspicion of malignant tumors. On the
other hand, during the follow-up of oncologic patients
with evidence of an adrenal mass, FDG should be initially selected; in case of absence of FDG by the lesion,
nor-cholesterol and MIBG should be used as second
and third choice, respectively. Currently, radionuclide
scans are not frequently considered in the diagnostic
management of patients with non-functioning adrenal
tumors[27,28]; in particular, the results of nuclear imaging
reflect important clinical implications; for example, in
case of non-hypersecreting adenoma diagnosed on norcholesterol nuclear imaging, surgery is required only for
large masses, while lesion size monitoring in follow-up is
required in smaller tumors; otherwise, in case of pheo the
pre-surgical diagnosis using MIBG scan allows to correctly prepare the patient or in case of malignant tumors
the use of FDG PET may allow early diagnosis with subsequent immediate lesion resection with good prognosis.
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Group 2
The characterization of adrenal adenomas comparing
imaging techniques has been investigated in a previous
study[29] using quantitative evaluation of nor-cholesterol
uptake, CT attenuation value and CS MR signal intensity
loss, but no comparative data between hypersecreting and
non-hypersecreting lesions were reported. Our results
showed that while the analysis of nor-cholesterol activity
is able to distinguish between hyperfunctioning and nonhyperfunctioning adenomas, MR signal intensity ratios
are not able in this setting. As cholesterol is the precursor
molecule of all adrenocortical steroid hormones[30], norcholesterol scintigraphy has been clinically used in both
hyperfunctioning and non-hyperfunctioning adenomas[31].
The diagnostic accuracy of nor-cholesterol imaging recorded in our study was high (100%) and concordant
with previous findings. Interestingly, the analysis of radionuclide images showed a significant difference in norcholesterol uptake between hyperfunctioning and nonhyperfuntioning lesions (Figures 1 and 4), which reflects
their different biosynthetic activity. Of note, the significantly higher nor-cholesterol concentration observed in
hypersecreting adenomas was independent on tumor size.
As non-hypersecreting adenomas showed increased norcholesterol uptake vs normal adrenal glands, but lower
nor-cholesterol uptake compared to hypersecreting lesions, nor-cholesterol uptake may be more reliable than
peripheral hormone levels to assess the functional index
of non-hypersecreting adenomas. In this field, a nuclear
diagnostic criterion, using the intensity of nor-cholesterol, of silent pre-clinical adrenal dysfunction has been previously suggested in adenomas when adrenal functional
abnormality may be not yet detected by laboratory markers[32]. Semi-quantitative indexes of nor-cholesterol activity in adrenal adenomas have been indicated to be able to
evaluate adrenal functional degree, especially when serum
hormonal values are not inconclusive. Furthermore, assessment of nor-cholesterol uptake could identify those
lesions at risk of causing an overt clinical syndrome as a
result of hormonal hyperproduction[33,34], and it may be
a powerful instrument to assess the biosynthetic activity
of some adenomas, which have been shown to produce
relevant amounts of adrenocortical hormones, yet insufficient to cause symptoms.
The comparative results of nor-cholesterol scintigraphy and MR imaging demonstrated a similar diagnostic
sensitivity for the identification of cortical adenomas
confirming previous studies[7,35]; in particular, MR imaging should be selected since this tecnique is radiationfree as well as it may be performed also without contrast
administration using CS sequence. However, when imaging differentiation between hypersecreting and non-hypersecreting adenomas was investigated, no specific MR
criteria for this topic were found; in fact, no differences
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tumors suggests a higher concentration of catecholamine
in malignant pheochromocytoma. Thus, this difference could reflect different functional conditions with
malignant lesions being more prone to catecholamine
secretion crises compared to benign tumors. This observation might explain the severe hypertensive attacks that
frequently occur in patients with malignant pheochromocytoma and might also justify the use of radiolabeled
MIBG for therapeutic purposes in such patients when
conventional treatments are not effective[44,45].
Previous comparative studies between MIBG and MR
imaging demonstrated the complementary role of these
techniques in the diagnostic evaluation of patients with
pheochromocytoma or paraganglioma[17-19]. In these studies no data regarding the characterization and differentiation between benign and malignant tumors have been
reported. Our results showed that there are no specific
MR criteria, either on T1- or on T2-scans, to differentiate
between benign and malignant CTT; no significant differences in MR signal intensity ratios were observed between tumor lesions of benign and malignant neoplasms;
these findings suggest that signal intensity ratios reflects
tumor tissue structural characteristics which are not related to metabolic and functional conditions.
In conclusion, nuclear imaging modalities using specific target agents are able to better characterize, compared with MR, adrenal tumors. Radionuclide techniques
are able to identify the nature of adrenal incidentalomas
and to differentiate between hypersecreting and nonhypersecreting adenomas as well as between benign and
malignant CTT.

in MR parameters were observed between these lesions;
these findings suggest that MR parameters reflect tumor
tissue anatomic features which are not related to endocrine function.
Group 3
Pheochromocytomas are CTT localized in the adrenal
medulla with the specific characteristics to secrete cathecolamines. The most frequent form is the sporadic with
unilateral benign involvement of a single gland, but the
possibility of bilateral, extra-adrenal, or multiple localization as well as familiar or malignant forms occur in 10%
of cases[36]. The distinction between benign and malignant pheochromocytoma based on histological analysis is
challenging, and metastatic disease is the only established
criterion for malignancy, according to the World Health
Organization classification of solid tumors[36].
Tumor imaging characterization in terms of differentiation between benign and malignant lesions is currently
attractive in oncology. Although benign lesions represent
the majority of pheochromocytomas, malignancy may
occur in 10% of patients as well as benign tumors may
also rarely show malignant evolution[36]. Although no reliable CT and/or MR imaging features are available to detect malignant pheocromocytoma, these techniques can
show invasive regional tumor growth and/or the presence of distant metastases[4]. Several diagnostic methods,
such as biological fluid tests, molecular markers, imaging
techniques, and genome studies, have been proposed to
differentiate between benign and malignant pheochromocytoma[37,38]. Previous experiences suggested that radiolabeled somatostatin analogs might be used to characterize
malignant pheochromocytomas[16,39]. Conversely, MIBG
uptake has been demonstrated to reflect the concentration of neurosecretory storage granules in CTT[40]. Lesions that concentrate MIBG can be benign or malignant and the ability of MIBG scan for tumor detection
depends on both tumor size and differentiation[7,41]. Our
results demonstrated that quantitative analysis of MIBG
uptake may differentiate between benign and malignant
CTT such as pheochromocytoma and paraganglioma,
while MR imaging using signal intensity ratio measurement is not useful for this purpose. In fact, MIBG uptake, measured as tumor lesion OD IR, was significantly
higher in malignant lesions compared to benign disease
(Figures 2 and 5); this finding could depend by larger size
of malignant compared to benign CTT, however no difference in lesion size was found.
MIBG, a physiological analog of nor-epinephrine and
guanetidine, shows a specific uptake by chromaffin-tissue
cells in adrenal as well as extra-adrenal locations[41-43]; of
note, storage catecholamine granules have been demonstrated within adrenal medullary tissue and pheochromocytoma tumor lesions[40]. Since MIBG uptake reflects
the concentration of neurosecretory storage granules in
chromaffin normal tissue and in the corresponding tumors, the higher MIBG uptake of lesions in patients with
malignant compared to those of patients with benign
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COMMENTS
COMMENTS
Background

Imaging modalities such as computed tomography (CT), magnetic resonance
imaging (MRI) and nuclear modalities are actually advanced as well as technically improved suggesting that qualitative and/or quantitative methods might be
helpful for this purpose.

Research frontiers

Radionuclide techniques using specific tracers such as labeled nor-cholesterol,
metaiodobenzylguanidine (MIBG) and fluorine-deoxy-glucose (FDG) may provide in vivo tissue characterization of adrenal tumours being able to differentiate
between benign and malignant abnormalities; these agents have no relation
to each other and are taken up by individual parts of adrenals on the basis of
entirely separate mechanism and are able to differentiate different types of tumours.

Innovations and breakthroughs

Nuclear techniques using specific tracers such as nor-cholesterol, MIBG and
FDG are able to provide in vivo tissue characterization of adrenal tumors being
able to differentiate between benign and malignant lesions. Quantitative analysis of MIBG uptake may differentiate between benign and malignant chromaffintissue tumors such as pheochromocytoma and paraganglioma, while MR imaging using signal intensity ratio measurement is not useful in this field.

Terminology

Nuclear imaging: Nuclear imaging is part of nuclear medicine and consists of
functional techniques used for diagnostic purposes. Imaging characterization:
Imaging characterization consist of techniques able to provide diagnostic criteria and parameters to perform tissue diagnosis in terms of benign or malignant
lesions. Adrenal tumors: Adrenal tumors are lesions of adrenal glands located
into the retroperitoneum; these lesions may be benign or malignant and, thus,
tumor characterization is clinically required for patient appropriate management.

499

July 28, 2014|Volume 6|Issue 7|

Maurea S et al . Adrenal tumor imaging characterization

Peer review

This study concerns a comparison of different nuclear imaging methods (norcholesterol, MIBG and FDG) to MR imaging for the diagnostic evaluation of
patients with adrenal masses. The results show that nuclear imaging methods
in general show higher sensitivity compared to MR in detecting adrenal tumors
and should be useful in the clinic. This is well written.
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lease of myocardial enzyme, mainly reported after
sudden emotional or physical stress, and an akinesis
or dyskinesis of the left ventricle apex which are completely reversible in a few weeks. In the studies included in this review, nuclear medicine techniques have
demonstrated a discrepancy between normal perfusion
and a reduced glucose utilization in TTC, commonly
known as “inverse flow metabolism mismatch”. This
suggests that apical ballooning represents a transient
metabolic disorder on the cellular level, rather than a
structural contractile disease of the myocardium, due to
a transient decrease of glucose metabolism that might
be related to a coronary microcirculation impairment
followed by prolonged myocardial stunning.

Abstract

CONCLUSION: Nuclear medicine techniques can be
usefully used for the diagnosis of TTC and can increase
our knowledge of the pathophysiological mechanisms
of TTC.

AIM: To analyse and summarize all the articles related
to positron emission tomography and Takotsubo cardiomyopathy (TTC).

© 2014 Baishideng Publishing Group Inc. All rights reserved.

METHODS: We performed a systematic review of the
existing literature on positron emission tomography/
nuclear imaging and Takotsubo cardiomyopathy using
PUBMED database. We combined search terms such as
“takotsubo”, “takotsubo syndrome”, “myocardial positron emission tomography”, “positron emission tomography”. All case reports were excluded. The list included
only four articles which were reviewed by two independent investigators. It was not possible to undertake a
formal meta-analysis because of the heterogeneity of
the studies; therefore, we made a narrative synthesis
of the collected data.

Key words: Takotsubo cardiomyopathy; Cardiac positron emission tomography; Clinical review.
Core tip: Takotsubo cardiomyopathy is a cardiac syndrome with symptoms similar to acute myocardial
infarction (MI) including chest pain and electrocardiographic changes, in absence of coronary artery
stenosis. This syndrome is characterized by reversible
wall-motion abnormalities involving apical and midportion of left ventricle. In the acute phase it is clinically
indistinguishable from acute MI but, recently, myocardial positron emission tomography have demonstrated
to delineate this syndrome from acute coronary artery
disease, also offering a new pathophysiological explanation for this particular syndrome. This clinical review
aimed to summarise the most significant experiences
on the use of myocardial positron emission tomography in Takotsubo cardiomyopathy.

RESULTS: Nuclear medicine techniques can be useful employed in the differential diagnosis of TTC from
an acute coronary syndrome (ACS). In fact, transient
left ventricular (LV) apical ballooning is a syndrome
frequently misdiagnosed as an ACS and can mimic
symptoms of myocardial infarction with ST-T segments
changes on electrocardiography (ECG), a limited re-
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The study of myocardial perfusion.
A total of 37 patients underwent a myocardial perfusion
scintigraphy in the acute phase of TTC [14 patients with
Thallium-201 (201Tl), 3 with nitrogen 13-ammonia (N13)
and 20 with 99mTc-tetrofosmin (99mTc) used as radiotracer].
The interval between onset of acute symptoms and single photon emission computed tomography (SPECT) or
PET scan imaging varied from 1 to 15 d; in two studies
this interval was not clearly reported. In three out of fourteen patients, an early perfusion image demonstrated a
decreased 201Tl uptake in a small area of the apex detected
with a semiquantitative method. The hypoperfused apex
region did not correlate with an angiographic obstructive
epicardial coronary stenosis. Normal myocardial perfusion
was observed in the other cases studied with 201Tl or 99mTc.
Cimarelli et al[12] found, at the analysis of left ventricle
motion, apical akinesis or severe hypokinesis in TTC and
severe mid ventricular hypokinesis with preserved apical
and basal function in patients with a particular variant of
TTC, called “mid-ventricular ballooning syndrome”. The
quantitative perfusion analysis using the ammonia tracer
in PET scan in patients admitted for TTC showed a slight
reduction in tracer uptake after adenosine in the apex and
apical segments of the left ventricle that normalized at
rest. Myocardial blood flow (MBF) and coronary flow reserve (CFR) were evaluated by Feola et al[11] in three female
patients obtaining a significant reduction in MBF at rest in
the apical segments in comparison to the mid-ventricular
and basal LV segments. CFR also reduced in apical and, in
2 cases out of 3, in mid-ventricular segments in comparison to the basal LV segments (Figure 1).
A follow-up SPECT was provided in four patients
three months after the acute onset of TTC. In one of
them, studied with 201Tl radiotracer, apical abnormality
returned to normal. In the other three patients, studied
with N13 and stress/rest perfusion scan using adenosine, both MBF and CFR reduction observed in the acute
phase recovered, demonstrating as the impairment of
MBF and, above all, CFR seemed to be transient and localized in TTC.
The same population studied by Feola et al[11] was also
analysed with cardiac magnetic resonance imaging (MRI)
that confirmed, in the acute phase, the segmental disturb of
LV contraction (hypo/akinesia in apex and periapical segments) determining an important systolic dysfunction. In
none areas a delayed enhancement after gadolinium injection either in the acute phase or at 3 mo’ follow up phase
emerged, suggesting that the damage in the dysfunctional
areas was transient and did not include necrotic tissue.

Testa M, Feola M. Usefulness of myocardial positron emission
tomography/nuclear imaging in Takotsubo cardiomyopathy.
World J Radiol 2014; 6(7): 502-506 Available from: URL: http://
www.wjgnet.com/1949-8470/full/v6/i7/502.htm DOI: http://
dx.doi.org/10.4329/wjr.v6.i7.502

INTRODUCTION
Transient left ventricular (LV) apical ballooning is a syndrome frequently misdiagnosed as an acute coronary
syndrome related to occlusive epicardial coronary artery
disease (CAD)[1,2]. It is characterised by a rare form of
transient LV dysfunction and dilatation accompanied
by chest pain following emotional or physical stress,
ischemic electrocardiographic changes, minimal release
of cardiac enzymes, wall-motion abnormalities involving the apical and mid-portion of the left ventricle and
absence of angiographically detectable coronary artery
disease (CAD)[3]. Physiopathology of this particular heart
disease, also called Takotsubo cardiomyopathy (TTC),
is still unexplained although several mechanisms have
been proposed, such as multivessel coronary vasospasm,
abnormalities in coronary microvascular function, inflammatory process and catecholamine-mediated cardiotoxicity[4-9].
Recently, nuclear medicine techniques for diagnosis
and improvement in pathophysiological explanation of
TTC have been used, showing interesting results both
for diagnosis and for speculative clinical research. This
review aimed to summarise the most significant experiences on the use of myocardial positron emission tomography (PET) in TTC.

MATERIALS AND METHODS
We performed a systematic review of the existing literature on this topic using PUBMED database, combining
search terms such as “takotsubo”, “takotsubo syndrome”,
“myocardial positron emission tomography”, “positron
emission tomography”. Case reports were excluded. The
list included only four articles which were reviewed by
two investigators. A formal meta-analysis was not done
because of the heterogeneity of studies, therefore, we
undertook a narrative synthesis of the collected data.

RESULTS
Studies’ characteristics
Four articles[10-13] were included in our clinical review (see
Table 1); one is from Japan, one from Italy, one from
France and the last from Austria. The main characteristics of the studies included in this review are reported in
Table 1. All publications were written in English. All of
them were prospective studies, but just in three of them a
period of follow-up was planned (ranged from 30 to 180
d). The studies ranged from 3 to 18 patients; a total of 49
patients were included in this review.

WJR|www.wjgnet.com

The myocardial glucose metabolism
Myocardial PET using fluorine 18 fluorodeoxyglucose
(FDG) was totally used in 39 patients with acute TTC as
an indicator of myocardial metabolism. Yoshida et al[10]
studied 8 TTC patients, obtaining in 7 out of 8 patients a
pattern of severe and diffuse reduced 18F-FDG uptake in
left ventricle. Of these seven patients, six exhibited a LV
dysfunction at echocardiography examination. Moreover,
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Acute phase

3-mo follow-up

Acute phase

3-mo follow-up

Acute phase

3-mo follow-up

Figure 1 Images representing three different consecutive female patients with diagnosis of Takotsubo cardiomyopathy in which in the acute phase a clear
inverse flow/metabolism mismatch emerged (reduction of fluorodeoxyglucose uptake and preserved blood flow obtained with ammonia). The mismatch
was reversible and disappeared at 3-mo follow-up. FDG: Fluorodeoxyglucose;

Table 1 Comparison between the four articles
No of patients Mean LVEF acute Diagnostic
MRI SPECT
(females)
age
phase
techniques
(n ) (n )
used for TTC
Yoshida et 15 (12)
al[10]
Feola et al[11] 3 (3)

72

Cimarelli et 18 (13)
al[12]
Rendl et al[13] 13 (NR)

67

TOTAL (n)

75, 3

NR

47.7% ±
6.6%
40.7% ±
5.1%
35% ± 8%

ECG/CAG/
EchoCG
ECG/CAG/
EchoCG
ECG/CAG/
EchoCG
52% ± 13% CAG/
EchoCG

49

FDG- MIBG Time of LVEF
MRI
SPECT FDG-PET MIBG
PET
follow- follow-up follow- follow- follow-up follow(n )
up (d)
up (n ) up (n ) (n )
up (n )

-

201Tl (10)

8

-

90

-

-

1

-

-

3

N13 (3)

3

-

90

54%

3

3

3

-

-

99m

8

30-180 58% ± 6% -

-

6

2

-

Tc (7) or 15
Tl (4)
99m
Tc (13) 13

-

60

-

NR

11

-

3

37

8

3

4

20

2

201

39

62% ±
13%

NR: Not reported; “-“: not examined; LVEF: Left ventricular ejection fraction; TTC: Takotsubo cardiomyopathy; ECG: Electrocardiography; CAG: Coronary
angiography; EchoCG: Echocardiography; MRI: Cardiac magnetic resonance; SPECT: Myocardial scintigraphy; FDG-PET: Fluoridesossiglucose myocardial
positron emission tomography; MIBG: Iobenguane myocardial scintigraphy.

myocardial 123I-mIBG SPECT, a severe reduction/absence
of mIBG uptake in the dysfunctional segments of apical or mid-ventricular regions. Four out of eight patients
repeated 123I-mIBG SPECT six months after acute symptoms, demonstrating an improvement of tracer uptake
in apical segments. Furthermore, analysing the 4 patients
underwent myocardial SPECT, 123I-mIBG SPECT and
18
F-FDG PET, they concluded that dysfunctional but normally perfused LV segments were characterized by severe
decrease of 123I-mIBG and 18F-FDG uptake. Moreover,
the distribution of 123I-mIBG and 18F-FDG uptake defects was largely overlapping. These data added an interesting element in the pathophysiology of TTC syndrome,
highlighting as the dysfunctioning segments presented a
pattern of severe denervation and metabolic glucose uptake that ameliorated and even normalized in the followup following the improvement of myocardial function.

they observed that the extension of the metabolic defect
was much larger and more severe than the perfusion
defect with 201Tl. In the other three studies[11-13], most of
patients (20/24, 83.3%) showed a severe reduction of
metabolic activity in the apex and periapical segments in
the acute phase of TTC. This reduction of FDG uptake
in the dysfunctional areas recovered at follow-up, following the normalization of left ventricle function. In fact,
considering the entire population of TTC studied with
PET, FDG-PET was repeated in 20 patients, in a followup period variable from 30 to 180 d: in 18/20 cases a
complete recovery of FDG uptake emerged, confirming
the hypothesis of a complete reversibility of the FDG
impairment. The severe reduction of FDG uptake in
the dysfunctional myocardial segments has not been
completely understood and might be related to a partial
volume effect in enlarged, impaired areas or to a specific
metabolic impairment of the glucose utilization.

DISCUSSION

The myocardial innervation
Cimarelli et al[12] observed in 8 TTC patients, underwent
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Terminology

function in patients with normal coronary angiography.
Because the onset of this syndrome is very similar to that
of an ACS, it is really important to differentiate one from
the other, also considering the different treatment that
should be undertaken.
TTC is often preceded by emotional or physical stress
and this have suggested the hypothesis of catecholaminemediated multivessel epicardial spasm, microvascular
coronary spasm [2] or possible direct catecholaminemediated myocyte injury[6] as possible pathophysiological
mechanisms. The multivessel spasm may be responsible
for a self-limited ischemic event able to generate stunned
myocardium but not long enough to cause myocardial
necrosis[7].
Nuclear medicine techniques have been successfully
employed in the differential diagnosis of TTC from ACS
and have demonstrated a discrepancy between normal
perfusion and reduced 18F-FDG uptake in TTC[8,9]. This
association is commonly known as “inverse metabolicperfusion mismatch” and represented a transient metabolic disorder at the cellular level, demonstrated by
evidence of tissue’s impairment metabolism in the dysfunctioning left ventricle with preserved MBF at rest[10-13].
Moreover, PET imaging, using the quantitative analysis,
confirmed the light impairment of MBF in dysfunctioning LV segments in the acute phase together with a
clearly reduction of CFR after vasodilator stimuli. These
MBF modifications recovered completely in the followup, probably justifying the favourable clinical prognosis in
those patients. Further studies and a larger patient population are needed to confirm these findings.

Takotsubo cardiomyopathy: syndrome, mainly reported after sudden emotional
or physical stress, characterized by chest pain, changes on electrocardiography, limited release of myocardial enzyme and reversible wall-motion abnormalities involving apical and midportion of left ventricle. PET: a nuclear medicine,
functional imaging technique that can use biologically active molecules (e.g.,
glucose); their uptake, showed in the tissue, indicate the presence of metabolic
activity.

Peer review

In this article the authors aimed to summarize the results of four articles on the
use of myocardial PET in Takotsubo cardiomiopathy. It is a good work.
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Core tip: We report the unique case of isolated bilateral
squamosal suture synostosis in a 13-mo old patient
with Crouzon syndrome. Although bicoronal sutures are
most commonly involved in patients with Crouzon syndrome, it is important to be familiar with this rare entity
of craniosynostosis in order to prevent misdiagnosis or
delayed surgical treatment.
Tandon YK, Rubin M, Kahlifa M, Doumit G, Naffaa L.
Bilateral squamosal suture synostosis: A rare form of isolated
craniosynostosis in Crouzon syndrome. World J Radiol
2014; 6(7): 507-510 Available from: URL: http://www.wjgnet.
com/1949-8470/full/v6/i7/507.htm DOI: http://dx.doi.org/10.4329/
wjr.v6.i7.507

INTRODUCTION
Crouzon syndrome is a very rare autosomal dominant
craniofacial dysostosis that occurs in approximately 16
in 1 million live births[1-3]. It was described in 1912 by a
French neurologist, Octave Crouzon, in a mother and
son exhibiting a triad of skull deformities, facial anomalies and exophthalmos[4]. Typically Crouzon syndrome
has been associated with bicoronal synostosis leading to a
characteristic tall, flattened forehead. Midface hypoplasia,
a beaked nose, and proptosis have also been described as
characteristic features[5,6].
To the best of our knowledge, there have been no
cases of Crouzon syndrome associated with isolated bilateral squamosal suture craniosynostosis described in the
literature. We report the radiological appearance of bilateral premature squamosal craniosynostosis found in a 13
mo-old female with Crouzon syndrome during her work

Abstract
Craniosynostosis is a pathologic condition which is characterized by the premature fusion of cranial sutures. It
may occur alone or in association with other anomalies
making up various syndromes. Crouzon syndrome is the
most common craniosynostosis syndrome. Bicoronal
sutures fusion is most commonly involved in Crouzon
syndrome. There have only been a handful of cases of
squamosal suture synostosis described in the surgery
literature with the few ones described in Crouzon syndrome associated with other types of craniosynostosis.
To the best of our knowledge, we are presenting the
first case of isolated bilateral squamosal suture synostosis in a patient with Crouzon syndrome in a radiology
journal with emphasis on its radiological appearance.
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Figure 1 3 D computed tomographic image. A: Of the skull demonstrating normal appearance to the coronal (curved arrows), sagittal (straight arrow), and lambdoid sutures (arrow heads); B, C: Of the cranium demonstrating bony bridging of bilateral squamosal sutures consistent with premature craniosynostosis. The approximate region of the normal squamosal sutures is indicated by straight arrows.

Pixel spacing: 0.400 mm/0.400 mm, Kvp 120, mA 109,
rotate time: 0.8, ST 3.75 mm, FOV 20 cm, Tilt 0, W: 90,
L: 40. Two dimensional images (2D) in the sagittal and
coronal planes were reformatted at ST of 3 mm as well
as three dimensional images of the skull (3D). The 3D
images demonstrate normal appearance of the bilateral
coronal and lambdoid sutures and normal appearance of
the sagittal suture (Figure 1A). The metopic suture is not
visualized, having normally fused. However, there is premature fusion of the squamosal sutures bilaterally (Figure
1B). Coronal 2D reformatted image (Figure 2) shows the
local thumb printing (beaten copper) appearance of the
inner cortex in the region of bilateral squamosal suture
fusion.
The correction of the craniofacial deformities in a
patient with Crouzon syndrome and bilateral squamosal
craniosynostosis is accomplished through a series of
operations over time with respect to the growth and development of the craniofacial skeleton. Around the first
year of age, the patient will undergo subtotal cranial vault
remodeling to release the fused sutures and correct the
skull shape deformities. Subsequently, at around 7 years
of age, the patient will be scheduled to undergo either a
facial bipartition or Lefort Ⅲ advancement to correct the
hypertelorism or midface hypoplasia. At skeletal maturity,
the patient will undergo orthognatic surgery to correct
malocclusion when necessary.

Figure 2 Coronal computed tomography image of the brain demonstrating a local thumb printing/ beaten copper appearance (straight arrows) of
the inner cortex in the region of bilateral squamosal fusion.

up for skull deformity.

CASE REPORT
The patient was a 13 mo-old female who was born at
37 wk gestation and had a normal neonatal course. The
patient’s father carried a diagnosis of Crouzon syndrome.
Her family history was otherwise unremarkable. Her
past surgical history includes bilateral tear duct probing
for bilateral nasolacrimal obstruction. On physical exam,
the patient was noted to have macrocephaly (> 97%
percentile for age) associated with a prominent forehead
and relatively narrowed temples, proptosis, low set ears,
orbital hypertelorism and the right cheek was higher and
fuller than the left cheek. Given the family history of
Crouzon syndrome and the patient’s dysmorphic features,
Crouzon syndrome was suspected. Genetic testing was
done to confirm diagnosis and a mutation in the FGFR2
gene was noted. The patient was then referred to our radiology department to have a head CT performed to rule
out craniosynostosis.
CT of the head without intravenous contrast was performed in our institution for further evaluation using the
following technique: GE Medical Systems, Pitch: 0.625:1,
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DISCUSSION
The development of the human calvaria is a complex
process that is still not completely understood. There are
5 primary ossification centers which meet to form 6 main
sutures. When this process occurs normally, it culminates
to a normally shaped adult head[7].
Craniosynostosis is a pathologic condition which is
characterized by the premature fusion of cranial sutures
which results in deformity of the vault and cranial base
and is often associated with neurological sequelae secondary to alteration in cranial volume and restriction in
brain growth. It may occur alone or in association with

508

July 28, 2014|Volume 6|Issue 7|

Tandon YK et al . Squamosal sutures synostosis in Crouzon syndrome

other anomalies making up various syndromes[8].
Craniosynostosis is estimated to affect approximately
1 in 2500 children[9,10]. Different etiologies of craniosynostosis include metabolic anomalies, teratogens, genetic
anomalies, and abnormal intrauterine pressures[11].
Among the craniosynostosis that are attributed to
genetics, most have been associated with a mutation
involving 1 of 3 fibroblast growth factor receptors (FGFRs) which include FGFR1, FGFR2, or FGFR3[11]. In the
majority of cases, Crouzon syndrome is caused by mutations in the fibroblast growth factor 2 (FGFR2) gene
on chromosome 10q26[1,12,13]. However, in patients with
Crouzon syndrome and acanthosis nigricans, FGFR3
mutations have also been identified[14]. FGFR gene family mutations have also been found in patients with other
syndromic craniosynostosis including Pfeiffer syndrome,
Jackson-Weiss syndrome, Apert, and Saethre-Chotzen’s
syndromes[15,16].
Our patient tested positive for FGFR2 mutation
which is also found in Pfeiffer and Apert Syndromes[17].
Pfeiffer and Aper syndromes share common features
with Crouzon syndrome including craniosynostosis, hypertelorism, proptosis, maxillary bone hypoplasia and
autosomal dominance inheritance. However Pfeiffer and
Apert syndromes are acrocephalosyndactyly syndromes
associated with brachydactyly and syndactyly which our
patient did not have and which helped in confirming the
diagnosis of Crouzon syndrome[18,19].
The gold standard imaging modality in diagnosing
craniosynostosis is CT scan with 3D surface-rendered reconstruction[20]. MRI has no significant role in the diagnosis of craniosynostosis or facial anomalies associated with
Crouzon syndrome as it has poor details to bones. MRI
of the brain may be indicated in the future only if patient
develops neurologic symptoms.
The sagittal suture is most commonly affected in non
syndromic craniosynostosis and is estimated to be affected in 40%-60% of cases[21]. This is followed by the
coronal suture that is affected in 20%-30% of the cases
and the metopic suture in less than 10% of the cases[21].
The pattern of suture involvement determines the shape
of the skull defect[21]. There have been more than 100 different types of syndromes which have been identified to
be associated with craniosynostosis[9,10].
Crouzon syndrome is one of the most common of
the craniosynostosis syndromes[21]. It account for up to
4.8% of all cases of craniosynostosis[13]. The coronal and
sagittal sutures are most commonly involved in Crouzon
syndrome[13].
There have only been a handful of cases of squamosal suture synostosis described in the surgery literature,
the few described in Crouzon patients were always associated with other type of craniosynostosis[10,22]. This is the
first reported case of isolated squamosal suture synostosis in a patient with Crouzon syndrome. The squamosal
suture arches posteriorly from the pterion and connects
the temporal squama with the inferior border of the parietal bone[10].
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The treatment of craniosynostosis syndromes requires a multidisciplinary team including plastic surgeons,
pediatricians, ENT specialist, radiologists, neurosurgeons,
and clinical genetic specialist[23,24]. Surgical correction is
undertaken to correct craniofacial deformities and functional problems such as elevated intracranial pressure,
airway obstruction, ocular exposure and malocclusion.
Surgical techniques that are commonly utilized include
fronto-orbital advancement or cranial vault remodeling
in first year of life to correct craniosynostosis[25]. Hypertelorism is usually corrected with facial bipartition at
age 7. Distraction osteogenesis is commonly used with
midface osteotomies to correct midface hypoplasia as
it has multiple advantages over conventional mid-facial
advancement such as the monobloc or LeFort Ⅲ. Distraction techniques have been shown to reduce operating
time, reduce blood loss, reduce infection, eliminate need
of bone graft, and allow for large advancement of the
midface. Class Ⅲ malocclusion which is commonly seen
in syndromic craniosynostosis patients is corrected at
skeletal maturity with a Lefort I advancement or double
jaw surgery[26-32].
In a conclusion, although squamosal suture craniosynostosis is an extremely rare entity, especially when associated with Crouzon syndrome, it is extremely important for the radiologist to be familiar with its radiological
appearance in order to prevent misdiagnosis and delayed
treatment.

COMMENTS
COMMENTS
Case characteristics

Thirteen-month-old female patient with Crouzon syndrome was found to have
isolated bilateral squamosal suture synostosis.

Clinical diagnosis

The patient was noted to have macrocephaly associated with a prominent
forehead and relatively narrowed temples, proptosis, low set ears, orbital hypertelorism and asymmetry in appearance of the cheeks.

Differential diagnosis
Pfeiffer and Apert syndromes.

Laboratory diagnosis

Mutation in the FGFR2 gene was noted.

Imaging diagnosis

Computed tomography finding: The three dimensional (3D) images demonstrate
normal appearance of the bilateral coronal and lambdoid sutures and normal
appearance to the sagittal suture. However, there is bony bridging in the region
of squamosal sutures bilaterally indicating premature synostosis. Coronal 2D
reformatted image shows the local thumb printing (beaten copper) appearance
of the inner cortex in the region of bilateral squamosal suture fusion.

Treatment

The treatment of craniosynostosis syndromes requires a multidisciplinary team
including plastic surgeons, pediatricians, ENT specialists, radiologists, neurosurgeons, and clinical genetic specialists. A series of corrective operations will
be performed over time.

Experiences and lessons

The authors report the unique case of isolated bilateral squamosal suture
synostosis in a patient with Crouzon syndrome. Although bicoronal sutures are
most commonly involved in patients with Crouzon syndrome, it is important to
be familiar with this rare entity of craniosynostosis in order to prevent misdiagnosis or delayed surgical treatment.

Peer review

This is a simple case report on a young patient with Crouzon syndrome. It is
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concise, well written and well illustrated.
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Core tip: Aicardi syndrome is a rare genetic disease
characterized by a characteristic classical trio of neurological clinical abnormalities (spasms), agenesis of the
corpus callosum and ophthalmological abnormalities
(chorioretinal lacunae). The diagnosis can be suspected
by prenatal ultrasound with color Doppler identifying
the agenesis of the corpus callosum. Usually, the diagnosis is confirmed in the neonate period by transfontanellar ultrasound and ophthalmological examination.
Tranfontanellar ultrasound is a cheap and affordable
method, with similar accuracy of magnetic resonance
imaging.
Pires CR, Araujo Júnior E, Czapkowski A, Zanforlin Filho SM.
Aicardi syndrome: Neonatal diagnosis by means of transfontanellar ultrasound. World J Radiol 2014; 6(7): 511-514 Available
from: URL: http://www.wjgnet.com/1949-8470/full/v6/i7/511.htm
DOI: http://dx.doi.org/10.4329/wjr.v6.i7.511

Abstract
Aicardi syndrome is a rare genetic disease characterized by a characteristic classical trio of neurological
clinical abnormalities (spasms), agenesis of the corpus
callosum and ophthalmological abnormalities (chorioretinal lacunae). The diagnosis can be suspected by
prenatal ultrasound with color Doppler identifying the
agenesis of the corpus callosum. Usually, the diagnosis
is confirmed in the neonate period by transfontanellar
ultrasound and ophthalmological examination. We present a case of newborn with Aicardi syndrome, being
the transfontanellar identified partial dysgenesis of the
corpus callosum and a cyst in the inter-hemispheric fissure. Ophthalmological examination showed bilateral
chorioretinal lacunae.

INTRODUCTION
Aicardi syndrome is a rare genetic disease that was described for the first time in 1965, by Aicardi et al[1], who
studied 117 cases of spasms in infants and discovered
eight new cases that comprised this syndrome. This
syndrome is formed by a characteristic classical trio of
neurological clinical abnormalities (spasms), agenesis of
the corpus callosum and ophthalmological abnormalities (chorioretinal lacunae). Here, we describe a case of
Aicardi syndrome diagnosed in the immediate postnatal
period by means of transfontanellar ultrasonography, and
illustrate the main abnormalities of this case.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

CASE REPORT

Key words: Aicardi syndrome; Neonate; Agenesis of the
corpus callosum; Chorioretinal lacunae; Transfontanellar ultrasound
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A female newborn of gestational age 39 wk and Apgar score 8/9 started to show a condition of spasms in
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Figure 1 Transfontanellar ultrasonography.
A: In the sagittal plane, showing the knee of the
corpus callosum (with arrow); the spleen and
posterior segment were not observed; B: In the
sagittal plane, showing partial agenesis of the
corpus callosum with the aid of color Doppler
on the pericallosal artery; C: In the parasagittal
plane, showing a cyst in the inter-hemispherical
fissure; D:In the coronal plane, showing a cyst in
the inter-hemispherical fissure and porencephaly.

D

C

flexion, during the immediate postnatal period. Prenatal
ultrasonographic examinations had not shown any alterations at the cephalic pole. Physical examination showed
that the cranial circumference was at the lower limit of
normality, and ophthalmological examination showed
chorioretinal lacunae bilaterally (Figure 1A, B). The ultrasonographic examination was done using the Vivid 3
apparatus (General Electric Healthcare, Zipf, Austria), by
means of a multifrequency linear transducer, through the
anterior transfontanellar route. Partial dysgenesis of the
corpus callosum was seen (Figure 1C, D), with a cyst in
the inter-hemispheric fissure measuring 31.2 mm × 18.9
mm × 15.7 mm and porencephaly (Figure 2), without
evidence of ventricular dilatation. No other encephalic
morphological abnormalities were observed.

deletion; 12q duplication, derived from a maternal 6q;
12q translocation. Spennato et al[5] described a case of
a 36-year-old female patient, carrier of a 45,X0/46,XX
mosaicism, showing a complex clinical picture including
the signs of both Turner and Aicardi syndromes.
The most frequent neurological alterations, which
start in the first year of life, include tonic convulsive or
limited clonic spasms. The spasms are predominantly
asymmetrical, with hemiparesis or hemiplegia on the side
that is more affected. These spasms are usually the first
manifestation for screening of Aicardi syndrome. The
cranial circumference at birth may be within the limits of
normality, although a certain degree of microcephaly may
be observed[6].
Among the main ophthalmological abnormalities
of Aicardi syndrome, choroidal filling defects of varying sizes, shapes, colors and location can be highlighted.
Some characteristics are more frequently observed, such
as peripapillary chorioretinal lacunae, of white color with
rounded edges, although they can also be yellowish, pinkish and shiny, and can be multilobular. Other ophthalmological abnormalities that have been reported include:
coloboma, detachment of the retina, hypoplasia of the
optic nerve, macular scars, remnant pupil membranes,
pseudoglioma, cataracts, retro-bulbar cysts, synechiae and
microphthalmia[7]. Sutton et al[8] assessed the frequency of
ophthalmologic finding of Aicardi syndrome in 20 girls.
The most common findings were chorioretinal lacunae in
66 (88%) of 75 eyes and optic nerve abnormalities in 61
(81%) of 75 eyes. Other less common findings included
persistent pupillary membrane in 4 (5%) of 79 eyes and
anterior synechiae in 1 of 79 eyes (1%).
Classical craniofacial features in Aicardi syndrome

DISCUSSION
The majority of the cases of Aicardi syndrome have been
reported in females, but two cases in males with 47,XXY
karyotypes have also been observed. There is still no
consensus regarding its etiology, but the most likely
hypothesis is that it comes from a short-arm mutation
linked to chromosome X, which presents in a heterozygous form in females and is lethal to males[2]. However,
there are some evidences of genomic rearrangements
involved in the etiology of Aicardi syndrome. Bursztejn et
al[3] reported an 8-year-old girl with an initial diagnosis of
Aicardi syndrome who subsequently found to carry a de
novo 11.73-Mb terminal deletion of 1p36 chromosome
band and emphasized the phenotypic overlap between
the 2 disorders. Prontera et al[4] reported a case of a girl
with 21-year-old presenting Aicardi syndrome with a 6q
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A

Figure 2 Fundoscopy. A: Showing chorioretinal
lacunae in the supra-papillary and temporal paramacular region; B: Showing chorioretinal lacunae
at the posterior pole, including the macular area.

B

that have been described include a small philtrum with
upturned nasal tip and decreased angle of the nasal
bridge, big ears, prominent premaxilla and sparse eyebrows on lateral aspects, but these were not present in
our case[8]. Skeletal anomalies such as fused vertebrae,
hemi-vertebrae, blocked vertebrae and absent ribs could
be present, which may lead to scoliosis[9].
Imaging diagnostic methods may reveal conditions ranging from classical findings like partial or total
agenesis of the corpus callosum to other findings like
ventricular dilatation, hydrocephaly and cortical heterotopy[10]. Dysgenesis of the corpus callosum may occur
together with other midline abnormalities, such as Chiari
Ⅱ malformation, holoprosencephaly, Dandy-Walker malformation, septo-optic dysplasia and median facial cleft
syndrome.
Magnetic resonance imaging (MRI) is the gold-standard examination for diagnosing this syndrome. In the
largest study on Aicardi syndrome so far produced, 95%
of the 23 patients (all the cases were female) presented
frontal/perisylvian polymicrogyria and single or multiple
intracranial cysts. These cysts were on the midline in 81%
of the cases[10]. Hopkins et al[11] assessed the relationship
between laterality of brain and ocular lesions in Aicardi
syndrome. These authors assessed 26 subjects between 3
mo and 19 years old. Ocular and brain MRI asymmetry
was found in 18% (4/22) and 58% (15/26) of subjects,
respectively, with more right sided brain lesions than
left. A significant correlation between sidedness of brain
disease and microphthalmos was observed. Singh et al[12]
described a case of Aicardi syndrome in a 4.5-mo-old
baby. MRI revealed hypogenesis of the corpus callosum,
polymicrogyria, interhemispheric cyst and periventricular
nodular subependymal grey matter heterotopia along the
body of the left lateral ventricle.
MRI is the imaging method used for confirming the
diagnosis, although transfontanellar ultrasonography can
also be chosen for screening, confirming the diagnosis
and follow-up, with similar results. Ultrasound is relatively
inexpensive and accessible; there are no contraindications
and the images are obtained non-invasively.
In summary, we have presented a classical case of
Aicardi syndrome that was diagnosed during the neonatal
period by means of transfontanellar ultrasonography.
This method may provide sufficient support for making
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an early diagnosis of this syndrome, without radioactive
and anesthetic risks, as well as the facility of being performed on the hospital bed.
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anophthalmia using neuroradiological imaging
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this article, two clinical anophthalmic siblings cases are
reported, emphasizing the importance of neuroradiological and orbital imaging findings in distinguishing
true congenital anophthalmia from clinical anophthalmia. Anophthalmia is associated with many known
syndromes. Clinical findings, as well as imaging modalities and genetic analysis, are important in making
the diagnosis. Imaging modalities are crucial scanning
methods. Cryptophthalmos, cyclopia, synophthalmia
and congenital cystic eye should be considered in differential diagnoses. We report two clinical anophthalmic
siblings, emphasizing the importance of neuroradiological and orbital imaging findings in distinguishing true
congenital anophthalmia from clinical anophthalmia.
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Abstract
Anophthalmia is a condition of the absence of an eye
and the presence of a small eye within the orbit. It is
associated with many known syndromes. Clinical findings, as well as imaging modalities and genetic analysis, are important in making the diagnosis. Imaging
modalities are crucial scanning methods. Cryptophthalmos, cyclopia, synophthalmia and congenital cystic
eye should be considered in differential diagnoses. We
report two clinical anophthalmic siblings, emphasizing
the importance of neuroradiological and orbital imaging
findings in distinguishing true congenital anophthalmia
from clinical anophthalmia.

INTRODUCTION
The prevalence of congenital anophthalmia ranges from
3 to 14 per 100000 population. It is the result of insufficient development or complete regression of the optic
vesicle[1]. However, it is always confused with the term
clinical anophthalmia or severe microphthalmia. It is
clinically difficult to distinguish severe microphthalmia
from anophthalmia in routine ophthalmology practice.
Small conjunctival fornices, narrowed palpebral fissure
range and common hypoplasia of the periocular soft
tissues frequently accompany microphthalmia or anophthalmia. Microphthalmia refers to reduction in the size of
the globe because of the congenital developmental disorder or acquired causes. Microphthalmia is classified as
severe, simple and complex depending on the anatomical

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Anophthalmia is a condition of the absence
of an eye and the presence of a small eye within the
orbit. Imaging modalities and genetic analysis are crucial for correct diagnosis and differential diagnosis. In
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Figure 1 Clinical appearance of siblings.

A

Figure 2 Axial fat-suppressed T2-weighted magnetic resonance imaging. A: Axial fat-suppressed T2-weighted magnetic resonance imaging (MRI)
of the male patient showed bilateral cystic structures that are synonymous
with rudimentary eyeballs (white arrows); B: Axial fat-suppressed T2weighted MRI of the female patient showed bilateral cystic structures that
are synonymous with rudimentary eyeballs (white arrows).

B

A

Figure 3 Post-contrast fat-suppressed T1-weighted axial magnetic resonance imaging of each patient show bilateral hypoplastic optic nerves between extraocular muscle groups (white
arrows).

B

appearance of the globe and the degree of reduction in
the axial length. Severe microphthalmia is a considerable
reduction in the size of the globe in terms of total axial
length at birth under 10 mm or under 12 mm after 1 year
of age[2].

anophthalmia. Brain MRI was performed to exclude any
accompanying central nervous system malformation. T1weighted images (WI), T2-WI and post-contrast T1-WI
were obtained at axial, sagittal and coronal planes. Orbital
MRI was also performed to show intraorbital structures.
In both cases, the globes were found to be quite small and
cystic in appearance. Cornea, lens and sclera were not observed (Figure 2). Axial length of the globe was 4 mm on
the right and 11 mm on the left of 27-year-old male (Figure
2A) and in the 40-year-old female, the right globe was 2
mm and the left globe was 4 mm (Figure 2B). Although
both optic nerves were hypoplastic in the intraconal orbital space, the optic nerves were not found at the distal
optic canal in both patients (Figure 3). In these two cases,
the lacrimal glands, extraocular muscles and the eyelids
were observed. Brain MRI did not show any accompanying central nervous system abnormality.

CASE REPORT
Two siblings, one a 27-year-old male (Figure 1A) and the
other a 40-year-old female (Figure 1B), with anophthalmia attended the ophthalmology clinic. They were 2 of 9
siblings in a family. There was no consanguinity between
their dead parents and the other siblings did not have
anophthalmia or microphthalmia. Systematic physical
examination and laboratory workup, including thoracoabdominal magnetic resonance imaging (MRI), were normal
and the two siblings were considered to have isolated
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pus callosum and microgyria, MRI is superior to CT[10].
In summary, we believe that the findings of orbital
and brain MRI in patients diagnosed with anophthalmia
has an important role in diagnosis and differentiation of
cases as true anophthalmia or clinical anophthalmia.

DISCUSSION
The spectrum of clinical anophthalmia includes severe
microphthalmia, in which a small amount of ocular tissue can be found in the orbit on neuroimaging, even
although the globe may appear to be absent externally[3].
Once the diagnosis has been established, systematic examination with both ocular and systemic imaging tests
(ultrasonography, computed tomography, MRI) should
be performed to rule out additional neurological, renal,
cardiac or other associations[2]. Cases associated with other congenital systemic abnormalities have been reported
in many syndromes, such as Fraser, Fryns, Waardenburg
or Matthew-Wood [4]. Many microphthalmia patients
have additional congenital ocular anomalies and associated neurological abnormalities[5]. A study conducted by
Jacquemin et al[6] concluded that patients with clinical anophthalmia share a similar constellation of neurological,
somatic and neuroradiological abnormalities as patients
with microphthalmia. However, Schittkowski et al[7] mentioned that anophthalmia is a poorer prognostic factor
than microphthalmia in terms of its association with a
wide range of systemic diseases and they also described
that patients with bilateral anophthalmia are characterized
mainly by additional intracranial anomalies. Brunquell et
al[8] described a case of anophthalmia in which severe
developmental disorders and locomotor defects were recognized.
Albernaz et al[9] reported imaging findings of a clinical
anophthalmia case series in which there were a variety of
intraorbital, intracranial and craniofacial anomalies. The
high rate of intracranial anomalies in their patients with
bilateral anophthalmia suggests overall maldevelopment
of the forebrain structures and failure of formation or
degeneration of the optic vesicles during early gestation.
MR imaging of anophthalmia cases showed amorphous
tissues of isointense signal intensity with muscle on T1WI and markedly hypointense on T2-WI. The imaging
characteristics were probably due to fibrosis. These imaging features provide distinction of anophthalmia from
severe microphthalmia, which is a condition of identifying a tiny globe with the normal signal intensity of the
vitreous and lens[9].
However, in both of our case series, there was no syndromic condition present. Orbital and brain MRI helped
us to discern the cases to be clinical anophthalmia or true
anophthalmia without the need of histopathological studies. In our patients there was a bilateral hypoplastic optic
nerve in the intraconal orbital space. The optic nerve was
not found at the distal optic canal in both patients. There
were no other central nervous system abnormalities in
the brain MRI, including the posterior visual pathways.
The signal intensities of rudimentary eyeballs were hypointense on T1-WI and iso-hyperintense on T2-WI due
to their contents.
For depiction of the rudimentary optic nerves, optic
tracts and intraorbital contents, as well as concomitant intracranial pathologies such as partial agenesis of the cor-
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