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EDITORIAL

Metabolic positron emission tomography imaging of cancer:
Pairing lipid metabolism with glycolysis
Sandi A Kwee, John Lim
in detecting some cancers has prompted a longstanding
search for other positron emission tomography (PET)
tracers to complement the imaging of glycolysis in
oncology, with much attention paid to lipogenesis based
on observations that the production of various lipid and
lipid-containing compounds is increased in most cancers.
Radiolabeled analogs of choline and acetate have now
been used as oncologic PET probes for over a decade,
showing convincingly improved detection sensitivity
over FDG for certain cancers. However, neither choline
nor acetate have been thoroughly validated as lipogenic
biomarkers, and while acetyl-CoA produced from acetate
is used in de-novo lipogenesis to synthesize fatty acids,
acetate is also consumed by various other synthetic
and metabolic pathways, with recent experimental
observations challenging the assumption that lipogenesis
is its predominant role in all cancers. Since tumors
detected by acetate PET are also frequently detected by
choline PET, imaging of choline metabolism might serve
as an alternative albeit indirect marker of lipogenesis,
particularly if the fatty acids produced in cancer cells
are mainly destined for membrane synthesis through
incorporation into phosphatidylcholines. Aerobic glycolysis
may or may not coincide with changes in lipid metabolism,
resulting in combinatorial metabolic phenotypes that may
have different prognostic or therapeutic implications.
Consequently, PET imaging using dual metabolic tracers,
in addition to being diagnostically superior to imaging
with individual tracers, could eventually play a greater
role in supporting precision medicine, as efforts to
develop small-molecule metabolic pathway inhibitors are
coming to fruition. To prepare for this advent, clinical and
translational studies of metabolic PET tracers must go
beyond simply estimating tracer diagnostic utility, and aim
to uncover potential therapeutic avenues associated with
these metabolic alterations.
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Abstract
The limitations of fluorine-18 fluorodeoxy-D-glucose (FDG)
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specific cancer applications is shown in Table 1.

Core tip: Positron emission tomography (PET) imaging
using multiple distinct metabolic tracers could eventually
play a greater role in supporting precision medicine as
efforts to develop small-molecule metabolic pathway
inhibitors are coming to fruition. To prepare for this
advent, clinical and translational studies of metabolic
PET tracers must go beyond simply estimating tracer
diagnostic utility, and aim to uncover potential therapeutic
avenues associated with metabolic alterations in cancer.

METABOLIC PATHWAYS COMBINE TO
SUPPORT MEMBRANE SYNTHESIS
At face value, acetate metabolism may be viewed as a
more direct biomarker of de-novo lipogenesis compared
11
to choline metabolism. The authentic tracer C-acetate is
a substrate for acetyl CoA synthetase to produce acetylCoA which is then carboxylated to form malonyl-CoA as
the first committed step in de-novo lipogenesis mediated
by fatty acid synthase (FAS). Upregulated FAS expression
is a frequently observed phenomenon in many tumor
[4]
types . However, while the constitutive role of FAS in
liver and adipose tissue is to create stored energy in the
form of triglycerides, the primary role for FAS in cancer
cells appears to be to supply fatty acids for phospholipid
[11,12]
membrane synthesis
. Glycolysis, which is also
[1]
frequently upregulated in cancer , can not only fuel this
process by providing ATP, but also contribute substrate
for de-novo lipogenesis by producing acetyl-CoA. This
underscores a close biochemical relationship between
lipogenesis, phospholipid synthesis, and glycolysis,
as illustrated in Figure 1, with fatty acids produced by
FAS undergoing esterification with glycerol to produce
diglycerides which then react with CDP-choline to
produce phosphatidylcholine (PtC) for cell membrane
synthesis ostensibly in support of tumor cell proliferation.

Kwee SA, Lim J. Metabolic positron emission tomography imaging
of cancer: Pairing lipid metabolism with glycolysis. World J
Radiol 2016; 8(11): 851-856 Available from: URL: http://www.
wjgnet.com/1949-8470/full/v8/i11/851.htm DOI: http://dx.doi.
org/10.4329/wjr.v8.i11.851

INTRODUCTION
The clinical success of positron emission tomography
(PET) can be attributed largely to the broad and robust
diagnostic utility of the imaging radiopharmaceutical
fluorine-18 fluorodeoxy-D-glucose (FDG). In oncology,
FDG PET/CT has no less than revolutionized cancer
diagnosis, staging, and assessment of inter-treatment
[1]
response . As a fluorinated analog of glucose, FDG
behaves as a terminal substrate for hexokinase (HK),
the initiating enzyme of glycolysis. The observation
that glycolytic metabolism is frequently activated in
malignant tumors under conditions otherwise suitable
for oxidative metabolism, a phenomenon known as the
[1]
Warburg effect , forms the primary rationale for imaging
cancer with FDG. However, aerobic glycolysis is not a
universal feature of all malignancies, and low FDG avidity
may predominate in common malignancies such as
hepatocellular carcinoma (HCC) and prostate cancer, with
rates for detecting the primary tumor with FDG PET/CT
[2,3]
falling as low as 55% and 4%, respectively .
Because FDG has these limitations, there is demand
for other PET tracers to complement the imaging of
glycolysis in oncology, with a significant amount of
attention paid to lipogenesis given that lipid-related
[4]
pathways are also frequently upregulated in cancer .
Radiolabeled acetate and choline are two prototypes
for imaging lipid synthesis using small molecule PET
radiopharmaceuticals. Labeled with carbon-11, both
have shown clinical utility for detecting tumors elusive
[5-7]
to detection with FDG . Fluorine-18 labeled analogs
of choline and acetate have also been developed in
an attempt to take clinical advantage of a longerlived positron-emitting isotope label. However, while
fluorine-18 labeled choline analogs have proven useful as
[8,9] 18
biomarkers of choline metabolism , F-fluoroacetate
does not appear to behave as a functional analog of
[10]
acetate for the purpose of cancer imaging . A list of
published clinical studies involving 15 or more patients
comparing radiolabeled choline and/or acetate to FDG for

WJR|www.wjgnet.com

IMAGING PHOSPHOLIPID SYNTHESIS
WITH CHOLINE
PtC is composed of a glycerol backbone esterified with
two fatty acids and phosphocholine. PtC structurally
resembles triglycerides, which are composed of a
glycerol backbone esterified to three fatty acids (Figure
2). The major synthetic route for PtC in most cells follows
the Kennedy pathway, starting with the production of
phosphocholine by choline kinase (CK). The activity of CK
[13]
is upregulated in many types of cancer , to the point
that increased choline metabolism has been considered a
[14]
metabolic hallmark of cancer .
While there are subtle biochemical differences between
carbon-11 and fluorine-18 labeled cholines, both are avid
[15]
substrates for CK . On the basis of this mechanism,
fluorine-18 fluorocholine PET/CT was tested in HCC, and
found to be significantly more sensitive than FDG PET/
CT, with a sensitivity of 84% vs 67%, respectively (P =
[16]
0.01) . As the most abundant membrane phospholipid,
PtC is believed to be the primary metabolic destination of
[11,12]
most fatty acids synthesized de-novo by cancer cells
.
Fatty acids produced by FAS may be distinguished by
their relatively high saturation, and while humans lack
the desaturase enzymes required to produce certain
unsaturated fatty acids (i.e., essential fatty acids), de-novo
synthesized fatty acids undergo sufficient modification by
elongase and desaturase enzymes to still give rise to broad
structural and functional variations among phospholipids
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Table 1 Results of PubMed query for clinical studies comparing
glucose in 15 or more patients
Disease
Prostate cancer

Clinical role

First
author

Publish
year

No. of
patients

Diagnosis

Liu

2016

11

Detection

Wata-nabe

2010

Re-staging
Detection,
metastatic
Detection,
primary
Detection,
primary/
metastatic
Detection,
primary
Detection,
primary
Detection

Richter
Ho

2010
2007
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Tracer(s)
compared to FDG

Meta-analysis
56 trials 3586
patients
43

Hepato-cellular
carcioma

11

C-choline
F-choline,
11
C-acetate
11
C-choline

18

C-choline
C-acetate

11

C-acetate
C-acetate

C-acetate

F-choline

C-choline
C-choline

11

C-acetate,
C-methi-onine
11
C-choline

11

C-choline

C-acetate

F-choline
C-acetate

11

C-acetate over fluorodeoxy-D-

Primary results
18

F-choline AUC 0.94, 95%CI: 0.92-0.96; 11C-choline AUC 0.89,
95%CI: 0.86-0.91; 11C-acetate AUC 0.78, 95%CI: 0.74-0.81;
FDG AUC 0.73, 95%CI: 0.69-0.77
Sensitivity 73%, 88%, and 31% for 11C-choline, MRI, and
FDG, respectively
Sensitivity was 60.6% for 11C-choline and 31% for FDG
Patient-based sensitivity for metastasis was 64% and 79% for
11
C-cetate and FDG, respectively
Sensitivity was 87% and 47% for 11C-acetate and FDG
respectively
Sensitivity was 75%, 61%, and 83% for 11C-acetate, FDG, and
dual-tracer PET.CT, respectively

Detection rate was 34/44 for 11C-acetate and 13/44 for FDG (P
< 0.001)
Sensitivity was 88% for 18F-choline vs 68% for FDG
11

C-choline PET was positive in 28 patients with negative
FDG PET
Sensitivity was 75%, 36%, and 93% for 11C-holine, FDG, and
dual tracers, respectively
Sensitivity was 90%, 100%, and 40% for 11C-acetate,
11
C-methionine, and FDG, respectively
Sensitivity/specificity was 92%/88%, 87%/81%, and
77%/63% for 11C-choline, MRI, and FDG, respectively
Sensitivity for detecting locally advanced nasopharyngeal
cancer was 100% vs 86% percent for 11C-choline and FDG,
respectively
Diffuse infiltration was detected in 100% of patients with
11
C-acetate vs 40% with FDG
18
F-fluorocholine detected 75% more lesions, and with higher
intra-observer agreement than FDG (kappa score 0.89 vs 0.81)
Detection rate was 72% for 11C-acetate vs 22% for FDG

AUC: Area under the curve; CI: Confidence interval; FDG: Fluorodeoxy-D-glucose; PET: Positron emission tomography.

Figure 1 The interplay between glucose, acetate, and choline
metabolism. By providing substrate for de-novo fatty acid synthesis,
acetate metabolism may feed into phosphatidylcholine synthesis,
explaining why tumors showing high uptake of 11C-acetate may also
show increased uptake of radiolabeled choline on PET. Because
acetyl-CoA produced from acetate may also serve as a substrate for
the citric acid cycle and other pathways, it is possible that, for some
cancers, 11C-acetate uptake may not always provide a consistent
readout of tumor lipogenesis. The Kennedy pathway is an ATPdependent pathway that may rely to varying degrees on glycolysis as
a source of ATP. ATP: Adenosine triphosphate.

Glucose
(Glycolysis)
Pyruvate

Acetate

Acetyl-CoA

(Tricarboxylic acid cycle and
oxidative phosphorylation)

ATP

(Fatty acid synthesis)
Fatty acids

Diacylglycerols
(Kennedy pathway)

Choline

CDP-choline

Phosphatidylcholines
with highly saturated
fatty acyl groups

[17]

such as phosphatidylcholine (PtC)

.

in cancer, since treatment by the FAS inhibitor Orlistat can
reduce the activity of CK and lower PtC levels in breast,
[18]
prostate, and ovarian cancer cells . This and other
observations support speculation that imaging of choline
[12,18]
metabolism can be used to monitor tumor lipogenesis
.
The reason why choline-based tracers may be needed to
assess tumor lipogenic activity despite 11C-acetate being
available is that acetyl-CoA formed from acetate can also

DO WE NEED TO FURTHER VALIDATE
IMAGING BIOMARKERS OF
LIPOGENESIS?
Upregulated PtC synthesis may be coupled to lipogenesis

WJR|www.wjgnet.com

853

November 28, 2016|Volume 8|Issue 11|

Kwee SA et al . PET imaging of cancer metabolism

A

B

O

O

O

O
H2C

R1

O

H2C

O

O
O

R2

R1

O

CH

O

R2

CH
P

H2C

R3

O

H2C

N

+

O

O
-

O

C

O

O
H2C

R1

O
O

R2

O

CH

H2C

O

OH

Figure 2 Lipid molecules composed of glycerol esterified to fatty acids. Triglycerides (A), phosphatidylcholines (B), and diglycerides (C) resemble each other
because of their common glycerol backbone. Molecular species of these compounds, particular phosphatidylcholines, can have broad functional variations based on
the length and saturation of their fatty acyl components, R1, R2, and R3.

serve as a metabolic substrate for a variety of metabolic
processes, including oxidative metabolism, histone modi
[19]
fication, and cholesterol biosynthesis . Thus, uncertainty
is raised about the biochemical specificity of acetate as
a PET imaging biomarker of lipogenesis. Case in point,
11
uptake of C-acetate by xenograft human prostate
cancers was found to be correlated with FAS expression,
but FAS inhibition did not completely abrogate acetate
uptake, raising the possibility of acetate participating
[5]
in multiple metabolic pathways . Furthermore, low
11
C-acetate uptake has been observed in the PI3K/Met
overexpressing mouse model of HCC, despite elevated
[19]
expression of FAS in the tumors . Therefore, acetate and
choline-based tracers do need to be further validated as
PET biomarkers of lipogenesis before they are deployed to
the clinic for this purpose.

poorly-differentiated tumors was noted in a clinical
18
trial that compared F-fluorocholine against FDG, with
18
F-fluorocholine showing higher sensitivity for welldifferentiated HCC, and both tracers showing similar
[16]
sensitivity for less-differentiated HCC . The detection
18
by F-fluorocholine PET/CT of a well-differentiated HCC
tumor that was not found by FDG PET is illustrated in
Figure 3. Along these lines, in a tissue microarray of 157
HCC tumors, we found associations with overall survival
for both CK expression and HK expression, but only
[23]
HK expression correlated with tumor differentiation .
Thus, while choline and acetate affords PET with better
overall sensitivity for HCC, only FDG PET shows promise
for assessing tumor differentiation in HCC.
Biochemical insight on the relationship between choline
metabolism and glycolysis can be garnered from studies
involving metabolic profiling. In one pre-clinical study
of ICL-CCIC-0019, a novel small molecule CK inhibitor,
inhibition of choline metabolism resulted in increased
glucose and acetate metabolism (without reactive oxygen
species formation), ostensibly as a response to metabolic
[9]
stress induced by the CK inhibitor . There is also the
possibility that glycolysis increases in cancer cells to sustain
the metabolic demands of lipogenesis. By producing
acetyl-CoA and ATP, glycolysis produces both the substrate
(i.e., acetyl-CoA) and energy (i.e., ATP) required for
de-novo lipogenesis. However, it does not appear that
glycolysis directly drives lipogenesis, as anoxia-induced
increases in glycolysis have not been shown to increase
the rate of lipogenesis in cultured human breast cancer
[24]
cells . In cholangiocarcinoma, the second most common
form of liver cancer, tumors may demonstrate high uptake
18
on FDG PET/CT and low uptake on F-choline PET/CT, a

EFFECT OF TUMOR DIFFERENTIATION
ON METABOLIC PET IMAGING
Increases in lipid metabolism and glucose metabolism
can be observed to coincide in the same tumor. Among
several clinical comparisons between acetate PET
and FDG PET, over 90% of poorly differentiated or
metastatic HCC tumors demonstrated increased uptake
11
of both C-acetate and FDG, leading to the conclusion
that the diagnostic advantage of acetate PET over
FDG PET stems from its ability to detect more well[20-22]
differentiated tumors
. In a study involving earlier
11
stage HCC, the overall sensitivity of C-acetate PET for
all grades of tumor was 87.3%, while the sensitivity of
18
[6]
F-FDG was 47.3% in the same group of patients .
A similar pattern of dual tracer uptake in well- vs

WJR|www.wjgnet.com

854

November 28, 2016|Volume 8|Issue 11|

Kwee SA et al . PET imaging of cancer metabolism
supplant acetate as a cancer imaging biomarker for
lipogenicity given that acetate is also a substrate for
aerobic respiration and other pathways which may
become abnormal in cancer. Phosphatidylcholine synthesis
is reliant on de-novo fatty acid synthesis for its supply of
diglycerides, and FAS inhibition may down-regulate CK
activity and PtC production, further raising the possibility
that radiolabeled cholines can indirectly serve as PET
biomarkers of lipogenic activity. However, CK inhibition
may cause concomitant increases in glucose and acetate
metabolism, underscoring the need to further validate
these metabolic PET biomarkers for specific clinical
applications. With better understanding of these metabolic
interactions, multi-tracer metabolic PET, in addition to
affording higher sensitivity than single-tracer PET for
cancer detection, is likely to provide valuable information
on the metabolic vulnerabilities associated with cancer.
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REVIEW

Diffusion-weighted imaging of the liver: Current
applications
Kazuhiro Saito, Yu Tajima, Taiyo L Harada
and reproducibility, researchers have validated this new
technique in terms of image acquisition, data sampling,
and analysis. The added value of DWI in contrastenhanced magnetic resonance imaging was established
in the detection of malignant liver lesions. However, some
limitations remain in terms of lesion characterization
and fibrosis detection. Furthermore, the methodologies
of image acquisition and data analysis have been in
consistent. Therefore, researchers should make every
effort to not only improve accuracy and reproducibility but
also standardize imaging parameters.
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Core tip: The current application of diffusion-weighted
imaging (DWI) is reviewed. DWI has some potential
as an imaging biomarker for fibrosis, tumor detection/
characterization, and following/predicting therapy. However,
some limitations remain in terms of lesion characterization
and fibrosis detection. To improve reliability including
accuracy and reproducibility, researchers have validated this
new technique in terms of image acquisition, data sampling,
and analysis.
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Abstract
Diffusion-weighted imaging (DWI) of the liver can be
performed using most commercially available machines
and is currently accepted in routine sequence. This
sequence has some potential as an imaging biomarker for
fibrosis, tumor detection/characterization, and following/
predicting therapy. To improve reliability including accuracy
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INTRODUCTION
Diffusion-weighted imaging (DWI) is an imaging method
that allows the mapping of the free diffusion of water
molecules which reflects the structural differences in
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disease by restricting diffusion. DWI can be added to
the routine examination easily using recently available
machines. This imaging method has a good ability to
detect liver lesions, and quantitative evaluation can be
achieved without contrast media. Therefore, DWI does
not require considerations for patients having contrast
media allergy and the risk of nephrogenic systemic
[1]
fibrosis due to renal dysfunction .

reason why the signal intensity in the voxel is affected by
[3]
blood microcirculation. Le Bihan et al have proposed
the theory of intravoxel incoherent motion (IVIM). They
considered blood microcirculation as rapid diffusion,
and defined pure molecular diffusion coefficient (D) and
pseudodiffusion coefficient (D*). This biexponential model
was defined using the following formula when multiple
2
b-values are obtained, from low b-values (< 200 s/mm )
2
to high b-values (> 200 s/mm ): Sb/S0 = f × exp-[(D*
+ D) × b] + (1 - f) × (-D × b), where D is the true
diffusion coefficient, D* is the pseudodiffusion coefficient,
and f is the perfusion fraction. The IVIM model has been
applied to the evaluation of liver fibrosis and tumor
[4,5]
characterization . However, some controversial issues
about IVIM have remained. The poor reproducibility of D*
[6,7]
has been reported . Selection of a fitting model is also
crucial for IVIM parameters, because the choice of the
b-value and reproducibility may be closely related to the
[8]
fitting models .

FUNDAMENTALS AND TECHNIQUES
Theory

When assuming free water, water molecules spread
three-dimensionally with time and temperature de
pendence by Brownian motion. It is represented by
2
the Einstein-Smoluchowski formula: <r > = 6Dt, D =
μKBT, where r is the average distance, D is the diffusion
coefficient, t is time, μ is mobility, KB is Boltzmann’s
constant, and T is the absolute temperature. This spread
follows the Gaussian distribution called free diffusion.
Stejskal and Tanner previously measured the diffusion
coefficient along with their theory using a binary magnetic
[2]
field gradient by the spin-echo method . At present,
DWI acquisition is commonly performed with a Spin-Echo
echo planar imaging (EPI) sequence. Water molecule
movement was impeded by the cell membrane, interstitial
space, and macromolecules. The movement did not follow
the Gaussian probability distribution. When D (diffusion
coefficient) is small or time “t” is short, the measured D is
the same as that of free diffusion because water molecules
rarely interact with barrier structures. On the other
hand, there is a high probability of the movement being
affected by a barrier structure when time “t” is greater,
which causes the measured D to become smaller than
that of free diffusion. This state is referred to as restricted
diffusion.
High cellularity, distortion of the extracellular space,
and density of the hydrophobic cell membrane within
the tissue restrict diffusion. In contrast, an intravoxel
microvessel which travels disorderly behaves similarly
to a diffusion phenomenon. As mentioned above, DWI
enables not only pure diffusion but also microvessel
perfusion. Therefore, the diffusion coefficient is designated
comprehensively as apparent diffusion coefficient (ADC).
As the b-value increases on DWI, the signal de
creases in tissues composed chiefly of large diffusion com
ponents such as free water owing to phase dispersion,
and thus the contrast to tissues that restrict diffusion
becomes more clear. b-value is defined by the following
[2]
2
2
2
2
equation : b (s/mm ) = - γ ‧G ‧δ (Δ - δ/3), where γ
is the gyromagnetic ratio, G is the diffusion gradient
amplitude, δ is the gradient diffusion length, and Δ is the
diffusion time.
ADC is calculated using the following formula: Sb/S0
= exp (- b‧ADC),where Sb and S0 are the signal intensity
with and without the application of the diffusion gradient,
respectively. This formula is a monoexponential model
which does not fit with actual measurement. This is the
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Advance of technology

DWI using parallel imaging allows for a shorter echo
time, and it facilitates improvement of the signal-tonoise (SNR) ratio and thus decreasing susceptibility
[9]
to artifact . Furthermore, distortion, blurring, and offresonance artifact diminish, and this increases the spatial
[10]
resolution . ADC measurement using parallel imaging
is reliable except for ADC measurement in the left lobe
[11]
of the liver . The SNR increases at a high field strength
system, but there are some concerns about the inferiority
of image quality owing to artifact or signal decay by B0/
B1 inhomogeneity, T2/T2* shortening, and increasing
acoustic gradient noise. However, using parallel imaging
[12]
offsets these disadvantages .
Single shot spin echo planar sequence is sensitized
to not only the motion of diffusion but also bulk motion.
Therefore, the consideration of respiration and pulsation
is important in case of the acquisition of liver images. In
image acquisition during breath holding, it is unnecessary
to consider respiratory artifact, in contrast to some
disadvantages such as low spatial resolution, low SNR,
distortion, and ghost artifact. On the other hand, the
free breathing (FB) method usually takes a few minutes
because of the many acquisition times, and as a result
the SNR increases. Moreover, a high spatial resolution
[13]
can be achieved and thin slices can be obtained .
However, the disadvantage of the FB method is that it is
less reliable if there is heterogeneity in the lesion owing to
the averaging and blurring of the image. The navigatortriggered (NT) acquisition is a method for running the
image sequence in accordance with the expiratory phase
monitoring the movement of the diaphragm on highspeed imaging systems such as FLASH during FB. The
NT technique improves image quality and lesion contrast,
and increases SNR. Moreover, it enables accurate ADC
[14,15]
measurement
. Artifact also becomes stronger as
[15]
b-value increases . In addition, a specific artifact reported
as hepatic pseudoanisotropy attributed to performing DWI
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[16]

[31]

in the respiratory gating (RT) has been reported .
ADC was reported to be affected by SNR, suscep
tibility artifact, or artifact derived from heart beating
or liver motion due to respiration. Although FB tends
to scatter signals compared with RT, the ADC does not
[17]
differ . The SNR on RT is higher than that on BH. The
[14]
ADC is also slightly higher on RT than on BH . In a
comparison between NT and FB, both are reportedly
[18]
similar in terms of the ADC and IVIM parameters .
For ADC reproducibility, RT is superior to BH but
[19]
inferior to FB in healthy liver parenchyma . Similarly, in
a comparison study among multiple breath-hold (MBH),
[20]
FB, RT, and NT, FB showed the best ADC reproducibility .
It should be noted that there were differences in the
signal acquisition times among those techniques in these
[20]
comparison studies .

it can similarly improve the image quality . As hyoscine
butylbromide administration can increase the heart rate,
it has also been pointed out that the image quality of
the subcardiac area in the hepatic left lobe is reduced
on visual evaluation. However, there is no observed
[32]
significant change in ADC . Thus, it is necessary to
address all of the challenges associated with DWI of
the liver to achieve higher levels of quantitative and
qualitative outcomes and to obtain precise assessments.

EVALUATION OF LIVER FIBROSIS
Clinical application

Liver fibrosis is the accumulation of scar tissue resulting
from hepatocyte response to chronic inflammation caused
by the hepatitis B or C virus and alcohol consumption,
[33]
among many other causes . Chronic inflammation
activates the stellate cells and induces fibrosis of the
extracellular matrix (ECM). In this process, molecules such
as glycogen, proteoglycan, and other macromolecules
[34,35]
accumulate in the ECM, restricting ECM diffusion
.
Fibrosis leads to cirrhosis, portal hypertension after many
years, and possibly eventual death. Liver biopsy is a
widely accepted procedure for diagnosing and grading
liver fibrosis. However, this procedure is associated with
major complications in 0.3% and with mortality in 0.018%
[36]
of patients . Furthermore, because of the heterogeneity
[37,38]
of liver fibrosis, sampling errors can also arise
.
Therefore, alternative noninvasive diagnostic methods that
can precisely evaluate liver fibrosis are desirable. Because
of convenience and repeatability, the usefulness of some
diffusion-weighted MRI parameters (e.g., ADC) and
IVIM parameters has been evaluated in several studies.
DWI enables the evaluation of restricted diffusion caused
by collagen fibers accumulated in the ECM in cirrhotic
[39-41]
liver
. In relation to this, it is important to distinguish
METAVIR fibrosis stage 3 or 4 from stages 0 to 2 because
patients in the F0-2 grades can be cured by treating the
[42]
underlying liver disease .

Effects of contrast agent administration

Currently, Gd-EOB-DTPA-enhanced MRI has been widely
used for the detection of liver lesions. However, it is
necessary to wait for about 20 min for optimal liver paren
[21]
chymal enhancement . To improve the examination
throughput, DWI is undertaken after Gd-EOB-DTPA
[22]
injection. Gd-EOB-DTPA does not have an effect on ADC .
Furthermore, considering the biexponential IVIM model,
[23]
there were also no effects on D, D*, and PF . Based on
these facts, even if DWI is not successful prior to contrast
administration, the lesion can be evaluated on the images
acquired during the waiting time until the hepatobiliary
phase.

Weak feature of DWI

Cardiac motion causes negligible artifact (signal loss)
on DWI of the liver. This artifact tends to become
emphasized with a higher b-value and is closer to the
heart. Thus, the artifact in the left lobe around the
lower surface of the heart in particular can make an
[19,24]
image particularly obscure
. The liver-to-background
contrast is also changed by the cardiac phase of
acquisition; it decreases more at the systolic phase and
[25]
signal loss is larger in the left lobe . The ADC of the left
lobe is higher and its reproducibility is worse compared
[26]
with the right lobe . Some solutions to reduce the
effects of cardiac motion have been proposed. These
[24]
[27]
include the postprocessing method or filtering which
corrects the image after signal acquisition or cardiac
[27,28]
triggering synchronized with the heart cycle
. ADC
reproducibility was reportedly improved using these
methods.
Moreover, susceptibility artifact occurs at the boun
dary surfaces between the lungs and the liver parenchyma
[29]
because of magnetic field inhomogeneity . The artifact
is observed as a signal loss in the diaphragm or liver.
Peristaltic movement can produce ghost artifact or
blurring on abdominal MRI in the pancreas and liver near
[30]
the intestinal tract . Hyoscine butylbromide suppresses
contraction of the smooth muscles in the intestines and it
can reduce ghost artifact (peristaltic artifact). Moreover,
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Evaluating liver fibrosis using ADC

Several studies have shown that ADC decreases as the
[40,41,43,44]
liver fibrosis grade progresses
. Specifically, the
diagnostic performance of detecting METAVIR fibrosis
grade 3 or 4 was variable and the area under the ROC
curve (AUC) was 0.54-0.92. Some studies have concluded
[44,45]
that MR elastography was more reliable than DWI
.
[46]
Do et al
proposed normalized ADC to improve the
diagnostic accuracy of DWI. They calculated normalized
ADC as the ratio of liver ADC to spleen ADC and reported
that the AUC increased from 0.689 to 0.805 using their
methods (Table 1).

Evaluating liver fibrosis using IVIM parameters

The efficacy of diagnosing liver fibrosis has been reported
[5]
by Luciani et al . They found that perfusion-related
diffusion parameters (D*: Fast component of diffusion, f:
Fraction of the diffusion linked to microcirculation) were
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Table 1 Detection of fibrosis using diffusion-weighted imaging
Tesla Respiratory Staging

ROI setting

b -value

Cece et al[91]
Taouli et al[92]

1.5
1.5

BH
BH

MTAVIR
MTAVIR

5 ROIs, Both
4 ROIs, Both

Kocakoc et al[93]
Wu et al[47]

1.5
3

BH
RT

Ishak
MTAVIR

3 ROIs, Both
5 ROIs, Right

Chung et al[48]

1.5

RT

MTAVIR

6 ROIs, Right

0, 500, 1000
0, 50
0, 300
0, 500
0, 700
0, 1000
0, 50, 300, 500, 700, 1000
100, 600, 1000
0, 10, 20, 30, 40, 50, 60, 70, 80, 90,
100, 200, 300, 400, 500, 1000
0, 100, 200, 900
0, 30, 60, 100, 150, 200, 900
0, 30, 60, 100, 150, 200, 400, 600,
900
0, 500
50, 300, 600
0, 1000 (entropy ADC)
0, 50, 500 (normalized ADC)
0, 750
50, 500, 1000
0, 200, 400, 800
50, 400

Ding et al[94]
Feier et al[43]
Fujimoto et al[95]
Do et al[46]
Bonekamp et al[96]
Wang et al[44]
Lewin et al[41]
Sandrosegaran et al[40]

1.5
3
1.5
1.5
1.5
1.5
1.5
1.5

FB
NA
NA
BT
BT
NA
RT
BH

New Inuyama
MTAVIR
MTAVIR
Ludwig
MTAVIR
MTAVIR
MTAVIR

Whole right lobe
1 ROI, Right
4 ROIs, Right
4 ROIs, Right
9 ROIs, Both
3 ROIs, Right
3 ROIs, Right
2 ROIs, Both

Diagnostic accuracy of fibrosis
F3 or grater
AUC

Sensitivity

Specificity

0.888
0.717
0.716
0.835
0.901
0.832
0.896
0.759
0.684

92.9
40
50
70
66.7
80
88.9
56.5

79.4
100
94.7
85
100
90
80
99.3

0.768
0.764
0.754

65.5

82.1

0.61
0.77
0.926
0.689
0.8
0.84
0.92
0.656

30.4
81.08
87
56
83.9
88
87
51.7

90.6
72.5
84
71
68.5
76
87
71.4

BH: Breath-hold; RT: Respiratory gating.

T2* decay at short TE ranges; however, the accurate
[55,56]
mechanism is unknown
. Another study mentioned
that IVIM parameters, such as diffusion coefficient and
perfusion fraction, are not affected by the fat fraction and
have the possibility of evaluating liver fibrosis regardless of
[57]
the fat deposition .

significantly related to restricted diffusion in a cirrhotic liver,
whereas diffusion-related parameters (D: Slow component
of diffusion) were not significantly related. Several studies
[5,45,47-53]
followed after this study
. Including the study of
[5]
[49,52,53]
Luciani et al , 3 studies
only compared cirrhotic
liver with healthy volunteer liver but did not evaluate the
fibrosis grade. D* was found to be significantly lower in
the cirrhotic liver in all studies and D showed a significantly
[52,53]
lower value in 2 studies
. In these 2 studies, the
authors adopted relatively more of high b-values and
[48]
less of low b-values. On the other hand, Chung et al
calculated IVIM parameters using 3 patterns of b-value
selection to diagnose high-grade liver fibrosis: b = 0, 30,
2
60, 100, 150, 200, 400, 600, 900 s/mm ; b = 0, 30, 60,
2
100, 150, 200, 900 s/mm ; and b = 0, 100, 200, 900
2
s/mm . They suggested that the number of lower b-values
was not crucial for diagnosing high-grade liver fibrosis.
[50]
Girometti et al
have suggested that higher b-values
may not be necessary for diagnosing liver fibrosis.
[47]
Supporting these hypotheses, Wu et al suggested that
favorable results were given by b-values 0, 20, 40, 60, 80,
2
100, 150, 200, 400, and 800 s/mm .

Effects of iron deposition

The most widely used sequence for DWI is EPI, which
allows acquisition of a full slice in a single shot. However,
the EPI readout is also subject to ghosting and susceptibility
artifacts, and may decrease ADC as a result of the T2*
[8,58]
shortening effect
. Chronic liver disease may often
have iron overload. Therefore, if extremely low ADCs are
[59-63]
obtained, iron overload should be considered
.

DETECTION AND CHARACTERIZATION
OF LIVER TUMORS
Detection of liver tumors

DWI has a better contrast-to-noise ratio and better
conspicuity by suppression of background vessels in low
[64]
b-values . DWI has a higher detection rate of liver
[64,65]
tumors than T2WI
, particularly in detecting malignant
[66]
lesions . However, the ADC of benign solid lesions
has been reported to be similar to that of the liver par
[67]
enchyma . Therefore, benign solid lesions may be
difficult to detect on DWI.
Many studies have reported that DWI has an addi
tional value for detecting liver metastasis in combination
with Gd-EOB-DTPA (Table 2); however, this remains
controversial in hepatocellular carcinoma (HCC). Some

Effects of steatosis

Steatosis has been reported to have possible effects on
ADC. Poyraz et al have suggested that steatosis decreases
ADC because the increased fat content of hepatocytes and
the extracellular fat accumulation reduce the interstitial
[39,54]
space and restrict water diffusion
. Other studies
have evaluated the effects of fat deposition by DWI using
other methods. These studies estimated that fat has
several components that broaden the spectrum and mimic
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Table 2 Detection of liver tumor in combination with Gd-EOB-DTPA- enhanced magnetic resonance imaging
Tesla

Respiratory

b -value (× 10-3 s/mm2)

Tumor

Results

Kim et al

3

RT

0, 100, 800

Chung et al[98]

3

FB

50, 400, 800

Koh et al[99]

1.5

FB

0, 50, 100, 250, 500, 750

Löwenthal et al[100]

1.5

BH

0, 500

Combined EOB-MRI and DWI yielded better
accuracy and sensitivity
Combined EOB-MRI and DWI yielded better
accuracy and sensitivity
Combined EOB-MRI and DWI improved
detection
DWI can detect small lesions

3

RT

0, 500

Donati et al[102]

1.5

BH

0, 150, 500

Kim et al[103]

1.5

RT

0, 50, 600

Mets
(Various)
Mets
(colorectal)
Mets
(colorectal)
Mets
(colorectal)
Mets
(Various)
Mets
(Various)
Mets, HCC

[97]

Shimada et al[101]

EOB-MRI showed higher accuracy
No added value of DWI
DWI increases sensitivity for detecting Mets
No added value of DWI for HCC detection

DWI: Diffusion-weighted imaging; BH: Breath-hold; RT: Respiratory gating; FB: Free breathing; HCC: Hepatocellular carcinoma.

Table 3 Characteristic differentiation of liver tumors
-3

b -value

Tesla

2

ADC (×10 mm )
Benign

Goshima et al[104]
Battal et al[105]
Gurtosoyianni et al[106]
Testa et al[71]
Miller et al[73]
Namimoto et al[107]
Kim et al[108]

1.5
1.5
1.5
1.5
1.5
1.5
1.5

Taouli et al[67]
Cieszanowsk et al[109]
Bruegel et al[72]
Kandpal et al[13]
Demir et al[110]
Oner et al[111]
Holzapfel et al[112]

1.5
1.5
1.5
1.5
1.5
1.5
1.5

0, 100, 200, 400, 800
0, 800
0, 50, 500, 1000
0, 600
0, 500
30, 1200
3, 57, 192, 408, 517, 705,
846
0, 500
50, 400, 800
50, 300, 600
0, 500
0, 1000
0, 500
50, 300, 600

Cyst

Hemangioma

3.70 ± 0.9

1.23 ± 0.2

2.55
2.4
3.40 ± 0.48
3.05
2.91 ± 1.51

1.9
2.26 ± 0.70
1.95
2.04 ± 1.01

3.63 ± 0.56
2.45
3.02 ± 0.31
2.90 ± 0.51
3.05 ± 0.26
2.34 ± 0.36
2.61 ± 0.57

2.95 ± 0.67
1,55
1.92 ± 0.34
2.36 ± 0.48
2.46 ± 0.21
1.72 ± 0.30
1.69 ± 0.34

Malignant
All
1.94 ± 0.61
2.55
2.50 ± 0.86
2.49 ± 1.39

HCC

Mets

1.08 ± 0.3

0.99 ± 0.5

1.38

0.99
1
1.50 ± 0.65
1.15
1.06 ± 0.50

1.54 ± 0.44
0.99
0.97 ± 0.31

2.57 ± 0.26

1.33 ± 0.13
0.94
1.05 ± 0.09
1.27 ± 0.42
0.90 ± 0.10

2.36 ± 0.62

1.12 ± 0.28

1.86

0.94 ± 0.60
1.05
1.22 ± 0.31
1.13 ± 0.41
0.79 ± 0.11
1.03 ± 0.24
1.08 ± 0.32

All
0.86 ± 0.13
1.04
1.52 ± 0.55
1.04
1.01 ± 0.38

1.07

0.86 ± 0.11
1.09 ± 0.30

ADC: Apparent diffusion coefficient; HCC: Hepatocellular carcinoma.

authors have reported no additional value because
some well-differentiated HCCs could not be detected on
[68]
DWI as the major reason . Well-differentiated HCCs
include variable pathological characteristics like as early
HCCs whose pathology is very similar to the surrounding
liver parenchyma, steatosis contained lesion and a
[69]
hypervascular lesion. Kim et al
reported that early
HCCs showed hyperintensity on DWI which was strongly
associated with their progression to hypervascular HCCs.

is also relatively easy to distinguish from malignant
lesions. The ADC of hemangioma was reported to
-3
2
be approximately 1.4 × 10 mm /s. However, some
overlaps have been recognized which reduce accuracy
[71]
in distinguishing metastatic lesions . This is particularly
true for mucinous carcinoma from the ovary which
mimics colorectal carcinoma (Figure 1). However, tumor
[72]
characterization was reportedly not dependent on size
(Table 3).
DWI is reportedly not helpful in differentiating focal
nodular hyperplasia and adenoma from solid malignant
lesions. The mean ADCs of these benign solid lesions
-3
2 [72,73]
were reported as 1.40-1.79 × 10 mm /s
. Notably,
the ADCs of these benign solid lesions and those of
malignant lesions such as HCCs and metastatic tumors
overlap (Figure 2).

Characteristic differentiation of liver tumors (benign vs
malignant)

In hypercellular tissue, extracellular water cannot
diffuse and this results in a reduction in ADC. A cystic
component has few structures to restrict diffusion and
this result in a high ADC. Cysts can be distinguished
from solid lesions easily. The cut-off ADC was reported
-3
2
to be approximately 2.5 × 10 mm /s for distinguishing
[70]
cysts from other solid liver tumors . Hemangioma
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A

Figure 1 A 65-year-old man with metastatic
tumor in the liver from colorectal carcinoma. A:
T2-weighted imaging shows an obvious hyperintense
lesion on segment VII (arrow); B: DWI (b-value
of 800 s/mm2) shows hyperintensity; C: Apparent
diffusion coefficient map also shows hyperintensity.
This finding mimics that for hemangioma. DWI:
Diffusion-weighted imaging.

B

C

A

Figure 2 A 45-year-old man with focal nodular
hyperplasia. A: Hepatobiliary phase on Gd-EOBDTPA-enhanced MRI shows mainly hyperintensity
on the outer layer and hypointensity on the inner
layer. These enhancement patterns are typical
radiologic findings of focal nodular hyperplasia; B:
DWI (b-value of 800 s/mm2) shows hyperintensity; C:
ADC map shows heterogeneous hyperintensity. The
ADC is 1.40 × 10-3 mm2/s. Gd-EOB-DTPA-enhanced
MRI is more useful for obtaining a precise diagnosis
than DWI alone. MRI: Magnetic resonance imaging;
DWI: Diffusion-weighted imaging; ADC: Apparent
diffusion coefficient.

B

C

can facilitate the estimation of prognosis and contribute
to the choice of therapy. There is also a higher incidence
of recurrence in poorly differentiated HCCs than in well[74,75]
differentiated and moderately differentiated HCCs
.
Histological grade correlates with cellularity and
structural atypia which includes trabecular, pseudoglandular,
solid, and scirrhus. As HCC progresses to poorly diff
erentiated HCC, there is increased cellular density, nuclear/

WJR|www.wjgnet.com

cytoplasmic ratio and intracellular organelles; thickened
cellular plates; and shrinkage of the extracellular and
intracellular spaces. This may lead to restricted diffusion in
poorly differentiated HCC. However, the results have been
[75-79]
inconsistent
(Table 4). One of the main reasons for this
inconsistency is the region of interest (ROI) setting. Previous
studies showed no significant differences in the ROI setting
[76,77]
for each histological grade on whole lesions
. On the
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Table 4 Histological differentiation of hepatocellular carcinoma using apparent diffusion coefficient

Saito et al[113]
Nasu et al[114]
Heo et al[77]
Nakanishi et al[80]
Nishie et al[75]
Guo et al[79]

Tesla

Respiratory

b -value (s/mm2)

Well-diff HCC
-3
2
(×10 mm /s)

Mod diff HCC
-3
2
(×10 mm /s)

Poorly diff HCC
-3
2
(×10 mm /s)

Difference

1.5
1.5
1.5
1.5
1.5
3.0

RT
RT
FB
RT
RT
BH

100, 800
0, 500
0, 1000
50, 1000
0, 500, 1000
0, 600

1.25 ± 0.25
1.45 ± 0.35
1.2 ± 0.22
NA
1.21 ± 0.11
1.43 ± 0.09

1.12 ± 0.22
1.46 ± 0.32
1.1 ± 0.10
1.29 ± 0.21
1.14 ± 0.26
1.34 ± 0.19

1.13 ± 0.23
1.36 ± 0.29
0.9 ± 0.13
1.07 ± 0.15
0.76 ± 0.10
1.16 ± 0.16

NS
NS
p < w, m
p<m
p < w, m
p < w, m

RT: Respiratory trigger; BH: Breath holding; FB: Free breathing; ADC: Apparent diffusion coefficient. p < w, m: ADC in poorly differentiated HCC was
significantly lower than ADC in well-differentiated HCC and moderately differentiated HCC; p < m: ADC in poorly differentiated HCC was significantly
lower than ADC in moderately differentiated HCC; NS: No significant difference in ADC was observed for each histological grade; NA: Not applicable.

other hand, in cases of the ROI set at the lowest ADC and
the ROI set to avoid a necrotic or cystic area, a lower ADC
[75,78,79]
was obtained in poorly differentiated HCC
.
The current applications are IVIM and ADC minimum.
D shows a better diagnostic performance than ADC in
[80]
distinguishing high-grade HCC from low-grade HCC .
ADC contains combined information on cell density
(D) and perfusion (f) (microcirculation). Minimum-spot
ADC was reported to be significantly lower in poorly
differentiated HCC than in well-differentiated HCC and
[75]
moderately differentiated HCC .

in the nonresponding group. The reason why ADC in
responders is lower is that high cell density tumors are
well perfused, resulting in the high delivery and retention
of chemotherapeutic drugs.

Sorafenib in HCC

IVIM has been proposed for evaluating the therapeutic
[88,89]
outcome of sorafenib
. D before treatment in res
ponders was found to be higher than D before treatment
[88]
in nonresponders . This might be due to the tumor
histological grade. Sorafenib acts more effectively in low[90]
grade HCCs . D can better distinguish low-grade HCCs
[80]
from high-grade HCCs , and a higher D indicates low[89]
grade HCCs. Lewin et al
reported that f increased
significantly in responders after 2 wk. This perfusion par
ameter f increases with normalization of tumor vessels.

MONITORING OF THERAPY
Transarterial chemoembolization in HCC

Tumor necrosis shows a high intensity on the ADC map,
[81]
representing free diffusion of water molecules . The
refore, DWI can evaluate the therapeutic outcome of
transarterial chemoembolization (TACE). In case of a
hypervascular lesion without a definite venous washout,
DWI has an advantage compared with dynamic MRI and
[14]
improves the detection of marginal tumor recurrence ,
although dynamic MRI has a more accurate correlation
with histopathological findings in necrosis. TACE-induced
perilesional parenchymal changes negatively affect DWI
in terms of overall accuracy. On the other hand, Kokabi
[82]
et al reported that an ADC change 3 h after TACE is an
accurate predictor of treatment response and survival.
IVIM and diffusion kurtosis imaging (DKI) are current
imaging biomarkers. Specifically, D* predicts lipiodol
[83]
uptake . DKI is reportedly a more reliable imaging bio
[84]
marker than ADC .

CONCLUSION
DWI has potential as an imaging biomarker for fibrosis,
tumor detection/characterization, and following/predicting
therapy outcome. To improve accuracy and reproducibility,
researchers have validated this new technique in terms
of image acquisition, data sampling, and analysis. The
added value of DWI in contrast-enhanced MRI has been
established in the detection of malignant lesions of the
liver. However, some limitations remain in terms of lesion
characterization and fibrosis detection. Furthermore, the
methodologies of image acquisition and data analysis
have been inconsistent. Therefore, researchers should
make every effort not only to improve accuracy and
reproducibility but also to standardize the imaging
parameters.

Chemotherapy in liver metastasis

Some studies have reported that ADC could predict the
[85,86]
response to chemotherapy in liver metastasis
. Liang
et al reported that pretreatment ADC is significantly lower
[87]
[85]
in responders . In contrast, Koh et al reported that
a high pretreatment ADC predicted a poor response.
Furthermore, ADC increases 3 or 7 d after chemotherapy
in responders. Recently, ADC histogram analysis has
st
th
shown that the mean, 1 percentile, 10 percentile,
th
th
th
50 percentile, 90 percentile, and 99 percentile
were significantly lower in the responding group than
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and the flow properties used within Doppler imaging,
hence elastography provides a different form of tissue
assessment. The current role of ultrasound elastography in
the musculoskeletal system will be reviewed, in particular
with reference to muscles, tendons, ligaments, joints and
soft tissue tumours. The different ultrasound elastography
methods currently available will be described, in particular
strain elastography and shear wave elastography. Future
directions of ultrasound elastography in the musculo
skeletal system will also be discussed.
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INTRODUCTION
Ultrasound is an essential modality within medical
imaging, predominantly for assessing soft tissues.
Recently, the additional tool of ultrasound elastography
has become commercially available for further assess
ment of tissues, in addition to the standard B-mode and
Doppler imaging. The elastic properties of tissues are
different from the acoustic impedance used to create B
mode imaging and the flow properties used within Doppler
imaging, hence elastography provides a different form of

Abstract
Ultrasound is an essential modality within musculoskeletal
imaging, with the recent addition of elastography.
The elastic properties of tissues are different from the
acoustic impedance used to create B mode imaging
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tissue assessment and possibly showing pathology before
it can be detected on B mode imaging. This may be of
particular use in the musculoskeletal system where there
is a wide spectrum of tissue specialisation. Elastography
assesses the strain (stiffness) of these tissues in response
to stress, through a variety of different methods which
will be discussed.
Throughout history, the stiffness of tissues has
been used as a marker of disease, through palpation.
Generally, malignant tissues are stiffer or harder than
benign tissues, a feature which can be distinguished
through direct palpation, corresponding to manual
compression. This concept has been extended within
the field of ultrasound, with maps of tissue stiffness
generated alongside anatomical images.

manual pressure and the displacement (strain) is cal
culated from the return velocities of the tissues with
respect to time. Motion intrinsic to the subject can also
be used as the stress generator, such as aortic pulsation,
however this is less useful in the musculoskeletal system
where more superficial structures are of interest.
Measuring the displacement (strain) of the tissues
secondary to an applied force (stress) gives a qualitative
map of the elastic modulus distribution, termed an
elastogram. This elastogram is colour-coded and often
super-imposed on a grey-scale B mode image for
anatomical localisation. True quantitative measures cannot
be taken from this elastogram, as the applied force is
unknown. A semi-quantitative evaluation, however, can
be determined from the ratio of the displacement of
the tissue of interest and an adjacent structure, such as
subcutaneous fat.
Strain elastography has many potential disadvantages,
including the variability in the pressure applied to the
tissue. This can be partly compensated for by a graphical
representation of the adequacy of the compression,
however, the potential for inter-observer and intra-observer
[4]
variation remains . At least three cycles of compression
and decompression have been recommended for optimum
[5]
assessment , however, extensive preload of the tissues
through repeated compressions can alter tissue elasticity.
Thus, enough compression/decompression cycles must
performed to obtain a representative assessment,
however, excessive compression may adversely affect the
resulting elastograms through pre-loading the tissues.
Correct probe alignment is required to compensate for
potential out of plane compression of the tissue and
anisotropy. Compression along the longitudinal axis of
the region of interest has been shown to be optimal as
compression in the transverse plane gives rise to artefacts
at the medial and lateral sides of the image and out-ofplane movement. Constraints from bony anatomy, such
as around the ankle, can also make uniform compression
difficult across the region of interest, in particular in the
musculoskeletal system.

PRINCIPLES OF ELASTOGRAPHY
[1]

The term elastography was described by Ophir et al as
a method of portraying the strain properties of biological
tissue. The strain of a tissue is its response to an applied
stress, or pressure, with both longitudinal and shear
components. A longitudinal strain occurs when a tissue
is compressed or stretched, whilst a shear strain is the
response to angular forces, such as twisting. Biological
tissues have both viscous (liquid-like) and elastic (solidlike) properties, with a complex interplay between the
two given the non-uniform nature of biological tissues.
When a stress is applied to fluids, the pressure is the
same in all directions, hence shear strain and shear
waves do not exist in pure fluids. The Elastic modulus
of a material gives an indication of how it responds to
a change in applied stress and is defined as the slope
of the stress-strain curve. The elastic modulus can be
described as either Young’s modulus (E) (compressive
stress/compressive strain) or the shear modulus (G)
(shear stress/shear strain). The bulk modulus is a three
dimensional extension of Young’s modulus and describes
[2]
volumetric stress over volumetric strain . Young’s
modulus and shear modulus are the most applicable to
biological tissues, with an approximation between them
described as E ≅ 3G. The elastic modulus of a tissue is
inversely proportional to the strain, i.e., the greater the
elastic modulus, the less the tissue strain.
In medical usage, elastography requires the app
lication of a mechanical stress to the tissues and then
measurement of the displacement before and immediately
[3]
after the stress as an estimate of the strain . Soft tissues
in the body have a high water content and are virtually
incompressible, thus sophisticated equipment is necessary
to detect small tissue displacements. There are currently
two main elastography methods in general clinical usage,
namely compression/strain elastography and shear wave
elastography.

Shear wave elastography

Shear wave elastography applies a vibration to tissues
through a focussed ultrasound pulse, generated by the
transducer. This deposition of energy within the tissues
creates transverse waves, or shear waves, which are
perpendicular to the push pulse. The shear wave velocities
can be measured from Doppler frequency modulation of
simultaneously transmitted probing ultrasound waves.
Young’s modulus can then be estimated as a function of
the shear wave velocity. The stiffer the tissue is (the less
compliant to shear forces), the faster the propagated
[6]
shear waves within it .
Although shear wave elastography is likely to be
more reproducible than strain elastography owing to
the standardised applied stress, it still has limitations.
Shear waves are attenuated at depth and thus very
deep tissues (> 9 cm from the skin) cannot be assessed.

Strain elastography

In strain, or compression elastography, a force (i.e.,
stress) is applied from the transducer by repetitive
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Conversely, an adequate depth of tissue is required in
order to generate shear waves, hence very superficial
structures are difficult to assess. This can partly be
compensated for by using a gel stand-off on the patient.
Shear waves are not generated within fluids, thus cystic
[7]
structures cannot be adequately analysed . The size of
the region of interest may also potentially affect the shear
wave measurements. Similar to strain elastography,
the amount of probe pressure applied to the skin has
the potential to affect the tissue elasticity, through preloading the tissues, as shown in a study assessing muscle
elastic properties with shear wave elastography and
[8]
varying technical parameters . Assessment of a tissue in
the longitudinal vs transverse plane may potentially affect
the shear wave measurements owing to anisotropy,
similar to strain elastography. The acoustic radiation
force impulse required to generate shear waves deposits
energy in the tissues, manifest partly as heating. This
should be considered with repeated measurements, as
the heating effect may adversely alter the measurements
or potentially cause tissue damage. Commercially avail
able systems have an in-built cooling delay in the order of
a few seconds, to reduce any potential heating, however,
prolonged usage may still heat the tissues and alter the
properties of the generated shear waves.
Measured values of shear waves are given as either
a velocity in m/s or a stiffness in kPa The elasticity
expressed in kPa can be approximated into shear wave
2
velocity using the equation E = 3rc , where E is Young
3
modulus, r is density (estimated at 1000 kg/m ), and
[9]
c is the speed of sound . This method of converting
the values is useful in isotropic tissues, such as the
breast, however, it may not be applicable to tendons
and muscles which are anisotropic, with potential for
faster propagation of shear waves along the longitudinal
[10]
axis of the tendon . Thus, caution must be used when
comparing values quoted in kPa with m/s as they may
not be directly comparable.
A study assessing the differences between two
commercially available systems for shear wave elasto
graphy has shown that the results in assessing liver
stiffness are broadly similar, however, the measurements
in kPa vs m/s are not directly interchangeable, thus, the
machines should be kept constant if temporal follow[11]
up is required . Reference standards for shear wave
elastography have been determined in many tissues,
including the thyroid, submandibular glands, masseter,
gastrocnemius and supraspinatus muscles and the
[12]
Achilles tendon , however these should be used with
caution given the potential for poor reproducibility
between vendor equipment.

measured. This is available commercially as a “Fibroscan”
for assessing liver fibrosis, but is not currently used in the
[13]
musculoskeletal system .

MUSCULOSKELETAL APPLICATIONS OF
ELASTOGRAPHY
Muscles

Skeletal muscles are readily accessible for ultrasound
assessment, being superficial in location. Strain ela
stography has been used to assess many muscle
[14,15]
pathologies
, including muscular dystrophy, with a
case report showing diseased muscle fibres to be stiffer
[16]
compared with a normal healthy volunteer . In children
with cerebral palsy, elastography has been used to guide
botulinum toxin injections into contracted muscles,
[17]
identified as harder on the elastogram . In myositis,
an alteration in the normal muscle elastogram has been
shown, with pathological muscles predominantly appearing
[18]
harder . Within normal muscle, strain elastography
has demonstrated greater stiffness in the biceps brachii
muscle following exercise compared with pre-exercise
[19]
elastograms . The postulated cause for this is the
physiological response to exercise with increased blood
flow and capillary permeability. Between three observers,
the authors showed good reliability. A further study
reported differences in the stiffness of quadriceps muscle
in female subjects with patellofemoral pain syndrome
[20]
compared with healthy controls . Elastography has also
been used in muscular trauma, showing alteration in the
normal elastograms with intra-muscular haemorrhage
[21]
and fibrosis . Both strain and shear wave elastography
have been used to assess masseter muscle in healthy
[22–25]
volunteers and patients with facial pain
, with good
reproducibility between the two techniques. Patients with
facial pain and temporomandibular joint dysfunction have
been shown to have a greater stiffness in masseter muscle
compared with healthy controls. This correlates with the
clinical finding of altered hardness of masseter muscle
in symptomatic patients with facial pain, thus ultrasound
elastography could become a useful adjunct to current
[26]
techniques in the assessment of these patients .
Assessing skeletal muscle with ultrasound elasto
graphy, however, has many potential limitations regarding
reproducibility. Ensuring a standardised state of contraction/
relaxation between assessments is necessary, as is the
state of the muscle regarding exercise and rest. Muscles are
also subject to anisotropy, so the probe orientation when
assessing different muscles must be kept in the same plane
(Figure 1). The above factors generate significant challenges
with standardisation. In the immediate future elastography
alone or in combination with other imaging modalities
is unlikely to replace muscle biopsy for the diagnosis of
muscular pathologies, namely muscular dystrophy and
myositis. The role of elastography in assessing functional
muscle disorders is also in its infancy and more research is
needed to assess whether it is truly of value or not, given
the difficulty with standardisation.

Transient elastography

Another form of elastography currently within the remit
of clinical practice is transient elastography, however,
its use is generally outside of the musculoskeletal field.
Transient elastography generates a single short impulse
of energy, from which the generated shear waves are

WJR|www.wjgnet.com

870

November 28, 2016|Volume 8|Issue 11|

Winn N et al . Review of musculoskeletal ultrasound elastography

A

B

C

D

E

F

Figure 1 Normal relaxed biceps brachii muscle. B mode transverse image of the mid biceps brachii muscle (A) with the corresponding shear wave
elastography image (B) showing the shear wave velocity distribution. The velocity map is coloured such that blue represents the slowest waves and red the
fastest, illustrated by the scale. Note the fast (red colour) shear waves at the interface with the hard humeral bone. A range of shear wave velocities are seen
at the fascial interfaces within the muscle belly. The upper right image (C) shows the quality map with green colouring representing a high quality elastogram.
Corresponding longitudinal B mode image of the mid biceps brachii muscle (D), shear wave velocity image (E) and quality map (F). The velocity distribution
is slightly different in the longitudinal plane compared with the transverse plane owing to the greater effect of anisotropy in the transverse plane compared
with the longitudinal plane.

Tendons

been shown to be harder and more heterogeneous
compared with healthy controls, indicating the reparative
[30]
tissue to be firmer than normal tendon tissue . Further
more, patients with ankylosing spondylitis have been
shown to have changes in tendon elasticity in strain
elastography correlating with B-mode changes, with a
[32]
difference compared with healthy controls .
Shear wave elastography has also been used to study
the Achilles tendon. Slower shear wave velocities have
been demonstrated in tendinopathic tendons compared
[33]
with healthy controls , also suggesting a softer tendon
substance in pathology (Figure 2). As described pre
viously, shear wave elastography measurements are not
necessarily comparable between different manufacturers’
equipment, thus potentially limiting the reproducibility.
This is evidenced by the large range of quoted normal
shear wave values for the Achilles tendon within healthy
[34]
subjects .
The reproducibility of shear wave elastography has
been assessed in tendons with in vivo and in vitro testing.
In a study from 2013, repeatability was found to be better
in the in vitro setting compared with in vivo, most likely
because the in vitro conditions were more amenable to
[35]
standardisation . Also, the assessed tendon outside the
body is static, compared with potential for movement
and assessing a different position along the tendon or

Elastography allows the possibility of assessing tendons
for mucoid degeneration or small interstitial tears poten
tially before they become apparent on conventional
B-mode imaging. When tendons degenerate, the collagen
fibres break down and it is proposed that tendons
[27]
become softer , thus a change in their elasticity can
be detected with elastography. Conversely, if a tendon
repairs with fibrosis, this may be seen as a hardening of
the tendon substance, with a stiffer elastographic picture.
The Achilles tendon has received the most attention
within elastography studies owing to its ease of acce
ssibility, relatively large size and susceptibility to
pathology. It is composed of tightly packed collagen
fibres which appear as hypoechoic on B-mode ultrasound
with areas of increased reflectivity corresponding to
linear interfaces. In symptomatic Achilles tendons there
is a disorganisation and breakdown of the collagen fibres,
corresponding to mucoid degeneration, and it is proposed
that this leads to a softer tendon structure compared
[28]
with normal . This is shown as alteration in the B-mode
architecture, mainly as regions of hypoechogenicity
within the tendon substance. The corresponding strain
elastography images often show softer regions within
[29-31]
the tendon in these areas
. In patients with surgically
repaired Achilles tendons, the regenerative tissue has
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Figure 2 Longitudinal shear wave elastography of the Achilles tendon. In a healthy volunteer the Achilles tendon is seen as smooth and homogeneous (arrow)
on the B mode image (A) with a homogeneous elastogram (B, arrow). In a patient with symptomatic Achilles tendinopathy there is an alteration of the B mode
echotexture with regions of hypoechogenicity (C, curved arrow) and dystrophic ossification at the calcaneal enthesis. The elastogram (D) is heterogeneous with
regions of blue and yellow colouring (curved arrow) corresponding to a slower velocity and tendon softening.

different probe orientation in human subjects compared
with laboratory conditions. A different in vitro study of
harvested equine tendons and strain elastography showed
poor repeatability between experiments, reflecting the
more variable nature of strain elastography compared with
[36]
shear wave elastography .
Away from the Achilles tendon, ultrasound elastography
has been used to assess supraspinatus muscle and tendon
(Figure 3), with tendinosis predominantly being shown as
tendon softening, but also regions of increased stiffness,
purported to represent reparative fibrosis (Figures 4 and
[37-39]
5)
. Strain elastography has also been used around
the elbow to assess the common extensor tendon. In
a study comparing healthy volunteers with those who
were symptomatic, the symptomatic common extensor
tendons were shown to be softer compared with healthy
[40]
volunteers .
Thus, within the tendons the predominant elasto
graphic picture of mucoid degeneration/tendinosis is
softening, however, some studies have shown tendinosis
as increased tendon stiffness, making a general statement
of the elastic properties of tendinosis problematic. The
future role of elastography may therefore be to identify
areas that have a heterogeneous, disordered elastogram
(either softening or hardening) corresponding to ten
dinosis, rather than the homogeneous elastogram of a
normal tendon. This may allow preclinical detection of
pathology, potentially of relevance to athletes allowing
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an alteration in training before injuries occur, or as a
screening tool prior to any sporting commitments. Further
research is also needed to ascertain if the changes
identified on elastography resolve following treatment,
or if the tendon becomes asymptomatic. If this were
known, then potentially the appearances of a tendon
on elastography could be used for prognosis to try and
predict the time for tendon healing. Additionally, the
elastograms of asymptomatic people of different ages
has not been fully characterised and it is not known if
the normal ageing process gives rise to different tendon
stiffness, or the relevance of alterations in the elastograms
in asymptomatic individuals.

Fascia and ligaments

A recent prospective study has shown that the coracohumeral ligament is stiffer in patients with adhesive
capsulitis compared with their unaffected contralateral
shoulder. Interestingly, this study also demonstrated
variations in the stiffness of the ligament depending on
[41]
the degree of external rotation of the arm . This is
an exciting development, potentially adding additional
criteria for diagnosing adhesive capsulitis in addition to
the thickness of the coraco-humeral ligament.
Within the plantar fascia, a study using strain elasto
graphy found the plantar fascia in symptomatic patients
to be thicker and more hypoechoic compared with
controls, correlating with a loss of elasticity, or a harder
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Figure 3 Longitudinal shear wave
elastography of a normal supraspinatus
tendon. Normal B mode appearances
(A) showing anisotropy (arrow) owing to
the curved orientation of the tendon. The
corresponding elastogram (B) shows
heterogeneous stiffness at the region
of anisotropy (arrow) and absence of
measurements from deep in the humeral
head. The quality map (C) shows a high
quality elastogram in the tendon substance
and poor quality in the bone, as would be
expected for such a stiff structure with limited
propagation of shear waves.

A

B

C

Figure 4 Longitudinal shear wave elasto
graphy of a tendinopathic supraspinatus
tendon showing a disorganised, hetero
geneous pattern, contrasted to the homo
geneous appearance of the normal tendon
in Figure 3. Note the regions of interest
(small boxes) where shear wave velocity
measurements have been taken.

[42]

fascia .
A further study looking at the stiffness of the A1
pulley in patients with trigger finger showed the pulley
[43]
to be stiffer in symptomatic patients , corresponding
with changes in the B-mode appearances too. A fur
ther preliminary study has assessed the transverse
carpal ligament in the carpal tunnel and the effects of
probe pressure on the resultant shear wave velocities.
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Variations were identified according to the applied probe
pressure, indicating that the technique is still somewhat
[44]
operator dependent . The small size of the finger
pulleys and carpal ligaments also significantly limits
the use of this technique as the resolution of these
small structures can be less than the resolution of the
elastograms, particularly with regard to the region of
interest for measurement of shear wave velocities within
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A

B

Figure 5 Longitudinal shear wave elastography of a tendinopathic supraspinatus tendon in a different patient to Figure 4. The B mode image (A) shows
a partial thickness tear involving the bursal surface fibres (arrow). The corresponding velocity elastogram (B) shows a disorganised pattern with the tear less well
delineated (arrow) compared with the B mode image.

the currently available equipment.

differentiate between benign and malignant lesions
(including threshold values for shear wave velocities in
malignant lesions) however, within the thyroid there is
significant overlap in the elastographic characteristics
between the two.
In musculoskeletal soft tissue tumours, elastography
has been used to prospectively assess lesions to attempt
to differentiate between benign and malignant pathologies.
Malignant lesions have been shown to be stiffer on
strain elastography compared with benign lesions on a
semi-quantitative scale, similar to lesions outside of the
[50]
musculoskeletal system . However, a recently published
study by the group in Leeds assessing the role of shear
wave elastography in musculoskeletal tumours has been
unable to replicate these early findings, with the authors
concluding that there is currently no additional role for
shear wave elastography in soft tissue tumours compared
[51]
with B mode imaging . The authors found no statistically
significant association between shear wave velocity and
malignancy. According to the strain elastography study,
one may have expected malignant tumours to be stiffer
than benign tumours and thus have a tendency for higher
shear wave velocities. Possibly the discordant results
are accounted for by the tumour case mix, different
elastography technique or study design. Soft tissue
tumours are very heterogeneous on B mode imaging
(Figure 7) compared with breast lesions and it is probable
that further studies will replicate the findings of the Leeds
group, showing a large overlap in the shear wave velocity
measurements between benign and malignant soft tissue
lesions. In the immediate future imaging characteristics
alone, even with the addition of elastography, are unlikely
to replace biopsy for the diagnosis of malignant vs benign
lesions. Similar to tendons, the role of elastography
in soft tissue tumours is likely to be in identifying a
heterogeneous, disorganised internal substance sugg
esting an aggressive nature or de-differentiation, vs
a smooth homogeneous pattern of a non-aggressive
lesion. This could be used to guide biopsy by potentially
identifying aggressive regions within a lesion, or to identify
malignant degeneration in a previously diagnosed benign
lesion.

Carpal tunnel

The median nerve at the wrist has been studied with
[45]
both shear wave elastography and strain elastography .
Using strain elastography, the median nerve in patients
with carpal tunnel syndrome has been shown to be
[46]
stiffer compared with controls . These findings are also
replicated with shear wave elastography, with a greater
shear wave stiffness shown in patients with carpal tunnel
[47]
syndrome compared with controls . Thus elastography
is a useful addition to the B mode appearances and the
cross sectional area of the median nerve in diagnosing
carpal tunnel syndrome, with potential to replace nerve
conduction studies as the diagnostic gold standard.

Joints

Very little information is available on elastography of
the joints, in particular, the synovium. To date, there
are no published clinical trials assessing elastography in
the joints. Case reports of strain elastography in a small
number of patients suggests that inflammatory synovitis
may appear as firm, compared with infective synovitis
which may appear as firm to soft. Thus, there is overlap
in the elastographic appearances between infective and
inflammatory synovitis and the technique is unable to
replace the gold standard of tissue diagnosis for either
[48,49]
infective or inflammatory synovitis
.
There is no data published on the elastographic
appearances of the synovium in normal subjects vs
those with an inflammatory arthropathy (Figure 6). This
is an area requiring further research, to determine if
elastography can be as useful a tool as Doppler in the
assessment of suspected inflammatory synovitis and
potential response to disease modifying anti-rheumatic
therapies.

Tumours

Elastography in tumours has been used extensively
outside the musculoskeletal system, predominantly
within breast, thyroid and prostate lesions. Within the
breast, elastography is proving to be useful to help
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Figure 6 Synovitis at the carpus. Radiograph (A) in a patient with long-standing rheumatoid arthritis and worsening wrist pain. The longitudinal B mode image
(B) and colour Doppler image (C) show hypoechogenicity of the synovium with increased Doppler flow indicating an active synovitis. The corresponding longitudinal
shear wave velocity elastogram (D) shows relatively uniformly soft synovium (blue colour) compared with the adjacent tissues which are more heterogeneous in their
stiffness. The significance of this has not yet been adequately investigated. The elastogram is of good quality (E).

Another potential use of elastography in tumours
may be to define the boundaries of a lesion, compared
with normal tissue. In regions with poor B-mode contrast
it can be hard to identify the margin of a lesion, however,
the elastogram may show a sharp demarcation if the
lesion has different elastic properties compared with the
adjacent normal tissue (Figure 8). This is of value within
[52]
breast and prostate lesions and may prove to be the
most useful application of elastography in soft tissue
tumours.

replacing biopsy in many instances. In the breast,
thyroid and prostate, elastography has become part of
the non-invasive assessment of a lesion, being used in
[61-63]
addition to the B mode and Doppler characteristics
.
Generally, aggressive cancers with more malignant
features have been shown to have a greater stiffness as
measured by shear wave elastography compared with
[64]
less aggressive tumours . However, despite the recent
advances in tumour characterisation with elastography
and other imaging parameters, the gold standard of
biopsy has not yet been replaced by imaging alone for
the majority of lesions and it this is unlikely to be the
case in the near future.

ELASTOGRAPHY OUTSIDE THE
MUSCULOSKELETAL SYSTEM

FUTURE DIRECTIONS

Elastography has been extensively used in structures
outside the musculoskeletal system, namely the liver,
[53-60]
breast, thyroid and prostate
. Within the liver, it has
now become standard in the assessment of fibrosis,
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Figure 7 Pleomorphic sarcoma of the distal thigh. Transverse B mode image with colour Doppler (A) shows a disorganised tumour with wide variation in
echotexture and limited Doppler flow. The shear wave velocity elastogram (B) also shows a wide variation in stiffness with some regions of absent measurements,
seen as the black areas on the image (arrow), possibly owing to the very dense/stiff nature of the tumour. The axial proton density fat suppressed magnetic resonance
image (C) shows a large tumour in the anterior compartment of the thigh with very varied signal.

Clinical applications

Within the musculoskeletal system ultrasound elasto
graphy has the potential to become as valuable a
tool as within the liver, breast and thyroid. It may
allow identification of preclinical tendinosis and thus
modification of activity or prophylactic treatment prior
to symptoms developing. It could be used to predict
time to recovery following treatment and help guide the
timing of return to activity, once the tendon elastogram
returns to normal.
Elastography could ultimately obviate the need for
biopsy in soft tissue tumours enabling differentiation
between benign and malignant lesions, although as
described above, further research is needed. Following
tumour resection it may help distinguish post-surgical
scarring from recurrent tumour, with the scarring being
harder and more homogeneous than tumour.
Elastography could possibly be used to assess
the state of cartilage in areas accessible to the ultra
sound probe, such as the shoulder and talar dome.
Cartilage which is degenerate may display different
elastic properties, similar to DGEMRIC and T2 rho
magnetic resonance imaging (MRI), thus providing a
cheaper alternative to MRI. Within the synovium, if
the synovitis of inflammatory arthropathies displays
reliable alterations in elasticity compared with normal
synovium, it may form part of the routine assessment
and synovitis grading, similar to power Doppler.

Figure 8 Intramuscular nodular fasciitis, longitudinal images. The B mode
image (upper image) shows that the margins of the lesion are poorly defined
and relatively hard to discern. The shear wave velocity elastograms (lower
images) show a clear difference in stiffness between the lesion and adjacent
normal muscle fibres, as shown by the blue (slow) colour map of the lesion
compared with the green and red (faster) colour map of the adjacent muscle
fibres.

shear wave measurements at greater depths, or within
very superficial structures such as skin.
Elastography adds another facet to the available
ultrasound capabilities and may potentially be fused with
other imaging modalities, namely CT and MRI. This could
then create a navigable data set to aid with surgical
planning or to guide tumour resection, particularly with
reference to tumour margins.
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Within current parameters, elastography data from
bone is limited as it is virtually incompressible. If the
technology could be refined to detect even the smallest
deformation in bone or fracture callus, it could potentially
be used to assess when a fracture callus has matured
enough to withstand weight-bearing, or to similarly
assess the fusion mass following spinal surgery.

12

CONCLUSION

13

11

Ultrasound elastography is an exciting new development
within clinical practice. Strain elastography has created
maps of tissue stiffness, in addition to the B mode
and Doppler characteristics. The arrival of shear wave
elastography has brought a quantitative assessment
to elastography and introduced a technique which is
potentially less operator dependent compared with strain
elastography. The use of ultrasound elastography in the
musculoskeletal system is likely to become as widespread
as within the liver, breast and thyroid now that more
clinical departments have access to this technology.
With greater clinical usage and research, its applications
will be verified, validated and widened. However in the
immediate future the role of ultrasound elastography
is likely to be complementary to conventional imaging
techniques in providing an additional tool, rather than
replacing anything that is current standard practice.
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MINIREVIEWS
18

Mechanisms underlying F-fluorodeoxyglucose
accumulation in colorectal cancer
Kenji Kawada, Masayoshi Iwamoto, Yoshiharu Sakai
analogue of glucose, and has been widely used for
detecting small tumors, monitoring treatment response
and predicting patients’ prognosis in a variety of cancers.
However, the molecular mechanism of FDG accumulation
into tumors remains to be investigated. It is well-known
that most cancers are metabolically active with elevated
glucose metabolism, a phenomenon known as the War
burg effect. The underlying mechanisms for elevated
glucose metabolism in cancer tissues are complex. Recent
reports have indicated the potential of FDG-PET/CT scans
in predicting mutational status (e.g. , KRAS gene mutation)
of colorectal cancer (CRC), which suggests that FDG-PET/
CT scans may play a key role in determining therapeutic
strategies by non-invasively predicting treatment response
to anti-epidermal growth factor receptor (EGFR) therapy.
In this review, we summarize the current findings investi
18
gating the molecular mechanism of F-FDG accumulation
in CRC.
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Core tip: Malignant cancers are preferential to metabolize
glucose by glycolysis, even in the presence of oxygen, socalled Warburg effect. This elevated glucose metabolism is
18
responsible for F-fluorodeoxyglucose (FDG) accumulation
into cancer cells, which results in the positive signals in
FDG-positron emission tomography scans. In spite of its
clinical utility, the cellular and molecular mechanisms of
18
F-FDG accumulation have not yet been elucidated. Here
we review the current literature published with respect to
18
the mechanisms of F-FDG accumulation into colorectal
cancer tissues.
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Abstract
18

Positron emission tomography (PET) with F-fluorode
oxyglucose (FDG) is a diagnostic tool to evaluate meta
bolic activity by measuring accumulation of FDG, an
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GLUCOSE TRANSPORTERS AND
HEXOKINASES
18

A line of literatures have demonstrated that F-FDG
accumulation in cancer cells depends largely on two
classes of proteins: Glucose transporters (GLUT) and
[10] 18
Hexokinases (HXKs) . F-FDG is incorporated into
the cell via a family of 14 facilitative GLUTs, and then
phosphorylated by HXKs to FDG-6-phosphate, which
becomes stored within the cell, because of its negative
charge. The up-regulation of GLUTs is commonly occurred
in most cancers and is associated with poor prognosis of
patients. Although different types of tumors have distinct
expressions of different GLUTs, GLUT1 up-regulation
is common in most cancers and is linked to tumor
[11,12]
stage and prognosis
. In addition, increased levels
of HXK (primarily, HXK2 of the 4 types) occur in many
[13,14]
cancers
. HXK2 binds to the mitochondria membrane
and efficiently phosphorylates FDG to FDG-6-phosphate.
18
F-FDG accumulation depends largely on GLUT1 and
the rate-limiting glycolytic enzyme, HXK2, in most types
of cancers, although other GLUT proteins (e.g., GLUT3)
and other enzymes downstream of HXK (e.g., pyruvate
[10]
dehydrogenase kinase 1) may be involved . While the
combined expression of GLUT1 and HXK2 likely plays
18
some role in determining F-FDG accumulation, the
presence and strength of these associations seem to vary
among tumor types, and conclusive evidence for one
protein playing a dominant role is lacking. Although the
18
molecular mechanisms of F-FDG accumulation into CRC
are not as well-analyzed as in breast and lung cancers,
several studies indicate that, in CRC, an increase of GLUT1
18
expression is more essential for F-FDG accumulation
[10,15]
than HXK activity
.

INTRODUCTION
18

Positron emission tomography (PET) with F-fluorode
oxyglucose (FDG) is a imaging method used for de
tecting small tumors, monitoring treatment response
and predicting patients’ prognosis in a variety types of
[1,2]
cancers . This technique is based on evaluating tissue
glucose metabolism by measuring accumulated FDG, a
glucose analogue. FDG is incorporated into the cell through
glucose transporters (GLUTs), and then phosphorylated by
hexokinases (HXKs) to FDG-6-phosphate, which becomes
stored within the cell. There is no standardized approach
18
for quantitative measurement of F-FDG accumulation
18
yet, although the F-FDG maximum standardized uptake
value (SUVmax) is commonly considered as a barometer
of tumor viability. In addition to SUVmax, there are
18
some F-FDG uptake-related quantitative parameters:
SUVmean (average SUV within the tumor), SUVpeak
(peak SUV), metabolic tumor volume (MTV), total lesion
glycolysis (TLG), etc.
Most cancer cells are preferential to metabolize
glucose by glycolysis, even in the presence of oxygen,
[3,4]
so-called “aerobic glycolysis (Warburg effect)” . This
18
increased glucose metabolism accounts for F-FDG
accumulation into cancer cells, which results in the
positive signals in FDG-PET/CT scans. However, the
18
mechanisms how F-FDG is accumulated into cancer
[5-7]
tissues are complex . These factors are divided into
tumor-related (e.g., glucose metabolism, histological
differentiation, vascular factor, tumor size and hypoxia)
and non-tumor-related components (e.g., high serum
18
glucose level and local inflammation). F-FDG is not
specifically accumulated into cancer; it can also be
accumulated into inflammatory sites as well. In spite
of its clinical usefulness, the cellular and molecular
18
mechanisms of F-FDG accumulation have not yet been
elucidated so far.
Colorectal cancer (CRC) is the third most common
cancer and the fourth most common cause of cancerrelated deaths in the world, with the majority attributable
[8]
to distant metastases . In spite of great advance in
systemic treatment of metastatic CRC, the overall 5-year
patient survival has remained lamentably low, below
10%. CRC is progressively promoted through multistep
carcinogenesis of accumulated genetic changes in
oncogenes and tumor suppressor genes. Most adenomas
are initiated by inactivation of the APC gene, and then
progress into adenocarcinomas through accumulation
of additional alterations in the KRAS, TP53 and SMAD4
[9]
genes, etc .
In this context, this review summarizes the current
literatures investigating the molecular mechanisms how
18
F-FDG is accumulated into CRC.
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KRAS mutations in the KRAS gene in CRCs

Oncogenic activation of KRAS affects several cellular
functions that regulate morphology, proliferation, and
motility. KRAS mutations occur in a variety of human
malignancies, most frequently in pancreatic cancer, nonsmall cell lung cancer (NSCLC) and CRCs. In particular,
KRAS mutations occur in approximately 40% of CRCs;
mutations of codon 12 or 13 occur in more than 90%
of the cases. The RAS gene family encodes membranebound guanosine triphosphate (GTP) proteins that interact
with several metabolic pathways, such as mitogenactivated protein kinase (MAPK) and phosphoinositide
3-kinase (PI3K). Activating RAS mutations alter the
activity of GTPase, inducing constitutive activation of RAS
pathway. A number of clinical studies indicate that KRAS
mutations can predict a lack of response to anti-epidermal
[16,17]
growth factor receptor (EGFR) therapy
. The antiEGFR antibodies (cetuximab and panitumumab) are
now recommended only for CRCs with wild-type KRAS,
although a wild-type KRAS gene does not guarantee
a response. Therefore, mutational testing of the KRAS
gene, using biopsied or resected tissues, is incorporated
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into routine clinical practice. However, one limitation is the
heterogeneity of KRAS mutational status, which can either
[18]
be intratumoral heterogeneity within a primary CRC ,
or discordant KRAS status between a primary CRC and
[19,20]
its corresponding metastatic CRC
. Another limitation
is failure to judge KRAS status due to poor quality of
extracted DNA. In addition, it is not always easy to
extract the samples from metastatic CRCs due to limited
access and invasive procedures. Therefore, alternative
non-invasive tool to predict the mutation profile, such as
18
F-FDG PET scans, could help overcome these limitations.

SUVmax and SUVpeak are significantly associated with
KRAS mutational status (OR, 3.3, P = 0.005 and OR, 3.9,
P = 0.004, respectively) together with histological findings
18
and lymph node metastasis. F-FDG accumulation was
significantly higher in CRCs with mutated KRAS and
normal CRP levels. CRCs with high CRP levels (> 6.0
mg/L; n = 47) was correlated to larger tumor size, higher
SUVmax, higher SUVpeak, higher MTV and higher TLG,
compared to those with low CRP levels (< 6.0 mg/L; n =
132), which indicates that local inflammation with high
18
CRP levels could affect F-FDG quantification in CRC
tumors.
However, the clinical benefit of above findings was
limited, because endoscopic biopsy for KRAS mutational
testing is easy in primary CRC. Importantly, we have
recently examined whether a similar relationship can
[26]
exist in metastatic CRC . In a retrospective analysis
with 55 metastatic CRC tumors, we found that SUVmax
was not associated with KRAS mutational status.
However, when focusing on tumors larger than 10 mm
in order to remove the partial volume effect, SUVmax
was significantly higher in CRCs with mutated KRAS than
in those with wild-type KRAS (8.3 ± 4.1 and 5.7 ± 2.4,
respectively; P = 0.03). KRAS status of metastatic CRC
was predicted with an accuracy of 71.4% when using
a SUVmax cutoff value of 6.0. This is the first clinical
18
study showing a causal relationship between F-FDG
accumulation and KRAS mutations in metastatic CRC,
which indicates that FDG-PET/CT scans might determine
therapeutic strategies by predicting treatment response
[27]
to anti-EGFR therapy. Meanwhile, Krikelis et al reported
18
a lack of association between F-FDG accumulation and
KRAS mutational status of metastatic CRC. Although
sample size and ethnic differences might be sources of
the bias, we suppose that the lack of association may
be due to improper patient selection. In other clinical
studies, patients with high serum glucose levels, smallsized tumors or high CRP levels were excluded, because
18
these variables interfere with F-FDG accumulation.
In genetically engineered mouse models (GEMM)derived orthotopic transplant models of CRC, subcu
-/-/taneous tumors from KRAS-mutant APC TP53 CRC
18
cells produced a significantly higher F-FDG PET signal
-/-/[28]
compared to KRAS-wild-type APC TP53 CRC cells .
Oncogenic KRAS promotes an increase in cellular glucose
uptake and lactate production in vitro and in vivo.
[29]
Regarding NSCLC (n = 102), Caicedo et al found
that NSCLC tumors harboring KRAS mutations exhibited
18
significantly higher F-FDG accumulation than those
with wild-type KRAS, although no associations between
18
different EGFR mutation types and F-FDG uptake were
found. The sensitivity and specificity of KRAS mutational
status were 78.6% and 62.2%, respectively, with a
diagnostic accuracy of 66.7%. A multivariate model with
stage, gender, age and SUVmean could predict KRAS
mutational status in stage Ⅲ or Ⅳ. A recent study using
GEMM of lung cancer reported that mice harboring lung
tumors with KRAS and LKB1 or TP53 mutations showed

Association between KRAS mutations and 18F-FDG
accumulation

There is recent preclinical evidence that KRAS mutations
are associated with increased expression of GLUT1.
Studies with isogeneic CRC cell lines indicated a significant
increase in glucose uptake caused by GLUT1 up-reg
ulation, which is prominent in CRC cells with mutant KRAS
alleles, providing them with a growth advantage in low
[21]
glucose environment . In a retrospective analysis (n =
51), we previously found that SUVmax and tumor-to-liver
ratio (TLR) were significantly higher in primary CRCs with
mutated KRAS than in those with wild-type KRAS, and
that SUVmax exhibited an odds ratio (OR) of 1.17 with
an accuracy of 75% in predicting KRAS status when using
[22]
a cutoff value of 13 . This was the first clinical report to
show the causal relationship between KRAS mutations
18
and F-FDG accumulation in a variety of cancer.
Following this report, some other groups have also shown
18
that F-FDG accumulation can reflect KRAS mutational
status in CRC and NSCLC (Table 1). Using a larger size
[23]
of sample (n = 121), Chen et al
investigated the
18
association between F-FDG uptake-related parameters
and KRAS mutational status, and found that SUVmax and
TW40% (a 40% threshold level of SUVmax for tumor
width (TW) were 2 predictors for KRAS mutations of CRC.
Receiver operating characteristics analysis revealed that
the accuracy of SUVmax was highest (70%) with a cutoff
value of 11, and that the TW40% method could achieve
higher accuracy (71.4%) when focusing on rectal cancer.
[24]
Miles et al reported that multifunctional imaging with
PET/CT and recursive decision-tree analysis to combine
18
measurements of tumor F-FDG uptake (SUVmax), CT
texture (expressed as mean of positive pixels) and blood
perfusion (measured by dynamic contrast-enhanced CT)
enabled to identify CRCs with KRAS mutations showing
hypoxic or proliferative phenotypes. This exploratory study
with 33 CRC patients indicated that the true-positive rate,
false-positive rate and accuracy of the decision tree were
82.4% (63.9%-93.9%), 0% (0%-10.4%) and 90.1%
(79.2%-96.0%), respectively. The accuracy of SUVmax
could be improved when combined with other imaging
[25]
features: SUVmax, CT texture and perfusion. Lee et al
18
investigated the relationship between F-FDG uptakerelated parameters (e.g., SUVmax, SUVpeak, MTV and
TLG), KRAS mutations and C-reactive protein (CRP) with
179 CRC cases. Multivariate analysis demonstrated that
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Table 1 Clinical reports investigating the relationship between

18

F-fluorodeoxyglucose accumulation and KRAS mutations

Cancer type

Sample size

Parameters related to KRAS mutations

Sensitivity (%)

Kawada et al[22]

CRC

51

Chen et al[23]

CRC
CRC
RC
CRC
CRC

121
121
49
33
132

NSCLC
mCRC

102
42

SUVmax
TLR
SUVmax
TW40%
TW40%
Dicision tree with SUVmax, MPP and BF
SUVmax
SUVpeak
SUVmean
SUVmax

74.0
70.0
52.4
53.2
80.0
82.4
60.0
73.3
78.6
68.0

Ref.

Miles et al[24]
Lee et al[25]
Caicedo et al[29]
Kawada et al[26]

Specificity (%) Accuracy (%)
75.0
71.0
71.7
67.6
79.1
100.0
50.3
60.5
62.2
74.0

75.0
71.0
70.0
62.0
71.4
90.1
54.0
67.8
66.7
71.4

SUV: Standardized uptake value; TLR: Tumor-to-liver SUV ratio; TW40%: A 40% threshold level of SUVmax for tumor width; MPP: Mean of positive
pixels; BF: Blood flow; CRC: Colorectal cancer; RC: Rectal cancer; NSCLC: Non-small-cell lung cancer; mCRC: Metastatic CRC.

18

[39]

significantly higher F-FDG accumulation than those with
[30]
only KRAS mutations . Taken together, FDG-PET/CT
scans could predict KRAS mutational status in a variety of
human KRAS-related cancers (CRC, NSCLC, pancreatic
cancer, etc.).

cancer cell lines, Smith et al reported that hypoxia upregulated GLUT1 and 6-phosphofructo-2-kinase (PFK)
involved in glucose transport and glycolysis, and that
these changes were induced by HIF-1α up-regulation
and AMP-activated protein kinase (AMPK) activation.
Preclinical studies have reported a correlation between
18
F-FDG accumulation and tumor hypoxia detected by
[40]
18
[41]
pimonidazole
or F-fluoromisonidazole (FMISO) , a
PET tracer designed to identify hypoxic cells. Similarly,
18
some studies noted a correlation between F-FDG and
18
[42,43]
F-FMISO retention in a clinical setting
.

HYPOXIA
The relationship between glucose metabolism and tumor
growth can be explained by adaptation to hypoxia through
up-regulation of GLUTs as well as the translocation and
[31]
increased enzymatic activity of HXK . Hypoxia-inducible
factor-1α (HIF-1α) mediates cellular response to hypoxia,
such as glucose metabolism and angiogenesis. Under
hypoxic conditions, HIF-1α accelerates glycolysis by upregulation of inducing glucose transporters and some
[32]
enzymes . Some researchers have reported that there is
a synergistic interaction between hypoxia, mutated KRAS
[33-36]
and GLUT1 expression
. When CRC cells were cultured
in vitro under hypoxia, mutated KRAS increased the
[33]
translation of HIF-1α by the PI3K pathway . In addition,
hypoxia or HIF-1α could also increase mutated KRAS
activity, which indicate that there is a positive feedback
[36]
between KRAS pathway and hypoxia . Hypoxia can
[35]
boost expression levels of GLUT1 through HIF-1α . We
have recently reported that mutated KRAS causes higher
18
F-FDG accumulation by up-regulation of GLUT1 and at
[37]
least partially by induction of HIF-1α under hypoxia .
We also examined 51 clinical CRC samples, and found
that KRAS mutational status was significantly associated
with SUVmax and with GLUT1 expression, but not with
[21,35]
18
HXK2 expression
. These data suggest that F-FDG
accumulation observed in FDG-PET scans could reflect
elevated glucose metabolism by mutated KRAS and
hypoxia.
[38]
Goh et al
investigated the in vivo flow-metabolic
18
phenotype by integrated F-FDG PET/perfusion CT and
its relationship to histopathological findings with 45
primary CRCs. The flow-metabolic ratio was significantly
lower for CRCs with high expressions of VEGF or HIF-1α
compared to CRCs with lower expression, which indicated
that CRCs with a low-flow-high-metabolism phenotype
reflected a more angiogenic phenotype. With breast
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ONCOGENE PATHWAY ACTIVATION
[44]

18

Using GEMM, Alvarez et al investigated F-FDG accu
mulation in tumors driven by c-Myc, HER2/neu, Akt1,
18
Wnt1 or H-RAS oncogenes, and found that F-FDG
accumulation was correlated positively with HXK2 and
HIF-1α, and negatively with PFK2b and p-AMPK. The
18
correlation between HXK2 and F-FDG accumulation was
not dependent on all variables tested, indicating that HXK2
18
could independently predict F-FDG accumulation in this
model. In contrast, GLUT1 expression was associated
18
with F-FDG accumulation only in tumors driven by Akt1
or HER2/neu. These above results demonstrated that
18
the oncogenic pathway was a determinant of F-FDG
accumulation mediated by glycolytic enzymes. Moreover,
certain oncogenes such as Src and c-Myc, as well as
elements of the PI3K/Akt pathway, can be associated with
[45-47]
activated glycolysis
.
[48]
Tian et al
investigated the correlations between
SUVmax and expressions of GLUT1, hepatocyte growth
factor (HGF) and vascular endothelial growth factor-C
(VEGF-C) in 33 CRC patients, and found that there was a
significant differences in SUVmax among CRCs expressing
[49]
GLUT1, HGF, c-Met and VEGF-1. Choi et al investigated
the correlations between SUVmax and EGFR expression
with 132 CRC patients, and found that SUVmax was
significantly lower in EGFR-non-expressing tumors than
in EGFR-expressing tumors (10.0 ± 4.2 vs 12.1 ± 2.1; P
= 0.012). At the SUVmax threshold of 7.5, the sensitivity
and specificity for predicting EGFR expression were 84.9%
and 40.4%, which indicated SUVmax had a limited role in
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[58]

predicting EGFR expression. In preclinical murine models
[50]
18
with tumor xenografts, Ma et al reported that F-FDG
PET accumulation was correlated with activated Akt and
cellular membrane-bound GLUT1, and that the FDG-PET
response did not correlate with the tumor growth response
during mammalian target of rapamycin (mTOR) inhibitor
therapy.

Deng et al
reported that the relationship between
18
F-FDG accumulation and Ki-67 expression was significant
in thymic epithelial tumors, gastrointestinal stromal
tumors (GISTs), moderate in breast, lung and pancreatic
cancers, and average in CRCs, and poor in thyroid and
gastric cancers.

CONCLUSION

HUMAN CYTOMEGALOVIRUS AND
EPSTEIN-BARR VIRUS

For prediction of KRAS mutations in CRC, the overall acc
uracy of SUVmax alone has only been found to be modest,
ranging from 60% to 75%, although the accuracy could
be improved when combined with other clinicopathologic
or imaging parameters. New targeted therapies are being
developed for tumors that selectively express KRAS
[59]
mutations . Hence, the availability of non-invasive
methods, such as molecular imaging, for predicting KRAS
mutational status could have considerable clinical relevance,
because of their potential to improve the assessment of
other molecular alterations in the future. Future advances in
PET radiotracers may increase the sensitivity and specificity
of this technique to provide full molecular assessment of
CRC.

It has been debated whether human cytomegalovirus
(HCMV) and Epstein-Barr virus (EBV) are involved
[51]
in rectal cancer. Sole et al
reported that patients
with HCMV/EBV co-infection had a significantly higher
SUVmax than patients without viral co-infection, when
analyzing 37 rectal cancer patients (P = 0.02). KRAS
wild-type status was significantly more frequently ob
served in patients with EBV and HCMV/EBCV co-infection.

F-BOX AND WD REPEAT DOMAINCONTAINING 7
F-box and WD repeat domain-containing 7 (FBW7) is a E3
ubiquitin ligase and a tumor suppressor frequently mutated
in CRC. In CRC, it was recently reported that FBW7 targets
CDX2 (caudal-related homeobox transcription factor 2)
for degradation via two cdc42-phosphoclegron motifs
[52]
[53]
in a GSK3beta-dependent manner . Ji et al
have
recently reported that KRAS mutations inhibit the tumor
suppressor FBW7, which negatively regulates glucose
metabolism by targeting the c-Myc/TXNIP (thioredoxin
binding protein) axis in pancreatic cancer. The expression
level of FBW7 was negatively associated with PET/CT
SUVmax in 60 pancreatic cancer patients, indicating that
FBW7 is an important KRAS downstream effector and
might reverse KRAS-driven metabolic change.
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Abstract
AIM
To compare the assessment of cerebrovascular reserve
(CVR) using CO2BOLD magnetic resonance imaging (MRI)
vs positron emission tomography (PET) and single photon
emission computed tomography (SPECT) as reference
standard.

Informed consent statement: Individual patient consent was
waived by the local ethical committee for this retrospective study.
Conflict-of-interest statement: No conflicts of interest.

METHODS
Ten consecutive patients (8 women, mean age of 41 ±
26 years) with moyamoya syndrome underwent 14 presurgical evaluations for external-internal carotid artery
bypass surgery. CVR was assessed using CO2BOLD and
PET (4)/SPECT (11) with a maximum interval of 36 d, and

Open-Access: This article is an open-access article which was
selected by an in-house editor and fully peer-reviewed by external
reviewers. It is distributed in accordance with the Creative
Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this
work non-commercially, and license their derivative works on
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evaluated by two experienced neuroradiologists.

IC) bypass is the most important surgical intervention,
notably to prevent subsequent ischemic events and
[2,4]
secondary hemorrhage . The challenge in the followup of patients with moyamoya syndrome is the selection
of the optimal time-point for the surgical intervention
of the EC-IC bypass, as the benefit of prevention of
stroke or hemorrhage contrasts the risk of peri-surgical
complications of this difficult intervention.
The assessment of the cerebrovascular reserve (CVR)
was previously proposed as one option to define the
[4-7]
optimal timing for a surgical intervention . Nuclear
medicine, notably positron emission tomography (PET)
and single photon emission computed tomography
(SPECT) based methods, are the established techniques
for the assessment of CVR. Disadvantages of these
techniques are the radiation exposure, notably during
several longitudinal follow-up investigations in moyamoya
syndrome patients, the relatively limited availability and
high costs compared to magnetic resonance imaging
(MRI). Moreover, PET or SPECT imaging does not allow
for the assessment of the brain parenchyma to evaluate
acute or old vascular lesions, nor the assessment of
the vessels to evaluate the progression of the vascular
stenosis. The assessment of CVR in MRI would therefore
provide a one-stop imaging solution assessing brain
structure, vessels and CVR in a widely available and
radiation free technique.
The current investigation tests whether carbon dioxide
(CO2) blood oxygenation level dependent (BOLD) MRI
may be used for the pre-surgical assessment of surrogate
CVR in moyamoya patients. In principle, the inhalation
of CO2 induces a vasodilation and as a consequence a
BOLD response, which can be measured by dedicated
[8]
MRI sequences as known from functional MRI . CO2
BOLD was demonstrated to be safe and feasible in
[9]
clinical neuroimaging and provided interesting results
for example in the assessment of patients with pro
ximal internal carotid artery stenosis both before and
[10,11]
after intervention
as well as for the evaluation of
[12-17]
surrogate CVR in adult and pediatric moyamoya
.
Note that CVR is historically defined as CBF increase
following a vasodilator challenge. In contrast, the change
in the BOLD signal following the CO2 stimulation includes
contributions from CBF, cerebral blood volume, and
oxygenation changes, and is thus more complex than
simple CBF change. Consequently, CO2 induced BOLD
change is not equal to CVR as classically defined, yet
[18]
correlated as demonstrated previously . We therefore
use the term “surrogate” CVR in the context of CO2BOLD.
In particular, we directly compared surrogate CVR
assessment based on CO2BOLD MRI using a simple
nasal cannula setup vs PET/SPECT as reference standard
in ten consecutive patients with moyamoya syndrome
undergoing pre-surgical evaluation for EC-IC bypass.

RESULTS
The inter-rater agreement was 0.81 for SPECT (excellent),
0.43 for PET (fair) and 0.7 for CO2BOLD (good). In 9/14
cases, there was a correspondence between CO2BOLD
and PET/SPECT. In 4/14 cases, CVR was over-estimated
in CO2BOLD, while in 1/14 case, CVR was underestimated
in CO2BOLD. The sensitivity of CO2BOLD was 86% and a
specificity of 43%.
CONCLUSION
CO2BOLD can be used for pre-surgical assessment of CVR
in patients with moyamoya syndrome and combines the
advantages of absent irradiation, high availability of MRI
and assessment of brain parenchyma, cerebral vessels
and surrogate CVR in one stop.
Key words: Moyamoya; Vascular reserve; CO2BOLD;
Cerebrovascular reserve
© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Inter-rater agreement of cerebrovascular reserve
(CVR) assessment in CO2BOLD is similar to positron
emission tomography (PET)/single photon emission
computed tomography (SPECT); CO2BOLD has a sensitivity
of 86% and specificity of 43% compared to PET/SPECT;
Overall, CO2BOLD tends to over-estimate reduction in
CVR compared to PET and SPECT as reference standard;
Taking this over-estimation of CO2BOLD into account would
further improve its sensitivity and specificity; CVR can be
assessed using CO2BOLD for pre-surgical evaluation and
follow-up of moyamoya syndrome patients.
Pellaton A, Bijlenga P, Bouchez L, Cuvinciuc V, Barnaure I,
Garibotto V, Lövblad KO, Haller S. CO2BOLD assessment of
moyamoya syndrome: Validation with single photon emission
computed tomography and positron emission tomography imaging.
World J Radiol 2016; 8(11): 887-894 Available from: URL: http://
www.wjgnet.com/1949-8470/full/v8/i11/887.htm DOI: http://
dx.doi.org/10.4329/wjr.v8.i11.887

INTRODUCTION
The term “moyamoya” means puff of smoke and des
cribes the formation of collateral vessels due to highgrade stenosis of the distal internal carotid and proximal
middle cerebral arteries. There are two related forms of
the disease. Moyamoya disease is typically symmetric,
genetically determined, prevalent notably in Japan
[1]
and symptomatic at early stages in most cases . In
contrast, moyamoya syndrome or pattern is typically
asymmetric, caused by a variety of underlying etiologies,
more common in European countries with a prevalence
of 3/1000000 and usually symptomatic only at later
[2,3]
stages of the disease . Extracranial-intracranial (EC-
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This retrospective study was approved by the local
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Table 1 Essential demographic and clinical data of the included patients
No
1
2
3
4
5
6
7
8
9
10
Mean age

Age
53
41
26
15
42
39
51
42
46
58
41.3

Gender

Diagnosis

Etiology

Treatment

PET

SPECT

BOLD

F
F
F
F
F
F
M
F
M
F

Bilateral moyamoya
Bilateral moyamoya
Left moyamoya
Right moyamoya
Bilateral moyamoya
Bilateral moyamoya
Right moyamoya
Right moyamoya
Bilateral moyamoya
Bilateral moyamoya

Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Dissection
Unknown
Unknown
Stenosis

Bypass
Bypass
Bypass
Conservative
Bilateral bypass
Bypass
Bypass
Bypass
Conservative
Bypass
Total

0
1
1
0
0
2
0
0
0
0
4

1
2
1
1
1
0
1
2
1
1
11

1
3
1
1
1
2
1
2
1
1
14

PET: Positron emission tomography; SPECT: Single photon emission computed tomography; F: Female; M: Male.

ethical committee and includes ten consecutive patients
(8 women and 2 men with a mean age of 41 ± 26 years,
see Table 1) with moyamoya syndrome undergoing
14 pre-surgical evaluations for EC-IC bypass between
November 2010 and August 2014. All patients underwent
pre-surgical evaluation for moyamoya syndrome with
SPECT and/or PET as part of their clinical routine workup
as well as MRI. For these 14 pre-surgical evaluations,
we compared the CO2BOLD to the SPECT and/or PET
assessments of the corresponding time point, and the
maximum delay between PET/SPECT and CO2BOLD MRI
was 36 d. Two cases had both SPECT and PET, but only
in one case PET and SPECT were performed at the same
time point. For this case, we compared the CO2BOLD the
consensus of PET and SPECT.

hematomas and susceptibility artifacts from prior
hemorrhage or space-occupying lesions.

PET imaging

PET imaging was performed during routine clinical
assessment using the following parameters: Quantitative
images were created after two intravenous injections of
about 800 MBq of 15OH2 separated by at least 90 min.
The injection of acetazolamide was made 20 min before
the second acquisition. For patients weighing more than
60 kg, 1 g was intravenously administered, for others
the dose was reduced proportionally. The acquisition was
performed on a standard high-resolution PET scanner
with trans-axial images of the brain reconstructed using
filtered back-projection (128 × 128 matrix, 35 slices,
2.34 mm × 2.34 mm × 4.25 mm voxel size) on non–
decay-corrected data. Parametric images were obtained
[13]
following a previously published approach . CVR
maps are generated by comparison of pre- and postacetazolamide images.

MRI

Imaging data were acquired on a clinical routine whole
body 3T MR scanner (MAGNETOM Trio, Siemens
Healthcare, Erlangen, Germany).
We deliberately chose a very simple CO2 challenge,
[11,19]
which was equivalent to previous investigations
. In
essence, the CO2 challenge consisted of a 9 min blockdesign of 1 min OFF, 2 min ON, 2 min OFF, 2 min ON,
2 min OFF (Figure 1). During the ON periods, a readyto use mix of 7% CO2 with synthetic air (in a gas bottle
outside the MR scanner room) was applied using a simple
nasal cannula which was connected using a simple
silicone tube. The MR technician manually started and
stopped the CO2 application at 8 L/min using a standard
clinical flow meter. During the OFF periods, participant
inhaled normal room air. Data acquisition consisted in
a standard echo echo-planar imaging (EPI) covering
the entire brain with the following parameters: 74 × 74
matrix, 45 slices, voxel size 2.97 mm × 2.97 mm × 3.0
mm, TE of 30 ms, TR 3000 ms, 180 repetitions.
A structural 3DT1 sequence was collected for spatial
normalization (256 × 256 matrix, 176 slices, 1 mm ×
1 mm × 1 mm, TE 2.3 ms, TR 2300 ms). Additional
sequences (axial SE T2w and GRE T2*, diffusion tensor
imaging DTI wit 30 directions, fluid attenuated inversion
recovery FLAIR) were acquired and analyzed to rule out
concomitant disease such as ischemic stroke, subdural
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SPECT imaging

SPECT imaging was performed during routine clinical
assessment using the following parameters (known as
“split-dose” protocol): “Baseline images” were acquired 20
min after the intravenous injection of 300 MBq of 99m-TcHMPAO. Subsequently, 1000 mg of acetazolamide were
administered (slow infusion over 5 min) under blood
pressure and heart rate monitoring. Twenty minutes
later, a second dose of 600 MBq of 99m-Tc-HMPAO was
injected and “acetazolamide images” were acquired 20
min after administration. The 2 acquisitions are made on
a triple head gama-camera (Toshiba Medical Systems
Corporation), equipped with fan beam, low-energy, highresolution collimators. Sixty projection over 360 degrees
were acquired. Filtered back projection reconstruction was
done using a 128 × 128 matrix and applying a uniform
Chang attenuation correction. Equivalent to PET, CVR
maps are generated by comparison of pre- and postacetazolamide images.

CO2BOLD data post-processing

The CO2BOLD data were processed with the free FSL
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Figure 1 Schematic representation of the ON-OFF CO2 challenge of 7% CO2 applied via a simple nasal cannula. The magnitude of the CO2 induced change in
the blood oxygenation level dependent (BOLD) response represents the cerebrovascular reserve (CVR).

software (FMRIB Software Library, version 5.0.2.1;
www.fmrib.ox.ac.uk/fsl). The essential processing steps
include motion correction, spatial smoothing (10 mm
filter size) and masking of non-brain voxels using brain
extraction tool (BET, part of FSL). We then calculated
parametric maps of the SURROGATE CVT response using
an adapted ON-OFF regressor, which was convolved
with a square basic shape corresponding to the ON-OFF
CO2 inhalation. This schematic curvature was modified
with a Gaussian convolution where the sigma factor was
change. We calculated the maps with different models
of sigma curvature to take into account delayed vascular
response due to the proximal vascular stenosis. The
delay was varied as 30, 45, 60, 75, 90 and 120 s to
model variable speed of the CO2 induced BOLD response
(Figure 2). Both readers had all 6 maps available for the
comparison between BOLD and PET/SPECT and reported
that they preferentially used the 90 and 120 maps
because the other maps were less informative.

to calculate sensitivity and specificity values of CVR for
the comparison of CO2BOLD vs PET/SPECT. This analysis
was done within the clinical context, i.e., the presence
of at least one territory with a substantial reduction of
CVR is considered as indication for a treatment. This
means that the CVR for both PET/SPECT or CO2BOLD
was considered “reduced” when at least one vascular
territory had a significant reduction of CVR, for example
substantial reduction in left MCA and mild reduction in
left ACA territory. Conversely, the CVR was considered
as normal when no territory had a substantial reduction
of CVR, for example mild reduction in both left ACA and
MCA territories. Based on this classification, we calculated
sensitivity, specificity, positive predictive value, negative
predictive value and accuracy.

RESULTS
Inter-rater agreement

The inter-rater agreement was 0.81 for SPECT (excellent),
0.43 for PET (fair) and 0.7 for CO2BOLD (good).

Visual analysis

The visual analysis of the surrogate CVT maps derived
from CO2BOLD MRI, PET and SPECT images was
independently performed by two neuroradiologists (Figure
3 for an example case) and the ratings were considered
as independent points. All cases and all imaging moda
lities were independently evaluated in four vascular
territories: Left/right anterior cerebral artery (ACA) and
left/right middle cerebral artery (MCA) territory based on
a three point rating system: 0 = no reduction in CVR, 1
= mild reduction in CVR, 2 = severe reduction in CVR.

Correspondence of CVR between CO2BOLD and PET/
SPECT

The correspondence of CVR assessment between CO2
BOLD and PET/SPECT is illustrated in Table 2. In 9/14
cases, there was a correspondence between CO2BOLD and
PET/SPECT. In 4/14 cases, Surrogate CVT was significantly
reduced in CO2BOLD but not in PET/SPECT, while in 1/14
case surrogate CVT was significantly reduced in PET/
SPECT but not in CO2BOLD. Consequently, CO2BOLD tends
to over-estimate the reduction in surrogate CVR compared
to PET/SPECT. The sensitivity of CO2BOLD was 86% and a
specificity of 43%.

Statistical analysis

In a first step, we calculated the inter-rater agreement
between both raters separately for CO2BOLD, SPECT
and PET using Cohen’s kappa statistics with quadratic
weighting.
In a second step, we binarized the results in order
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DISCUSSION
The assessment of surrogate CVR using CO2BOLD and
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Figure 2 CO2BOLD cerebrovascular reserve maps in axial view. To take into account delayed vascular response due to the proximal vascular stenosis, the delay
of the CO2 induced BOLD response was varied from 30, 45, 60, 75, 90 to 120 s. Units = Z value. CVR: Cerebrovascular reserve.
PET

BOLD

SPECT

a simple nasal cannula approach in MRI in the presurgical evaluation and follow-up of moyamoya patients
combines the advantages of: (1) absent irradiation
notably in the context of serial follow-up; (2) minimal
experimental setup; (3) high patient comfort; and (4)
the simultaneous assessment of brain parenchyma
(acute/old vascular lesions), vessels (progression of
vascular stenosis) and CVR in only one imaging session.
The assessment of surrogate CVR in CO2BOLD
compared to the reference standard PET/SPECT pro
vided a good sensitivity of 86% yet a relatively low
specificity of 43%. The relatively high sensitivity is of
particular interest in the clinical context of pre-surgical
evaluation of CVR. CO2BOLD could therefore be used
as a screening modality for reduction of surrogate
CVR in the pre-surgical evaluation and follow-up of
moyamoya patients, and in case of a pathologic result
of CO2BOLD the reference standard techniques PET or
SPECT could be performed in a second step. Moreover,
our results show that CO2BOLD tends to over-estimate
the reduction of surrogate CVR with respect to the
reference standard techniques PET or SPECT. Taking
this knowledge into account during the interpretation
of the CO2BOLD CVR maps could therefore further
improve the sensitivity and specificity of this technique
in the future. Moreover, as the CO2BOLD challenge
includes contributions from CBF, cerebral blood volume,
and oxygenation changes, and is thus more complex
than simple CBF change assessed in PET or SPECT.

T2

Figure 3 Axial images of a sample patient showing reduced cerebrovascular
reserve on the left hemispheric anterior cerebral artery and middle cerebral
artery territories without any diminution of the cerebrovascular reserve in the
cerebellum for positron emission tomography, CO2BOLD and single photon
emission computed tomography and axial T2. The readings for the territories right
ACM, right anterior cerebral artery (ACA), left ACM and left ACA were 0 (normal), 0, 2
(substantial reduction), 2 for reader A and 1, 0, 2, 2 for reader B for PET, 0, 1, 2, 2 and 1,
0, 2, 2 for CO2BOLD and 1, 1, 2, 2 and 1, 1, 2, 2 for SPECT. 0 = no reduction in CVR,
1 = mild reduction in CVR, 2 = severe reduction in CVR Color-scales represent: PET:
Normalized accumulated activity, dimensionless under the assumption that 1 mL of
tissue weights 1 g. BOLD: Statistical Z value, SPECT: Relative counts, normalized
to the mean counts in the cerebellum, dimensionless. PET: Positron emission
tomography; SPECT: Single photon emission computed tomography; BOLD: Blood
oxygenation level dependent.
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respect to these previous investigations, the current
study differs in two main aspects. First, we used a very
simple nasal cannula for CO2 stimulation to obtain a
simple experimental setup which does not interfere with
the other MR imaging sequences yet still allows reliable
CVR map generation. While this approach evidently is not
as accurate as the use of a computer-driven gas blender
and a tight facemask, we consider this as a clinically
acceptable compromise to obtain CVR maps with a
simple and widely applicable setup, which does not
interfere with patient comfort during the acquisition of
the other MRI sequences. Second, we directly compare
the surrogate CVR maps to PET/SPECT as references
standard.
An alternative approach for the assessment of
CVR in MRI is an acetazolamide challenge during ASL
imaging, which was successfully applied in several
[21-25]
recent investigations
. The advantage of ASL is the
estimation of semi-quantitative relative cerebral blood
flow (relCBF) maps. However, the intravenous injection
of acetazolamide is more invasive than the inhalation of
CO2 via a nasal cannula in setup of the current CO2BOLD
study. Advantages of CO2BOLD are the in general higher
signal to noise ratio. Moreover, one BOLD sequence with
ON-OFF CO2 challenge is enough, while ASL usually
requires two sequences before and after intravenous
acetazolamide injection, and a delay between injection
and image acquisition results in an overall longer exam
time. Moreover, transit delay may interfere with ASL
imaging notably in the context of significant vascular
stenosis in moyamoya. Future head-to-head comparison
of CO2BOLD vs acetazolamide ASL are required to
determine which MRI technique has the better test
performance.

Table 2 Concordance between CO2BOLD and positron emission
tomography/single photon emission computed tomography

CO2BOLD pathologic
CO2BOLD normal

PET/SPECT
pathologic

PET/SPECT
normal

6
TP 43%
1
FN 7%
SENS 86%

4
FP 29%
3
TN 21%
SPEC 43%

PPV 60%
NPV 75%
ACC 64%

TP: True positive; TN: True negative; FP: False positive; FN: False negative;
SENS: Sensitivity; SPEC: Specificity; PPV: Positive predictive value; NPV:
Negative predictive value; ACC: Accuracy; PET: Positron emission tomo
graphy; SPECT: Single photon emission computed tomography.

Future direct comparisons of CO2BOLD vs PET or SPECT,
ideally in a larger sample size or model, might assess
the differences between CO2BOLD surrogate CVR and
PET/SPECT CVR in more detail. The inter-rater reliability
of CO2BOLD is in the range of the reference techniques
PET and SPECT.
A few previous investigations already successfully
CVR in moyamoya patients based on BOLD imaging.
[12]
Heyn et al
investigated 11 patients with moyamoya
using a tight-fitting facemask demonstrated good
correlated of CVR maps with conventional angiography
[13]
disease stage. Mandell et al
investigated CVR based
on BOLD in several vascular diseases including 12
patients with moyamoya again using a tight facemask
with a rebreathing bag and found good correlation with
arterial spin labeling (ASL). A follow-up study by the
same group demonstrated that preoperative CO2BOLD
CVR predicts the hemodynamic effect of ECIC bypass
using the same computer-controlled gas blender and
[17]
a tight facemask . The BOLD technique may also be
used to assess treatment effect in pre- vs post-operative
[14]
[15]
moyamoya disease . Han et al
used a computerdriven gas blender and a tight facemask in thirteen
pediatric moyamoya patients and were able to reliably
derive CVR maps. The advantage of tight facemasks and
gas blenders is not only the more accurate delivery of
the CO2 stimulus, but also the possibility of assessment
of the end tidal CO2 concentration for quantification.
An alternative approach for the assessment of CVR is
[20]
[16]
the breath-hold technique . Thomas et al
used a
breath-hold challenge in eight consecutive pediatric
moyamoya patients and found that while all breathhold challenge during general anesthesia resulted in best
quality CVR maps, only 42% of studies without general
anesthesia yielded best quality CVR maps. Finally,
[18]
a previous study Shiino et al
validated CO2BOLD
CVR against acetazolamide SPECT CVR in 17 healthy
subjects and 10 patients with severe ICA steno-occlusive
disease, including 2 patients with moyamoya disease. In
summary, these previous results indicate that CVR maps
can reliably be assessed using tight facemasks while a
simple breath-hold technique might not be sufficient
to obtain high-quality CVR maps in all patients. With
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Limitations

One of the major limitations of the current investigation
is the limited sample size of ten patients with 14 presurgical follow-up investigations. This sample size
should however be considered in light of the very low
prevalence of moyamoya syndrome of 3/1000000
[3]
in European countries . Consequently, the previous
[16]
[12]
related studies discussed above include 8 , 11 ,
[13]
[15]
12 and 13 pediatric patients with moyamoya. It is
also important to note that the vasodilation induced by
acetazolamide is stronger than the vasodilation induced
by the inhalation of CO2 via a simple nasal cannula.
Another factor, which can be discussed, is the application
of the CO2 via a simple nasal cannula instead of the
alternative approach of a tight face-mask that separates
in-flow and out-flow. Such a tight face-mask allows
for a much more precise application and monitoring
of the applied CO2 concentration, however at the cost
of a significantly more complex experimental setup,
reduced patient comfort during the entire scanning also
including anatomic MR sequences and usually increased
[11,19]
motion artifacts. As discussed in detail before
, such
systems are undoubtedly more precise and appropriate
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2

notably for research settings. For example, as we cannot
precisely estimate the degree of hypercapnia achieved
by the CO2 challenge, which can vary from scan to
scan, the current simple nasal cannula technique may
not normalized CVR maps with respect to hypercapnia
to reduce inter-scan variability during serial follow-up.
However, the minimal experimental setup and patient
comfort are in our opinion of paramount importance for
potential widespread clinical applications of CO2BOLD
CVR imaging and arguments in favor of the simple
nasal cannula setup. As described above, the CVR
assessment based on CO2BOLD was validated already in
[18]
2003 yet did not make the transition into widespread
clinical use and instead remains limited to very few
academic centers. This is probably at least in part due
to fact that most previous studies use expensive and
complicated computer-controlled gas blenders and tight
facemasks reducing patient comfort. We deliberately
take into account shortcomings with respect to the
precision of CO2 application and monitoring using the
nasal cannula approach, yet still obtained a CVR map of
diagnostic quality in all cases. This approach was already
successfully applied to study patients with vascular
[11]
stenosis of the internal carotid artery .
The CO2BOLD technique using a simple nasal cannula
approach can be used for pre-surgical assessment of
surrogate CVR in patients with moyamoya syndrome and
combines the advantages of absent irradiation, patient
comfort, simple experimental setup, high availability
of MRI and assessment of brain parenchyma, cerebral
vessels and surrogate CVR in one stop.
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Abstract
AIM
To find accompanying anomalies of typical and atypical
Scheuermann’s disease (SD) is reported in the present
study.

Institutional review board statement: This study was reviewed
and approved by the Ethics Committee of the Gaziosmanpaşa
University School of Medicine (No: 15-KAEK-156).

METHODS
Study included 20 patients (16 men and 4 women) who
had radiological imaging radiography, magnetic resonance
imaging (MRI) and computed tomography, if available,
due to back pain, curved back and low back pain in
November 2011-February 2016 period. Patients were
categorized into typical and atypical patterns based on the
region involved. Thoracic kyphosis values were measured
using real Cobb angle. Accompanying disc degeneration,
herniations and spinal cord pathologies were studied
using MRI.

Informed consent statement: Patients were not required to
give informed consent to the study because the analysis of figures
used picture archiving and communication system.
Conflict-of-interest statement: We have no financial relationships
to disclose.
Data sharing statement: No additional data are available.
Open-Access: This article is an open-access article which was
selected by an in-house editor and fully peer-reviewed by external
reviewers. It is distributed in accordance with the Creative
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RESULTS
Age of the patients ranged from 11.0 to 23.0 (mean 17.2
± 3.0). Typical pattern of SD were detected in 15 patients
while atypical pattern were detected in 5 patients. Cobb
angle range was 40.2-67.2 (mean 55.5 ± 8.7) in typical
Scheuermann’s patients and 24.7-49.9 (mean 36.7 ±
10.8) in atypical ones. Intervertebral level was affected
and had the measures of 3-8 (mean 5.3 ± 1.6) and 7-9
(mean 8.2 ± 0.8) in typical and atypical Scheuermann’s
patients, respectively. Level of degenerative disc disease
in MRI was 1-7 discs (mean 4.1 ± 1.7) in typical patients
and 5-10 discs (mean 7.6 ± 1.9) in atypical patients.
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CONCLUSION
SD can be seen in typical and atypical patterns, typical
being more frequent. Because degenerative disc diseases,
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herniations and cord pathologies such as syringomyelia
can accompany SD (albeit more common in atypical
pattern), it is necessary to evaluate these patients with
plain radiography and MRI together.
55.3°

Key words: Cobb angle; Magnetic resonance imaging;
Juvenile kyphosis; Scheuermann’s disease; Thoracic
kyphosis
© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Scheuermann’s disease (SD) is the most
common cause of degenerative structural thoracic or
thoracolumbar hyperkyphosis associated with back
pain in adolescents and could be observed in typical
and atypical patterns. It manifests itself with successive
endplate irregularities and anterior vertebral wedging
in radiography, and additionally as disc degenerations,
herniations and syringomyelia in spinal cord in magnetic
resonance imaging (MRI). Impairment in intervertebral
distance and disc degeneration are more evident in SD
with atypical pattern. When multiple endplate irregularities
and anterior vertebral wedging are observed in MRI of
patients thought to have thoracolumbar disc pathology,
SD should be considered.

Figure 1 Illustration of Cobb angle in lateral radiography (Patient no: 17).
Cobb angle: 55.3°.

(No. 15-KAEK-156), radiological images of the patients
were obtained from Picture Archiving and Communication
System (PACS, GE). All patients had direct radiographies
and eight of them had cervical, thoracic and lumbar
magnetic resonance imaging (MRI), seven had thoracic
MRI, two of which were contrasted, three had thoracic
and lumbar MRI, one had cervical and lumbar MRI and
one had thoracic MRI and lumbar CT. Based on Sørenson’
s definition in radiological examinations, wedging over an
angle of 5° in three or more vertebrae, kyphosis over 40°
in sagittal plane and irregularities in vertebra endplates
[1]
were considered typical SD . Level of thoracic curve was
determined based on measurement of Cobb angle (real
Cobb angle is the angle between upper and plate of the
most curved vertebra at the top and lower endplates
of the most curved vertebra at the bottom) (Figure 1).
The cases with thoracic involvement only (including
T12-L1 level) were considered typical, whereas ones with
thoracolumbar or lumbar involvement were considered
atypical. Level where the apex of kyphosis was exactly
located was examined. MRI was used to study acco
mpanying degenerative disc disease, herniations and
spinal cord pathologies (syringomyelia, etc.). Signal
reduction of more than 50% in T2 series of intervertebral
discs in MRI was considered in favor of degenerative disc
disease.

Gokce E, Beyhan M. Radiological imaging findings of scheuermann
disease. World J Radiol 2016; 8(11): 895-901 Available from:
URL: http://www.wjgnet.com/1949-8470/full/v8/i11/895.htm DOI:
http://dx.doi.org/10.4329/wjr.v8.i11.895

INTRODUCTION
Scheuermann’s disease (SD) or juvenile kyphosis is the
most common cause of progressive, structural thoracic
or thoracolumbar hyperkyphosis associated with back
[1-3]
pain in adolescents. It has a prevalence of 0.4%-8.0% .
Typical patients are 13-16 years old. Progression is
[1-5]
slow in most cases . Reports about their morbidity
[1,5,6]
frequencies in different genders are varied
. In terms
of radiological examinations, some authors consider the
presence of wedging in at least three successive vertebra
[1]
at an angle of over 5° as diagnosis criterion for SD ,
[7]
while others consider wedging in a vertebra along
[8]
with irregular endplates enough as diagnosis criterion .
Radiological findings of SD are reported in the present
study.

Statistical analysis

The statistics were reviewed and analyzed by an author
of this article. Descriptive analyses were made to gain
information about general features of working groups.
Data regarding continuous variable were given as mean
(±) SD but data regarding categorical variables were
given as n (%). Statistical software was used in statistical
analyses (IBM PASW Statistics 18, SPSS Inc., IBM Co.,
Somers, NY).

MATERIALS AND METHODS
The present retrospective study included 20 patients (16
male and 4 female) who had radiological imaging taken
at Radiology Department of Gaziosmanpaşa University
Medical School due to back pain, curved back and low
back pain complaints in November 2011-February 2016
period. After taking the approval of local ethic committee
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RESULTS
Age of the patients ranged from 11.0 to 23.0 (mean
17.2 ± 3.0). Typical pattern of SD were detected in
15 patients while atypical pattern were detected in 5
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Table 1 Demographic features, Scheuermann’s disease patterns, involved intervertebral levels and their numbers, Cobb angle values,
level of degenerative disc disease and accompanying magnetic resonance imaging findings of patients
Patient

Type Gender Age

1
2
3
4
5

T
T
A
T
T

Male
Male
Male
Male
Male

16
16
18
17
20

6

A

Male

7

T

8
9

Symptoms

No. of
Involved Cobb
affected levels levels
Angle

Disc degeneration
levels

Accompanying findings
T11-T12 diffuse bulging
thoracic scoliosis
Bulging at all levels of lumbar spine
Diffused bulging in T6-7, 8-9, 9-10, 11-12
Bulging in T7-12, increase in lumbar lordosis

3
5
9
5
7

T9-T12
T7-T12
T9-S1
T7-T12
T5-T12

44.1
40.2
49.9
63
66.2

T9-T12
T7-T12
T7-8,T9-S1
T7-T11
T5-T12

14

Back pain
Low back pain
Low back pain
Low back pain
Curved back,
low back pain
Curved back

9

T5-L2

42.3

T5-L2

Male

23

Back pain

8

T5-L1

60.1

T
T

Male
Male

19
17

Low back pain
Back pain

6
6

T7-L1
T6-T12

52
61.7

10

T

Male

17

7

T6-L1

62.1

11
12
13

T
T
A

Male
Female
Male

17
11
16

Curved back,
kyphosis
Scoliosis
Kyphosis
Low back pain

Thoracic syringomyelia, thoracic levoscoliosis,
diffuse bulging in T11-T12
T5-T10 and T12-L1 Bulging in T5-6, T7-T10; syringomyelia from T2
to L1, lumbar levoscoliosis
T7-T11 and T12-L1
Bulging in T8-9 and T10-11
T6-T12
Bulging in T10-11, L4-S1, syringomyelia at
thoracic T9-10
T7-8 single level
Paramedian bulging in T7-8

7
4
7

T6-L1
T5-T9
T7-L2

55
67.2
40.6

None
T5-6, 7-8, 8-9, 11-12
T4-5, T7-L1

14
15

T
A

Female
Male

23
20

Back pain
Low back pain

3
8

T7-T10
T7-L3

50.5
26.3

T7-T10
T3-4, 6-7-8-9, 11-12

16
17

A
T

Male
Female

14
14

8
5

T10-S1
T6-T11

24.7
55.3

T10-L5
T6-9, L1-2

18
19

T
T

Male
Female

16
20

4
3

T5-T9
T7-10

43.3
63.3

T5-9
T7-10

Posterocentral bulging in T9-10
Lumbar levoscoliosis

20

T

Female

16

Low back pain
Low back pain,
scoliosis
Low back pain
Back pain,
scoliosis
Low back pain,
scoliosis

None
Posterocentral protrusion in T11-12
Posterocentral protrusion in T4-5,
syringomyelia at T3-T5 levels
Multiple bulging
Bulging in T7-8; Posterocentral protrusion in
T8-9, 11-12
None
Diffused bulging in T12-L1, L1-L2

7

T5-T12

48.5

T7-9

Posterior bulging in T7-8, T8-9

typical pattern, thoracic region is frequently affected
and is characterized by thoracic kyphosis increase and
wedging in vertebra corpus. This pattern is accompanied
by nonstructural hyperlordosis of cervical and lumbar
[4,6,10]
spine
. SD of atypical pattern (thoracolumbar or
lumbar) has been defined later and is distinguished
from typical one by lack of thoracic kyphosis and evident
[11]
wedging in corpus of vertebrae which is considered to
[6,10,12,13]
be more progressive in adulthood
. Apex of the
kyphosis is lowered at the thoracolumbar junction (T11–
[8,12]
T12) in atypical pattern of disease
. Such pathologies
[8]
account for 25% to 80% of SD . In the present study,
75% of the cases were of typical pattern and 25 were
atypical. No cervical form of SD has been described so far,
which could be due to immobile nature of uncus during
puberty and thus could prevent vertebral endplate from
[8]
mechanical stress . SD of cervical form was not observed
in the present study.
Thoracic kyphosis normally varies between 20 and 45°
based on measurement by Cobb method on a standing
lateral radiograph in which arms are kept in a position 60°
[6,14]
below the horizontal
. Kyphosis normally progresses
by age, and women have slightly higher kyphosis
[6,14]
than men
. Thoracic kyphosis increase is one of the
[1]
diagnostic criteria of typical SD . In the present study,
average value of thoracic kyphosis was 55.5° (range
40.2°-67.2°) in SD patients of typical pattern and it was

patients. Cobb angle varied from 24.7 to 67.2 (mean
50.8 ± 12.7) in all patient population, while typical cases
had Cobb angles from 40.2 to 67.2 (mean 55.5 ± 8.7)
and atypical ones from 24.7 to 49.9 (mean 36.7 ± 10.8).
Number of affected intervertebral levels in whole patient
group varied from three to nine. In typical SD cases,
range of affected levels was 3-8 (mean 5.3 ± 1.6) and
in atypical ones 7-9 (mean 8.2 ± 0.8). Degenerative
disc disease was at 1-7 level in typical SD cases (mean
4.1 ± 1.7) and 5-10 (mean 7.6 ± 1.9) in atypical ones.
Demographic features of the patients, involvement levels
and numbers, Cobb angles, degenerative disc disease
and accompanying MRI findings were given in Table 1.
Radiological images of SD patients with typical pattern
were given in Figures 2-5, and those of SD patients with
atypical pattern were given in Figures 6-10.

DISCUSSION
SD has been defined by Holger Werfel Scheuermann,
a radiologist, in 1920 and has also been known as
osteochondritis juvenile dorsi or kyphosis dorsalis
[4,9]
juvenilis . In SD, which leads to rigid kyphosis of
vertebra, lower thoracic and upper lumbar regions are
affected. It could involve a few vertebra segments or
[4]
the whole vertebra . Two patterns have been defined
[10]
in SD based on affected area of vertebra . In more

WJR|www.wjgnet.com

897

November 28, 2016|Volume 8|Issue 11|

Gokce E et al . Radiological imaging findings of scheuermann disease

A

B

C

A

B

C

D

D

Figure 2 Seventeen years old patient with typical Scheuermann’s disease
(Patient no: 9). Sagittal plane (A) T2 weighted (B) T1 weighted (C and D) axial
plane T2 weighted magnetic resonance imaging A and B: Kyphosis with apex
facing to T9 vertebra (Cobb angle 61.7°), irregularities more evident in central
part of T6-T12 endplates (white arrows) and disc degeneration are shown at
these levels; C and D: Syrinx in medulla spinalis at thoracic 9-10 levels (black
arrows).

A

B

Figure 5 Twenty three years old male patient with typical Scheuermann’s
disease (Patient no: 7). (A and B) Thoracic sagittal plane (C and D) axial plane
T2 weighted magnetic resonance imaging. A and B: Irregularities in endplates
(white arrows), degenerations in discs slight syringomyelia in spinal cords are
shown; C and D: Hyperintensity due to syrinx (black arrows) in spinal cord and
diffused bulging are shown.

C

A

B

D
C

Figure 3 Nineteen years old male patient with typical Scheuermann’s
disease (Patient no: 8). Sagittal plane (A) T2 weighted (B) T1 weighted (C and
D) axial plane T2 weighted magnetic resonance imaging A and B: Kyphosis
with apex facing to T9, irregularities in T7-L1 endplates and disc degeneration
at these levels (except for T11-12) (white arrows) are shown; C and D: Bulging
is demonstrated at thoracic 8-9 and 10-11 levels (white arrows).

A

Figure 6 Eighteen years old male patient with atypical Scheuermann’s disease
(Patient no: 3). (A) Sagittal reformatted (B and C) axial plane computerized
tomography. A: Evident irregularities and Schmorl nodules in thoracic, lumbar
and sacral endplate surfaces (black arrows), anterior wedging in vertebra
corpuses (white arrows) are shown; B and C: Endplate irregularities in axial
plane CT images (white arrows) and Schmorl nodules (black arrows) are
shown.

B

elevated. Average thoracic kyphosis value in SD patients
of atypical pattern, on the other hand, was 36.7° and
were within normal limits except for one patient who had
[10]
elevated level (49.9°). Tyrakowski et al reported that
apex of kyphosis was between T6 and T9 in SD patients
of typical pattern while between T10 and L2 levels in
patients of atypical pattern. Similar to the findings of
[10]
Tyrakowski et al , apices of kyphosis in SD patients with
typical pattern were between T6 and T9 in the present
study. However, unlike their results, apices of kyphosis in

Figure 4 Twenty-three years old male patient with typical Scheuermann’s
disease (Patient no: 7). A: A scoliosis radiography demonstrating scoliosis
with opening facing to right (white arrow) in lumbar axis; B. Lateral radiography
of kyphosis with apex facing to T7 vertebra in thoracic spinal axis (Cobb angle
60.1°) and irregularities in thoracic endplates are shown.
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A

B

A

C

B

D

Figure 9 Fourteen years old male patient with atypical Scheuermann’s disease
(Patient no: 6). (A) Thoracic (B) lumbar sagittal plane T2 weighted magnetic
resonance imaging A: Elevated kyphosis at lower thoracic level, endplate
irregularities and disc degenerations starting at T5 level (white arrows) and
syringomyelia on thoracic spinal cord (black arrow) are demonstrated; B: Evident
degenerative irregularities and disc degenerations (white arrows) in lower thoracic
and upper lumbar endplates are shown.

Figure 7 Eighteen years old male patient with atypical Scheuermann’s
disease (Patient no: 3). Sagittal plane (A) T2 weighted (B) T1 weighted (C and
D) axial plane T2 weighted magnetic resonance imaging A and B: Thoracic 7-8,
T9-L2 endplate irregularities, Schmorl nodules (white arrows) and degeneration
signals in discs are shown; C and D: Posterior central protrusion (white arrow)
and diffused bulging are shown.

A

A

B

C

B

T11

Figure 10 Fourteen years old male patient with atypical Scheuermann’s
disease (Patient no: 16). (A) Lateral radiography (B) Thoracic and (C) Lumbar
sagittal plane T2 weighted magnetic resonance imaging. A: Anterior wedging
in corpuses of lower thoracic and upper lumbar vertebrae (white arrows), and
lower thoracic and lumbar endplate irregularities (black arrows) are shown; B
and C: Lower thoracic and lumbar endplate irregularities (white arrows) and
disc degenerations are demonstrated.

Figure 8 Fourteen years old male patient with atypical Scheuermann’s
disease (Patient no: 6). A: Slight scoliosis with opening facing towards right in
lumbar axis is shown in a scoliosis radiography (white arrow); B: Kyphosis with apex
facing towards T11 level, and successive thoracic and lumbar endplate irregularities
are demonstrated in a lateral radiography.

SD patients of atypical pattern were between T9 and L1
levels. In typical pattern SD cases in the present study, it
was found that three to eight involvement were detected
between T5 (inferior endplate) and L1 vertebra (superior
endplate). SD cases of atypical pattern, on the other
hand, had endplate involvements varying from seven
to nine levels between T5 (inferior endplate) and S1
(superior endplate) of vertebra. Therefore, although our
population was relatively small, it could be stated that a
higher number of levels in a larger interval are affected in
SD patients with atypical pattern compared to the ones
with typical pattern.
Most SD patients get diagnosis towards the end
of juvenile stage, around 8-12 years of age, when
the disease has already caused more rigid and severe
[15]
deformities depending upon age . In our patient
population, the youngest age of presentation was 11 and
the oldest was 23 years. Despite the presence of some

WJR|www.wjgnet.com

studies reporting that prevalence of SD is about the same
in both genders, there are also studies reporting higher
[1,5,6,16]
incidence in males
. In the present study, male
patients constituted the majority of the cases (80%).
Etiology of SD still remains largely unknown. Among
the several theories proposed are elevated levels of
growth hormone release, impaired collagen fibril form
ation and, as a consequence, weakening in vertebral
endplates, juvenile osteoporosis, vitamin A deficiency,
[5,6,16,17]
trauma, epiphysis and poliomyelitis
. Recent
studies report major effects of genetic background for the
[3,8,18,19]
disease
. Disorganized endochondral ossification,
collagen decrease and mucopolisaccaride increase in
vertebral endplates have been reported in histopathology
[6]
of SD . As secondary to these, intervertebral discs can
be influenced due to low quality endplate development,
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which could in turn pave the way for the degenerative
[4,8]
disease . SD frequently has a benign prognosis and
can lead to small deformities and symptoms. Back pain
and fatigue are the most common complaints during
the development, which generally clears after skeletal
[6]
maturity . Disc impairment or inflammatory lesions of
SD can cause pain especially at the apices of kyphosis.
Muscular tension after long-term sitting or movement
often induces lumbar pain. Lumbar pain may also
be result of spine damage due to disc herniation or
[4,8,20]
spondylolysis
. Deformities are usually noticed during
school age. An increase can be seen in lumbar lordosis
[4]
and cervical lordosis to offset the kyphosis occurred .
Treatment of patients with Scheuermann’s kyphosis is
decided based on the degree of kyphosis and maturity
[4]
of the patient . For patients with kyphosis between 55°
and 80°, brace treatment is almost fully successful with
diagnoses made before skeletal maturity. Symptomatic
SD patients with kyphosis greater than 80° in the thoracic
spine or 65° in the thoracolumbar spine cannot be
treated successfully without surgery. Surgical treatment
is needed in adolescents and young adults when there is
deterioration, refractory pain, and loss of sagittal balance
[6]
or neurologic involvement . In adults, progressive
kyphosis with pain has been reported to generally occur
as a result of SD with thoracolumbar pattern rather
[16]
than with thoracic pattern . There are studies in the
literature reporting increase in the prevalence of back
[5,21]
pain in SD with classic thoracic pattern
. Ristolainen et
[21]
al found that low back pain increased by 2.5-fold in SD
patients compared to healthy controls. Similarly, Murray
[5]
et al reported much higher frequency of thoracic
back pain in SD patient population (28%) compared to
healthy controls (3%). Both groups found no association
between back pain and the degree or level of apex of
[5,21]
kyphosis
.
[1]
Sørensen described radiographic criteria for typical
SD including anterior wedging greater than 5° in at
least three adjacent vertebral bodies. Schmorl’s nodes,
irregularity and flattened vertebral endplates, narrowed
intervertebral disc spaces and anteroposterior elongation of
the apical vertebral bodies are other associated radiological
[13]
features of SD. Blumenthal et al , on the other hand,
described the criteria for atypical SD, including wedging
in one or two vertebral bodies, changes in vertebral
endplate, narrowed disc space and anterior Schmorl
nodes. MRI features of atypical SD have been described
[11]
by Heithoff et al , and they include narrowed disc space,
disc dehydration, endplate irregularity, wedging in edges
of anterior vertebral body and appearance of Schmorl
nodes. The authors concluded that at least three of these
criteria are needed to make SD diagnosis. Some studies
reported associations between variations in SD types in
vertebra and degenerative lumbar disease in younger
[11,22,23]
[22]
patients
. In the study by Paajanen et al , 55% of
the SD patients had thoracolumbar disc disease based on
MRI findings. The finding in the present study that 93.3%
of SD patients with typical pattern (Figures 2, 3 and 5)
and 100% of patients with atypical pattern (Figures 7, 9
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and 10) had degenerative disc disease suggests that SD
paves the way for degenerative changes.
Disc degeneration was observed at all levels affected
by the disease with both typical and atypical patterns in
the present study. In addition, other levels also had disc
degeneration to some extent. It seems that compared to
SD with typical pattern, SD with atypical pattern affects
more levels and facilitates degenerative disc disease to a
higher degree. This fact implies that in younger patients
for whom thoracolumbar MRI is required for degenerative
disc disease especially when endplate irregularities are
detected in a number of successive levels, SD should be
strongly considered in differential diagnosis.
About one third of SD patients have scoliosis at
varying degrees. It is known that spondylolysis or spondy
lolisthesis are more frequent in SD patients, a fact which
might account for their low back pain. Some degree of
degenerative spondylosis is observed mainly in apex
of kyphosis in adults and is the cause of most back
[6,22]
pain in these patients
. In untreated Scheuermann’s
kyphosis, secondary complications such as neurological
problems, dural cysts or thoracic disc herniation have been
[6,16,24,25]
described though in limited number of patients
.
In the present study, on the other hand, only a quarter
of the patients had scoliosis (Figures 4 and 8) and none
had spondylolysis or spondylolisthesis. MRI had been
requested in 80% of our cases due to upper or lower
back pain. Disc herniation (mostly bulging) was detected
at levels ranging from 1 to 5 in 80% of cases. Average
number of herniations was roughly the same in SD
patients of typical and atypical pattern (2.4 ± 1.3 and
2.5 ± 1.9, respectively). No neurological complications
secondary to herniations were detected in any patients.
The major limitations of the present study were
limited number of cases studied retrospectively, unequal
number of typical and atypical cases, relatively limited
length of study, and use of only radiological evaluations.
In conclusion, SD could be seen in typical and aty
pical patterns. Since degenerative diseases accompany
SD, especially atypical pattern, when irregularities are
detected in successive endplates in patients for whom
spinal MRI is requested for disc pathology pre-diagnoses,
radiologists should consider SD.
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Scheuermann’s disease (SD) is a progressive disease associated with back
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patterns. Diagnosis of SD is made by radiological methods along with clinical
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Since SD is frequently accompanied by degenerative disc diseases especially
in atypical pattern, SD should be considered when successive endplate
irregularities are observed in patients for whom spinal MRI is requested with
disc pathology pre-diagnosis.
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Innovations and breakthroughs

The present study revealed that more intervertebral levels were affected in SD
with atypical pattern compared to SD with typical pattern [7-9 (mean 8.2 ± 0.8)
and 3-8 (mean 5.3 ± 1.6), respectively]. Similarly, degenerative disc disease
also affected more levels in SD with atypical pattern [5-10 (mean 7.6 ± 1.9)]
compared to SD with typical one [1-7 (mean 4.1 ± 1.7)].
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Applications

In addition to radiography findings, spinal pathologies such as discal
degenerations, herniations and syringomyelia could be evaluated using MRI.
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Terminology

Typical SD: It is a progressive disease of unknown cause accompanied by
juvenile dorsal kyphosis, and is characterized by successive endplate irregularities
in thoracic vertebrae and anterior vertebral wedging; atypical SD: It is the pattern
of SD lacking evident thoracic kyphosis and vertebral wedging, characterized by
successive endplate irregularities in lower thoracic and lumbar vertebrae, Schmorl
nodules and disc degeneration.
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This manuscript reported the imaging findings of patients having the Scheuer
mann’s diseases. There are 20 patients in the study and both MRI and CT images
were investigated. This is a serious work with detailed description.
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