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Abstract

BACKGROUND

Proton magnetic resonance spectroscopy (*H MRS) is a technique widely used for
investigating metabolites in humans. Lipids are stored outside the muscle cell are
called extramyocellular lipids (EMCL), and lipids stored on the inside of muscle
cells are called intramyocellular lipids (IMCL). The relationship between
metabolic syndrome and IMCL has been extensively studied.

AIM
To determine the effects of muscle fiber orientations on muscle metabolites using
"H MRS.

METHODS

Chicken muscles were used as the subject in this study. MRS spectra were
performed on a 1.5T Magnetic resonance imaging machine (1.5 Tesla Philips
Achieva). A single voxel (8 mm x 8 mm % 20 mm) was placed on the chicken
extensor iliotibialis lateralis muscle with the muscle fiber oriented at 0°, 30°, 60°,
and 90° to the main magnetic field. 'H MRS spectra were acquired using a point-
resolved spectroscopy, TR = 2000 ms, TE = 30 ms, and NSA = 256. Metabolites of
interest from each orientation to the main magnetic field were compared using
Wilcoxon signed-rank test. Differences less than 0.05 were considered to be
statistically significant with 95%CI.

RESULTS

The metabolite profiles were different for each orientation of muscle fibers to the
main magnetic field. The orientation at 90° was the most different compared to
other orientations. The quantity of IMCL and EMCL exhibited statistically
significantly changes with impacts at 30°, 60°, and 90° when compared with
muscles aligned at 0° to the main magnetic field. Statistical analysis showed
statistically significant IMCL (CH,), EMCL (CH,), and IMCL (CH,) at 30°, 60°, and
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90° (P =0.017, 0.018, and 0.018, respectively) and EMCL (CH,) at 30° and 60° (P =
0.017 and 0.042, respectively). EMCL (CH,) at 90° was unable to be measured in
this study. The muscle lipids quantified at 30°, 60°, and 90° tended to be lower
when compared to 0°.

CONCLUSION

Careful positioning is one of the most important factors to consider when
studying 'H MRS metabolites in muscles to ensure reproducibility and
uniformity of muscle metabolite spectra.

Key words: Proton magnetic resonance spectroscopy; Metabolite; Muscle fiber
orientation; Intramyocellular lipids; Extramyocellular lipids; Magnetic susceptibility

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Proton magnetic resonance spectroscopy (*H MRS) is a technique that is widely
used for intramyocellular lipids and extramyocellular lipids quantification in muscles, as
evidenced in various studies. However, different muscle positions can potentially lead to
inconsistency in metabolite quantification and can also impede interpretation of data,
which can lead to misinformation. This study reveals that the muscle orientation at 0°,
30°, 60°, and 90° to the main magnetic field significantly affects the metabolite profile
and quantification. The metabolite profile changes due to the muscle fiber orientation
demonstrate that the positioning potentially causes inaccuracy in "H-MRS spectrum
analysis.

Citation: Pasanta D, Kongseha T, Kothan S. Effects of muscle fiber orientation to main
magnetic field on muscle metabolite profiles for magnetic resonance spectroscopy
acquisition. World J Radiol 2019; 11(1): 1-9

URL: https://www.wjgnet.com/1949-8470/full/v11/i1/1.htm

DOI: https://dx.doi.org/10.4329/wjr.v11.il.1

INTRODUCTION

Proton magnetic resonance spectroscopy (*H MRS) is a technique widely used for
investigating metabolites in humans. With insulin resistance, the body stores more
lipids in various compartments of organs that normally do not contain fat, such as the
liver and muscles. The lipids stored outside muscle cells are called extramyocellular
lipids (EMCL), and lipids stored inside muscle cells are called intramyocellular lipids
(IMCL). Various studies have shown that IMCL levels are inversely associated with
type II diabetes. It is also thought that this relationship is the cause of skeleton muscle
insulin resistance and may be an early sign of defective glucose uptake!"’l. The
relationship between metabolic syndrome and IMCL has been studied extensively.
Unlike muscle biopsy, "H MRS is a noninvasive technique suitable for studies that
require constant follow-ups and has been popular for use in metabolomics research.
Ectopic fat accumulation among various organs, specifically IMCL, is being
investigated to gain a better understanding of the pathological mechanisms!!. The '"H
MRS in muscle is usually performed in lower extremity muscles, such as the tibialis
anterior, soleus, and gastrocnemius, due to their accessibility for MRI positioning.
Nevertheless, much research demonstrates that muscle "H MRS is influenced by the
positioning of the organ of interest!**l. It has also been discovered that the orientation
of muscle with respect to the direction of the main magnetic field (B,) affects residual
dipolar coupling and bulk magnetic susceptibility on spectra profiles, leading to
inconsistencies of metabolite quantification. Hence, it can impede the interpretation
and therefore lead to misinformation!”. Muscle fiber orientation can be determined
from dipolar coupling; however, this is an indirect method for measuring muscle fiber
orientation!".

Currently, there are no studies that directly measure muscle alignment to B, or how
the muscle fibers are aligned to B, as it is impossible to measure the exact angle of
muscle to By in humans.

The purpose of this study is to determine the effects the muscle fiber angle to B, has
on the spectrum profile and to obtain muscle lipid quantification without the effect of
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muscle contraction. This study used extensor iliotibialis lateralis muscles from chicken
thighs as the muscle of interest. Because it is an upper muscle, it is able to give a clear
visualization of the muscle fiber alignment to B,.

MATERIALS AND METHODS
Study subjects

Chicken extensor iliotibialis lateralis muscle was used in this study. A chicken thigh
was purchased at local store and was properly skinned, carefully avoiding any muscle
tissue. Next, the chicken thigh was placed into a sterile package and stored at 4°C
until the time of study.

Data acquisition and analysis

Magnetic resonance imaging with a 1.5 Tesla Philips Achieva (Philips Medical
Systems, Best, the Netherlands) equipped with a knee coil was used for the 'H MRS
spectrum acquisition. The chicken extensor iliotibialis lateralis muscle fiber alignment
was used as the reference point and placed in the middle of the coil, positioned at 0°,
30°, 60°, and 90° to B,. T2-weighted turbo spin echo images in coronal plane and axial
plane of muscle were first acquired for voxel localization. Single-voxel point resolved
spectroscopy pulse sequence was used for spectrum acquisition with TR = 2000 ms,
TE = 30 ms, and NSA = 256 when equipped with automatic shimming. A voxel of size
8 x 8 x 20 mm® was carefully placed on the iliotibialis lateralis muscle, carefully
avoiding any other muscle fasciae, bulk fat, and air, with verification being obtained
from MRI images. Spectra acquisition was repeated 7 times at each angle. All of the
spectra in this study were acquired within two hours.

JMRUI version 6.0 B was used for metabolite peak assignment and analysis""'l.
Spectrum fitting was done by the AMARES algorithm!'? with prior knowledge for line
width, and chemical shifts of each peak were obtained from previous studies!"’l.
Residual water tail was used as the chemical shift reference at 4.72 ppm and then was
suppressed with an HLSVD filtering algorithm!*. The spectrum line shape was
estimated with Lorentzian. The zero order phases were estimated by AMARES, and
first order phase was fixed at zero with data being truncated by two points for
baseline correction. The fitted spectrum showed various peaks of metabolites of
interest in the following manner: IMCL (CH,) at 0.9 ppm, EMCL (CH,) at 1.1 ppm,
IMCL (CH,) at 1.3 ppm, EMCL (CH,) at 1.5 ppm, and creatine (Cr) at 3.02 ppm. IMCL
and EMCL amplitudes fitted by AMARES were calculated into the ratio per signal
intensity of Cr as the internal reference.

Statistical analysis

The data analysis was performed using Origin 8.0 software (OriginLab, Northampton,
MA, United States). The calculated results of spectrum fitting at 0°, 30°, 60°, and 90° of
muscle fiber orientation to B, were compared using Wilcoxon signed-rank test.
Statistically significant differences were those less than 0.05, and there was a 95% level
of confidence based on this testing. Any metabolite that was undetectable or any
measurement that yielded unreliable results by JMRUI was excluded from the
statistical analysis.

RESULTS

Chicken muscle spectra were acquired with a carefully placed voxel on the iliotibialis
lateralis muscle, avoiding other muscle fasciae, bulk fat, and air, at different angles to
B, (Figure 1). In previous nuclear magnetic resonance studies, the chicken pectoral
muscle tissue showed similar spectra and lipid chemical shifts to that of human
muscles!”™. In this study, metabolites of interest were assigned with IMCL (CH,) at 0.9
ppm, EMCL (CH,) at 1.1 ppm, IMCL (CH,) at 1.3 ppm, EMCL (CH,) at 1.5 ppm, and
Cr at 3.02 ppm. This was then quantified with an AMARES algorithm provided by a
JMRUL

The representative spectra profile shown in Figure 2 clearly reveals that muscle
spectra were affected by relative muscle fiber orientation to B,. The spectrum profile
at 0° show more well-defined EMCL and IMCL spectra in both the CH, and CH,
groups. The line widths of IMCL and EMCL in both CH, and CH, groups appear to be
broadening, with an increasing angle of muscle alignment to B, resulting in
overlapping peaks. Additionally, the spectra at 30°, 60°, and 90° appeared to have
smaller signal intensity and higher noise when compared to the spectra from 0°, as
they were multiplied by a factor of 2. However, Cr at 3.02 ppm remained unaffected
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Figure 1 Chicken’s extensor iliotibialis was used to perform muscle quantification for muscle metabolites by
proton magnetic resonance spectroscopy. A: Skinned chicken thigh showing the extensor iliotibialis lateralis
muscle fiber orientation (in the yellow marked area) at various angles (0°, 30°, 60°, and 90°) with regard to the main
magnetic field (B,); B: T2-weighted turbo spin echo MRI images show areas of proton magnetic resonance
spectroscopy voxel placement. B: Main magnetic field direction.

at every angle. The spectrum profile of orientation at 90° was the most different
compared to other orientations. Figure 3 shows the muscle spectrum at 30°, 60°, and
90° subtracted by the baseline at 0°, which revealed drastically different spectrum
profiles with alterations in each angle of muscle fiber from the residual form spectra
subtraction.

The AMARES algorithm with prior knowledge was performed by spectrum fitting
into individual metabolites. Figure 4 shows that the quantification results obtained for
EMCL (CH,) at 1.5 ppm were undetectable for any spectra obtained from 90°
orientation and that EMCL (CH,) was undetectable from 2 spectra at 60°. It appears
likely that the spectrum peak broadening made it difficult to differentiate metabolite
peaks. The IMCL (CH,), EMCL (CH,), IMCL (CH,), and EMCL (CH,) were then
calculated into a ratio to Cr as the internal reference in each spectrum acquired. The
Wilcoxon signed-rank test was used for statistical analysis of lipid ratios to Cr at 0°
and to other angles with P-values < 0.05. Lipid ratios to Cr were significantly different
when comparing spectra at different orientations to 0° (Table 1). However, at 90°, the
EMCL (CH,) peak could not be determined and was excluded from statistical
analysis. EMCL and IMCL ratios to Cr were normalized by the mean lipid ratio at 0°
to access the differences in ratios when compared to the relative muscle fiber
orientation at 0°. The bar graph in Figure 5 demonstrates that the lipid ratios at
different angles tended to be lower when compared to lipid ratios obtained at 0°. The
comparisons between 0° and at 30°, 60°, and 90° were performed with Wilcoxon
signed-rank test and were found to be significantly different from EMCL and IMCL
ratios that were obtained from orientations at 0° in every muscle orientation (P-value
<0.05).

DISCUSSION

Muscle 'H MRS spectra are known for their unique characteristics, such as dipolar
coupling and bulk magnetic susceptibility. Bulk susceptibility was observed to be
involved with separation of the EMCL and IMCL peaks, while residual dipolar
coupling influenced the resonance of Cr and phosphocreatine. Both dipolar couplings
and bulk magnetic susceptibility are orientation dependent. The dipolar coupling
effect the aqueous metabolite, while the bulk magnetic susceptibility effects are seen
on orientation-dependent structures such as EMCL.

Bulk magnetic susceptibility is an effect that depends on orientation and tissue
type, causing nuclei to differently experience the magnetic fields from the external
B,l"l. Our study has shown that the effects of bulk magnetic susceptibility are caused
by orientation with B,. The IMCL and EMCL qualification was affected by the muscle
orientation to B,. Bulk magnetic susceptibility plays an important role in
differentiating IMCL and EMCL resonance peaks, and causes wider spectrum bands,
leading to shifts of resonance peaks that can affect the EMCL resonance. The results of
the EMCL/Cr ratios in this study appear to be consistent with wider standard
deviation (SD) values that are obtained when compared to IMCL/Cr taken from the
same angle to B,.

In this study, the spectra obtained at the other angles appear to have smaller
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Chemical shift (ppm)

Figure 2 Original proton magnetic resonance spectroscopy spectra at different angles. Muscle spectra at 0°
are shown with spectra oriented at 30°, 60°, and 90° multiplied by a factor of 2. The spectrum at 0° showed the most-
well defined lipid peaks IMCL (CH,), EMCL (CH,), IMCL (CH,), and EMCL (CH,). EMCL: Extramyocellular lipids;
IMCL: Intramyocellular lipids.

amplitudes when compared to those taken at 0°. Cr is able to pass through cell
membranes and therefore is not affected by muscle alignment with the main magnetic
field. EMCL is more affected by positioning because of the EMCL environment, which
is attached to muscle fiber, and because it is orientation dependent. IMCL can rotate
in muscle cytosol in an aqueous state and can therefore average bulk magnetic
susceptibility effects!'>'”l. In this study, spectrum profiles were different for each
orientation of muscle fibers to the main magnetic field. The results suggest that the "H
MRS spectrum was affected not only by pennation angle, as observed in earlier
studies” but also by the relative muscle alignment to B,

Any prior knowledge concerning AMARES algorithms is known to improve
metabolite quantification, but it also potentially causes error if the spectrum that was
fitted is not a typical spectrum profile. A possible explanation for these results may be
because the prior knowledge in the algorithm was obtained from typical human
muscle spectrum, while spectrum profiles taken from various positions and
orientations of muscle will tend to have peaks that are overlapped, and therefore are
almost indistinguishable. This is particularly true for IMCL and EMCL resonance
frequencies that were affected by bulk magnetic susceptibility.

These changes in spectrum profiles lead to inaccuracies in metabolite
quantification. Different positions with the same qualification algorithms can lead to
inaccuracies in metabolite quantification as well. This phenomenon occurs because
prior knowledge and the metabolite qualification of metabolites was taken from
typical orientations or from a muscle that almost parallels the main magnetic field,
such as the tibialis anterior. It is impossible and unlikely to obtain a typical spectrum
or prior knowledge from each and every angle. Additionally, the metabolites need to
be studied in various muscles for various reasons, especially in deep muscles that are
difficult to biopsy. It is important to set a universal standard for muscle orientation in
"H MRS or to obtain a typical spectrum for each muscle of interest to reduce any
potential errors and to increase reproducibility.

However, this study observed only small changes from Cr at 3.02 ppm, which was
possibly caused by the group rotation of a Cr methyl group that averages these effects
out. While phosphocreatine peaks occurred at 4.1 ppm, there were no splitting peaks
from any residual dipolar coupling effects. In agreement with previous studies, the
residual dipolar coupling vanished after 1-2 h postmortem. This was approximately
the same time at which phosphocreatine depletion occurred from energy failure!'"l.
Our results demonstrated that bulk magnetic susceptibility may play a vital role in the
separation and qualification of IMCL and EMCL, without the effects being caused
from muscle contraction and residual dipolar coupling.

This present study also indicates the effects of muscle orientation on 'H MRS
spectrum data acquired from clinical field evidence and from other species. These
results agree with the findings of other studies!"” in that bulk magnetic susceptibility
is not exclusively seen in human muscles but is also found in both other mammals
and poultry. This tendency occurs even when considering any observed bulk
magnetic susceptibility that persists even for postmortem 'H MRS muscle spectra. A
limitation of this pilot study that needs to be acknowledged is that the sample size is
relatively small, and data were acquired from chickens with no diet control prior to
the study. Additionally, there have been no previous studies done on any of the
factors that affect IMCL and EMCL levels in chickens. Furthermore, prior knowledge
for AMARES algorithms was obtained from human muscles, which can potentially
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Baseline

0°-0°

30°-0°

60°-0° "’\/\/Mfw\f—-u

90°-0°

Chemical shift (ppm)

Figure 3 Muscle metabolite spectra at 30°, 60°, and 90° subtracted from baseline set at 0°. Muscle spectra at
30°, 60°, and 90° without multiplied factors are subtracted from spectrum baseline at 0°.

cause quantification errors.

After taking these variables into account, these findings confirm previous findings
and provide additional evidence suggesting that muscle spectra can be affected by the
relative muscle orientation to the main magnetic field. Taken together, these findings
indicate that these variables of muscle orientation must be taken into consideration.
There are limitations in this study, such as the small number of samples and the small
size of chicken muscles compared to human muscle. In conclusion, the metabolite
profile changes are due to the muscle fiber orientation, which demonstrates that
positioning potentially causes inaccuracies in 'H-MRS spectrum analysis.
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Table 1 The median (25"-75" percentile) values of IMCL (CH,), EMCL (CH,), IMCL (CH,), and EMCL (CH,) ratios to creatine with the

muscle positioned at 0°, 30°, 60°, and 90° to the main magnetic field

Metabolite
Angle
IMCL (CH,), 0.9 ppm Pvalue EMCL (CH,),1.1 ppm Pvalue IMCL (CH,),1.3ppm Pvalue EMCL (CH,),1.5ppm P value
0° 1.44 (1.36-1.47) - 4.25 (4.22-5.35) - 2.96 (2.53-2.99) - 3.08 (2.09-3.46) -
30° 0.80 (0.77-0.81) 0.017° 1.23 (1.16-1.33) 0.017° 0.55 (0.46-0.60) 0.017° 0.28 (0.04-0.44) 0.017°
60° 1.15 (0.86-1.19) 0.018" 2.03 (1.69-2.08) 0.018" 0.77 (0.68-0.91) 0.018" 0.04 (0.04-0.11) 0.042°
90° 0.64 (0.62-0.64) 0.018" 1.29 (1.27-1.32) 0.018° 0.30 (0.72-0.31) 0.018" = -

The P-value shows the comparison between the metabolite ratios to creatine at 0° vs the different angles, as determined by Wilcoxon signed-rank test (n =
7). Data are expressed as medians (2575t percentiles).

P-value < 0.05, significantly different.

EMCL: Extramyocellular lipids; IMCL: Intramyocellular lipids.

IMCL (CH,)

EMCL (CH,) EMCL (CH3)
/ 3
__IMCL (CHs)
0° w1 Creatine

~ IMCL (CH, EMCL (CH;)
Creatine~__ EMCL IMCL (CH5)

300 %38 (CH,
IMCL (CH,) EMCL (CH;)
Creatine\ EMCL ™ —IMCL (CHy)

60°  x3.8 (CH

) IMCL (CH,) EMCL (CH;)
o0 ‘38 Creatine ~__ /\ V= ML (cHy)
Il Il 1 Il Il Il 1 1

6 5 4 3 2 1 0 -1
Chemical shift (ppm)

Figure 4 Metabolites identified by AMARES algorithm. Metabolites are shown in the following quantities: IMCL (CH,) at 0.9 ppm, EMCL (CH,) at 1.1 ppm, IMCL
(CH,) at 1.3 ppm, EMCL (CH,) at 1.5 ppm, and creatine at 3.02 ppm. At 30°, 60°, and 90°, spectra were shown by a factor of 3.8. Spectrum of muscle positioned at
90° to the main magnetic field was unable to be identified for EMCL (CH,) at 1.5 ppm. EMCL: Extramyocellular lipids; IMCL: Intramyocellular lipids.

. 0°

120

100

Ratio to 0°
[o2) o
o o

D
o

N
o

o

IMCL (CH;) EMCL (CH,) IMCL (CH,) EMCL (CH,)

Figure 5 Metabolites at different angle ratios to muscle metabolite at 0°. Each lipid (IMCL (CH,), EMCL (CH,), IMCL (CH,), and EMCL (CH,)) was calculated as
a ratio to creatine and then was normalized with the average of lipid/Cr ratio set at 0°. At 30°, 60°, and 90°, there was a tendency for the ratio to decrease when
compared to 0°. The comparisons between 0° and the different angles were performed using Wilcoxon signed-rank test with *P-value < 0.05 being significantly
different. Cr: Creatine; EMCL: Extramyocellular lipids; IMCL: Intramyocellular lipids.

ARTICLE HIGHLIGHTS

Research background

Proton magnetic resonance spectroscopy (*H MRS) is a technique widely used for investigating
metabolites in humans. Lipids that are stored outside the muscle cell are called extramyocellular
lipids (EMCL), and lipids stored on the inside of muscle cells are called intramyocellular lipids
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(IMCL). The relationship between metabolic syndrome and IMCL has been extensively studied.
However, muscle position in relation to the main magnetic field can affect spectra profiles,
leading to inconsistency of metabolite quantification, which can then lead to misinterpretation.

Research motivation

There is no current study that has directly measured muscle alignment to the main magnetic
field or how the muscle fibers are aligned between studies, as it is impossible exactly measure
the angle of muscle relative to the main magnetic field in humans.

Research objectives

To determine the effects of the muscle fiber angle to the main magnetic field for obtaining
spectrum profiles and muscle lipid quantification without the effects of muscle contraction. This
study used extensor iliotibialis lateralis muscles taken from the thigh of a chicken as the muscle
of interest. Since it is the uppermost muscle, it provides a clear visualization of the muscle fiber
alignment related to the main magnetic field.

Research methods

Chicken extensor iliotibialis lateralis muscles were used as the muscle of interest in this study.
Magnetic resonance imaging (1.5 Tesla Philips Achieva) was used for the '"H MRS spectrum
acquisition. The chicken extensor iliotibialis lateralis muscle fiber alignment was used as the
reference and was place in the middle of the coil, positioned at 0°, 30°, 60°, and 90° to the main
magnetic field. Single voxel Point Resolved Spectroscopy pulse sequence was used for spectrum
acquisition, having a voxel size of 8 mm x 8 mm x 20 mm. It was carefully placed on the
iliotibialis lateralis muscle. Spectra acquisition was repeated 7 times for each angle. JMRUI
version 6.0 B was used for metabolite peak assignment and analysis. Spectrum fitting was done
by an AMARES algorithm with prior knowledge. The fitted spectrum showed various peaks of
metabolites of interest in the following manner: IMCL (CHj;) at 0.9 ppm, EMCL (CH,) at 1.1 ppm,
IMCL (CH,) at 1.3 ppm, EMCL (CH,) at 1.5 ppm, and Cr at 3.02 ppm. IMCL and EMCL
amplitudes fitted by AMARES were calculated into the ratio per signal intensity of Cr in each
spectrum as the internal reference. The results of spectrum fitting at 0°, 30°, 60°, and 90° of
muscle fiber orientation to the main magnetic field were compared using Wilcoxon signed-rank
test.

Research results

The results showed that the metabolite profiles in each orientation of muscle fiber to the main
magnetic field were different. The orientation at 90° was the most different compared to the
other orientations. The quantity of muscle metabolites was statistically significantly changed at
30°, 60°, and 90° of muscle fiber relative to the main magnetic field when compared to 0° relative
to the main magnetic field. Statistical analysis showed statistically significant differences for
IMCL (CH,), EMCL (CH,), IMCL (CH,) at 30°, 60°, and 90° (P = 0.017, 0.018, and 0.018,
respectively) and EMCL (CH,) at 30° and 60° (P = 0.017 and 0.042, respectively). EMCL (CH,) at
90° was unable to be measured in this study. Furthermore, the muscle lipids quantified at 30°,
60°, and 90° tended to be lower when compared to 0°. The metabolite profile changed due to the
muscle fiber orientation, indicating that positioning potentially causes inaccuracies in 'H-MRS
spectrum analysis.

Research conclusions

This study has determined that the basic muscle orientations to the main magnetic field can and
do affect "THMRS spectrum profiles and quantification. Muscle orientation is often treated with
less care in studies on 'TH MRS. These metabolite profile changes are due to the muscle fiber
orientation, which demonstrates that the positioning potentially causes inaccuracy in 'TH-MRS
spectrum analysis.

Research perspectives

TH MRS practitioners and users need to be especially careful when positioning any muscles or
any organs of interest in order to reduce error, to be able to compare spectrum results across
various institutions and to ensure reproducibility and uniformity.
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Abstract

BACKGROUND

Computer tomography angiography (CTA) has been an established method for
diagnostic vascular disease of lower limbs. Recently, the method is widely used
for diagnosis of vascular pathologies in the upper limbs too. It also has increased
the possibilities of this scans being reviewed by no specially trained radiologists.
This increases the risk of incidental non vascular findings to be missed or
misinterpreted. The study is focusing in the frequency of extravascular incidental
finding (EVIF) and highlights the importance for both the reporting radiologist
and the referring physician recognizing the frequency of EVIFs.

AIM
To analyse the frequency of EVIF identified on computed angiography (CT) of
the upper limb.

METHODS

A total of 1383 CT angiographic studies of the peripheral arterial system were
performed between August 2015 and August 2017. All upper limb CTAs (n =79)
were retrospectively reviewed for the presence of non-vascular incidental
findings within the chest, abdomen/ pelvis, musculoskeletal system or head and
neck. These EVIFs were subsequently grouped into 3 categories based on clinical
significance. EVIFs of immediate clinical relevance were included in category A,
findings considered indeterminate but most likely benign were placed in
category B, while incidental findings of no clinical significance were included in
category C.

RESULTS
Complete imaging datasets were available in 74/79 (93.7%). Patient
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demographics included 39 (52.7%) females and 35 (47.2%) males with a mean age
of 59 + 19.5 years (range 19-93 years). A total of 153 EVIFs were reported in 52
patients (70.3%). Of these, 44 EVIFs (28.7%) were found in the chest, 83 (54.2%) in
the abdomen, 14 (9.2%) in the musculoskeletal system and 9 (5.8%) in the head
and neck. Thirteen EVIFs (8.4%) identified in 11 patients were noted to be of
immediate clinical significance (Category A), 50 EVIFs (32.3%) were identified in
20 patients and were considered indeterminate but most likely benign, while the
remaining 91 EVIFs (59.5%) identified in 21 patients were determined to be of no
clinical significance (Category C). One index case of malignancy (1.3%) and four
cases of new disseminated metastatic disease (5.4%) were identified.

CONCLUSION

Our study of upper limb CTA examinations demonstrated a frequency of 8.4%
for extravascular incidental findings of immediate clinical significance. We
highlight the importance for both the reporting radiologist and the referring
physician of the need to recognize the frequency with which EVIFs are identified
in the upper limb peripheral arterial system and of the necessity for further
clinical and imaging work-up.

Key words: Extravascular incidental findings; Computed angiography; Upper limbs;
Arterial; Extravascular findings

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: We retrospectively analysed 79 upper limb computer tomography angiographys
for extravascular incidental findings (EVIFs). These were grouped into 3 categories
based on clinical significance, category A (immediate), category B (indeterminate) and
category C (no clinical significance). A total of 153 EVIFs were reported in 52 patients.
Of these 13 EVIFs (8.4%) were Category A, 50 EVIFs (32.3%) were Category B, while
91 EVIFs (59.5%) were Category C. One index case of malignancy (1.3%) and four
cases of new disseminated metastatic disease (5.4%) were identified. This highlights the
importance for both the reporting radiologist and the referring physician to recognize the
frequency of EVIFs.

Citation: Nourzaie R, Das J, Abbas H, Thulasidasan N, Gkoutzios P, Ilyas S, Monzon L,
Sabharwal T, Moser S, Diamantopoulos A. Extravascular findings during upper limb
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URL: https://www.wjgnet.com/1949-8470/full/v11/i1/10.htm

DOI: https://dx.doi.org/10.4329/wjr.v11.i1.10

INTRODUCTION

Invasive and cross-sectional arterial phase imaging of the upper extremities are
performed less frequently in comparison with lower limb or “run-off” computer
tomography angiography (CTA)!". Indications for CTA of the upper limb include
trauma, suspected upper limb ischaemia, preoperative planning prior to
reconstructive surgery or haemodialysis access, or as follow-up post open surgical or
endovascular arterial procedurel”.

Digital subtraction angiography (DSA) has conventionally been used as the
preferred imaging modality for the upper limb arterial vasculature. However, recent
developments and improvements in image acquisition and spatial resolution with
multi-detector computed tomography (MDCT), combined with its inherently less-
invasive nature, has resulted in CTA becoming the first-line investigation for upper
limb arterial pathology!*..

For investigation of arterial steno-occlusive disease, CTA has been demonstrated
similar diagnostic capabilities compared to DSA, as well as reduced cost, better
patient tolerance and the ability to image the extravascular anatomy™.

The discovery of extravascular incidental findings (EVIFs) can be considered an
added advantage of cross-sectional arterial phase imaging. Incidental findings
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discovered on CT are defined as an unforeseen pathology encountered in a patient
being scanned for another indication. In the case of CT angiography, EVIFs are
becoming ever more frequently encountered in daily clinical practice, especially with
the exponential proliferation of CT imaging and the gradual phasing out of DSA as a
first-line modality for peripheral arterial disease and acute emergent arterial imaging.

CTA offers the possibility of identifying potentially life-threatening or life-
shortening pathologies and providing improved health outcomes for patients’. EVIFs
and their clinical relevance have been well described in CT imaging of the aorta and
lower-limb arterial system”], CTA for EVAR planning!, aortic dissection”! and CTA
of the head and neck!"’l. The frequency and significance of EVIF on CTA of the upper
limb, however, has yet to be described.

The purpose of this study was to report the frequency and more importantly the
clinical relevance of extravascular lesions in patients undergoing upper limb CTA,
including the frequency of index cases and progression of known cancer cases.

MATERIALS AND METHODS

Patient selection and demographics

Institutional review board review was obtained for this retrospective study (approval
number: 7669, 21/09/2017). Radiology reports, digital medical records and 1383 CTA
datasets of the peripheral arterial system performed between August 2015 and
August 2017 at Guys and St Thomas hospitals were identified.

Peripheral CTAs imaging the upper limbs were included in the study. Patients with
incomplete imaging datasets were excluded. Data on patient demographics, study
indication and EVIF were reviewed. Those with significant EVIFs were reviewed to
determine their clinical outcome

CT image acquisition and technique

Patients were placed supine with the extremity of interest placed above the head,
palm ventral and fingers extended and straightened. CT imaging was performed with
a 128 slice MDCT scanner (Siemens Somatom Definition), using bolus tracking
software used to trigger intravenous contrast injection (Omnipaque 350, GE
Healthcare) at a rate of 4-5 mL per second, followed by saline flush. Images were
obtained using a kV between 100-120 with a delay of 20-40 s.

Standard of reference

Radiology reports, digital records, radiological information systems (RIS) records,
laboratory and procedure reports were reviewed where available to confirm the
presence of pre-existing malignancy and all prior imaging studies were used as the
standard of reference (SOR).

Data analysis

One consultant interventional radiologists (15 years of clinical experience) and one
radiology IR fellow (6 years of clinical experience) examined all upper limb CTAs and
reviewed digital reports for EVIFs. All incidental findings were compared to the SOR
and subsequently grouped into three categories, based on clinical significance,
category A (Immediate clinical relevance), category B (findings considered
indeterminate but most likely benign) and category C (incidental findings of no
clinical significance).

Statistical analysis

Statistical analysis was done using the SPSS statistical software (SPSS, version 18.0 for
Windows; SPSS Inc., Chicago, IL, United States). Discrete and continuous variables
are presented as counts and percentages, and as mean + SD respectively. Non-normal
variables were expressed as medians and interquartile ranges (25" and 75"
percentiles).

RESULTS

A total of seventy nine cases (79/1343, 5.8%) of peripheral CTAs imaged the upper
limbs and were subsequently analyzed. From these studies, four patients were
excluded as a result of incomplete imaging datasets. Of the 74 patients (52.7% females,
47.3% males) with complete upper limb CTA imaging, the mean age was 59 59 + 19.5
years (range 19-93 years).

One hundred fifty-three EVIFs were identified in 52 patients (70.3%). 44 EVIFs
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(28.7%) were noted in the chest, 83 (54.2%) were found in the abdomen, 14 (9.2%) in
the musculoskeletal system and 9 (5.8%) in the head and neck.

Thirteen (8.4%) EVIFs were identified in 11 patients and were considered of
immedjiate clinical significance (category A), demonstrated in Table 1. The majority of
category A findings were noted in the chest (n = 8), with additional highly significant
findings (all cases were of ascites) noted in the abdomen/ pelvis (n = 3) with sclerotic
bone lesions (n = 1) and osteomyelitis (n = 1) identified on examination of the
musculoskeletal system.

Six category A EVIFs were concerning for a new malignancy diagnosis (1 = 1) or
disease progression (n = 4) or recurrence (n = 1). Details regarding further
investigation and follow-up are outlined in Table 2. One male patient, symptomatic
with acute upper limb ischaemia was found to have an irregular 16mm nodule in the
right upper lobe with ipsilateral hilar lymphadenopathy on CT. Subsequent CT-
guided biopsy confirmed histopathological diagnosis of lung adenocarcinoma.

Three patients demonstrated new progression of existing malignancy on upper
limb CTA, one case of cholangiocarcinoma with new pulmonary and osseous
metastases and two patients with prostate cancer and new pulmonary metastasis.
Breast cancer recurrence, confirmed on CT-guided mediastinal lymph node biopsy in
a patient with new chest lymphadenopathy, was also diagnosed on upper limb CTA.

A single patient with a history of prior breast cancer was found to have a new
spiculated breast nodule identified on upper limb CTA but did not have follow-up
imaging available at our institution.

Fifty EVIFs (32.3%) were identified in 20 patients and were considered
indeterminate but most likely benign (category B) and are demonstrated in Table 3.

The majority of EVIFs were of no clinical significance (n = 21, 59.5%) and placed in
category C (Table 4). The most common category C finding was simple renal cysts (1
=12).

DISCUSSION

CTA has become the principal investigation when assessing vascular patients and
with the added capability of imaging extravascular structures, it offers the
opportunity to discover incidental findings unrelated to the study indication. Such
incidental findings can subsequently lead to the diagnosis of a life-threatening
condition and can be of paramount importance in these groups of patients.

In 13 (8.4%) patients, the EVIF were identified as requiring immediate follow-up
with further diagnostic tests. This is of particular importance in cases of new cancer
diagnosis or progression of malignancy as survival rates may decrease significantly
the earlier the cancer is identified and treated.

The results of our study compare similarly with prior studies looking at EVIF with
regards to the frequency of detecting new (1.3%) or progression of pre-existing
malignancy (5%). Naidu et all’! described 40 highly significant EVIFs of which nine
(3%) were confirmed malignancies. Iezzi et all’ noted 15 index cancer cases (3.5%) in
their series while Preuf$ et all”! identified 4 malignancies (2.8%). The most common
solid malignancies identified in all studies were pulmonary neoplasms. Belgrano et al.
identified 36 solid masses of possible malignant nature (4.5%) but did not provide
follow-up or correlation with histopathology [""l. Of note, and similarly to the studies
by Naidu et al’! and Preus ef al”l, we correlated the EVIFs identified in our patient
cohort with the patient’s clinical background, including any past history of
malignancy.

Our sample size was smaller (n = 79) in comparison with prior reports regarding
the frequency and clinical relevance of EVIFs on CTA studies, with patient cohorts
ranging from 141! to 821!"?], despite the fact that our retrospective study was
performed over a similar time-period (24 mo) to previous articles pertaining to this
topic. We can potentially account for this by recognizing that CTA of the upper limb
is a relatively infrequently performed examination in comparison with arterial CT
imaging of the lower limbs, the latter performed far more consistently and for a wider
variety of indications.

Furthermore, the mean age of patients in our study was 59 years old, a much
younger demographic in comparison to prior studies examining for EVIF on CTA
exams!””'"”. For example, the mean age of patients in the study by Preuf ef all was 80
years old. The younger mean age in our report can be accounted for by the fact that
our study demonstrated a much broader range of patient ages (18-90 years old), the
median age was 67 years old, which was similar to the median age of previous
studies.

To the best of our knowledge, this study is the first to evaluate for the presence of
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Table 1 A total of 13 category A extravascular incidental findings (immediate clinical

significance) were identified

Region EVIF Number of cases
Chest Lung nodule > 1 cm 4
Breast nodule 1
Mediastinal lymphadenopathy 1
Oesophageal wall thickening 1
Pleural effusion 1
Abdomen/pelvis Ascites 8

EVIF: Extravascular incidental finding.

head and neck extravascular incidental findings on CTA of the upper limb. Nine EVIF
were present in the head and neck, however, no Category A EVIFs were identified.

Our work shows the importance of detecting EVIFs. The early detection of cancer
can be significant for patient outcomes and can ultimately reduce health costs by
offering a curative surgical option. This may therefore, justify reporting and following
up on incidental findings. However, a cost-effective analysis of pursuing incidental
findings in addition to long term studies comparing CTAs in vascular patients who
did not have their extravascular findings reported needs to be conducted to
adequately understand the true value of EVIFs. Attempts to provide guidance on the
management of incidental findings have been made!"”! however data on cost-
effectiveness is sparse.

Limitations

As a retrospective study, the correlation of clinical symptoms with radiological
findings was not performed for all EVIFs. In our study, follow-up data was available
in 5/13 (38.5%) of Category A EVIFs, all of which pertained to suspected primary
malignancy or progression of disease. This was a limitation noted in past studies!™! of
a similar nature where there was a lack of follow up imaging. For example, in the
study by Naidu et all’l, 42% of patients did not have follow-up imaging. Secondly, the
use of arterial phase imaging in the examination of the abdominal and pelvic viscera
can limit evaluation of hypovascular lesions and pathology more reliably detected on
portal venous or delayed phase studies. Thirdly, unilateral imaging was performed in
all 79 patients, of either the left or right arm, or hemithorax, therefore potentially
reducing the number of EVIFs identified in each patient.

We propose a new emailing alert system in which the radiologist reporting the scan
flags up any significant EVIF which would send an automated email to both the
referrer and the consultant the patient is under. In addition, a clinical nurse specialist
has been allocated the responsibility of ensuring these are correctly followed up. This
minimises the risk of losing patients to follow-up and we recommend a similar system
is put into place across all hospitals.

Conclusion

In conclusion, our work signifies the importance of reporting both vascular and
extravascular findings in CTAs, especially in this patient group of higher risk.
Incidental findings are very common, and although most are of a benign nature, they
do lead to the detection of serious life-threatening pathology which would otherwise
be missed or diagnosed late. Although arterial phase CT imaging of the upper limb is
a less commonly requested and performed peripheral arterial examination, both
referring physicians and interpreting radiologists must recognize the frequency and
relevance of incidental findings in this patient cohort allowing timely and appropriate
clinical and imaging follow up.
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Table 2 Details of the follow-up for the six patients with suspicious incidental findings

Incidental finding Follow-up imaging study Diagnosis

Multiple pulmonary nodules and sclerotic bone Plain film radiography of hip, femur, knee, CT Metastatic cholangiocarcinoma (new lung and
lesions TAP (staging) bone lesions)

Pulmonary nodule (> 1 cm) with hilar lymph CT TAP (staging) Lung adenocarcinoma (index diagnosis)
node enlargement

Mediastinal lymphadenopathy (prior breast CT TAP (staging), CT-guided lymph node biopsy =~ Metastatic breast cancer (recurrence of primary
cancer) cancer)

Breast nodule (prior breast cancer) Breast ultrasound (recommended) Follow up imaging unavailable
Multiple lung nodules CT TAP (staging) Metastatic prostate cancer (new lung lesions)
Lung nodule CT TAP (staging) Metastatic prostate cancer (new lung lesions)

CT: Computer tomography.

Table 3 Category B lesions (indeterminate but most likely benign) accounted for 50 extravascular incidental findings

Region EVIF Number of cases

Chest Lung nodule (>4, <10 mm) 2

Lung lobar atelectasis 1

Juny

Pleural thickening

=
e8]

Abdomen/pelvis Prominent lymph nodes (<1 cm)
Hiatal hernia
Enlarged prostate gland
Adrenal hyperplasia
Renal infarct
Urinary bladder wall thickening
CBD dilatation
Gallbladder distension
Intrahepatic biliary duct dilatation
Prostatic calcification
Inguinal hernia
Musculoskeletal Sclerotic bone lesions
Pectoralis major atrophy
Spinal stenosis
Spondylolisthesis
Spinal scoliosis

Head/neck Thyroid nodule

Lo N e e = T T L T = S e e e e e S = S C B CU RN G |

Prominent lymph nodes (<1 cm)

EVIF: Extravascular incidental findings.

Table 4 Category C abnormalities (lesions of no clinical significance) accounted for 91 extravascular incidental findings

Region EVIF Number of cases
Chest Interstitial lung disease 11
Emphysema 8
Pulmonary consolidation 5
Pleural calcification 3
Pneumatocele 3
Bronchiectasis 1
Pulmonary nodule <4 mm 1
Abdomen/ pelvis Renal cyst 12
Diverticular disease 10
Cholecystolithiasis 6
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Musculoskeletal

Head/neck

Atrophic kidney
Focal liver fat sparing
Hepatic cyst
Fatty infiltration of the liver
Adrenal lipoma
Atrophic pancreas
Calcified uterine fibroid
Omental fat stranding
Renal scar
Splenic cyst
Scrotal hydrocele
Groin sinus tract
Clavicle fracture (old)
Pelvic fracture (old)
Humeral head fracture (old)
Generalised osteopenia (humeral head)

Thyroid goitre

e e e e e e T e T o T = S = W = R N B S S~ S |

Paranasal sinus mucocele

EVIF: Extravascular incidental finding.

ARTICLE HIGHLIGHTS

Research background

Recent developments and improvements in image acquisition and spatial resolution with multi-
detector computed tomography has resulted in computed tomographic angiography (CTA) to
become the first line-line investigation for upper limb pathology, replacing the more invasive
digital subtraction angiography. It has the added capability of imaging the surrounding
extravascular anatomy leading to the detection of incidental mass/lesions. The significance of
these “incidental” findings has mixed opinions. Whilst evidence has shown them to identify
potentially life-threatening pathologies, they can also lead to an unnecessary diagnostic cascade
of investigations only for the end result to be benign. We set out to report the frequency and
more importantly the clinical relevance of these incidental findings to better understand their
significance.

Research motivation

We set out to establish the frequency of incidental findings and to follow-up to determine their
end significance in upper limb CTA. This has yet to be been described in the literature. Incidental
findings can lead to an unnecessary investigation cascade and therefore we wanted to determine
the proportion of incidental findings which do lead to the diagnosis of a life-threatening
pathology. This will raise awareness in the medical field of the importance for both the reporting
radiologist and the referring physician of the need to recognise these findings and arrange
appropriate follow-up. Evidence has shown cancer pathology is picked up through their
detection and therefore highlights the importance of the reporting radiologist spending extra
time to report structures outside of the scan indication.

Research objectives

Our objective was to report the frequency of incidental findings in CTA of the upper limb over a
2 year period. Those with findings of significance were followed up to determine their clinical
outcome. We found incidental findings in over two thirds of patients, with 8.4% of them being of
immediate clinical significance and detecting one index case of malignancy and four cases of
new disseminated metastatic disease. Spending extra time reporting masses/lesions outside of
the intended anatomy can significantly improve patient outcomes.

Research methods

Consecutive upper limb CTAs performed at Guys and St Thomas hospitals between August 2015
to August 2017 were retrospectively reviewed for inclusion. Patient demographics, incidental
findings and their follow-up were entered into an excel spreadsheet and statistical analysis was
done using SPSS statistical software (SPSS, version 18.0 for Windows; SPSS Inc., Chicago, IL,
United States). Incidental findings were grouped into category A (immediate), category B
(indeterminate) or category C (no clinical significance). Conversely to other work in the
literature, we retrospectively reviewed CTA reports rather than re-reviewing CTA images for
incidental findings. This was to better reflect the current clinical practice as re-evaluation of
images for incidental findings would theoretically increase their detection. Prior imaging studies
were used as the standard of reference. Those with suspicious findings were followed to
determine their significance.
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Research results

A total of 153 extravascular incidental findings (EVIFs) were reported in 52 patients. Of these 13
EVIFs (8.4%) were Category A, 50 EVIFs (32.3%) were Category B, while 91 EVIFs (59.5%) were
Category C. One index case of malignancy (1.3%) and four cases of new disseminated metastatic
disease (5.4%) were identified. This is the first study to describe incidental findings in CTAs of
the upper limbs. Detecting incidental findings can be of paramount importance however a large
proportion also end of being benign. More work is needed in the recommendation of their
follow-up and on cost-effective.

Research conclusion

The purpose of this study was to report the frequency and more importantly the clinical
relevance of extravascular lesions in patients undergoing upper limb CTA, including the
frequency of index cases and progression of known cancer cases. We identified one index case of
malignancy, and four cases of new disseminated metastatic disease. Our work shows the
importance of detecting EVIFs. The early detection of cancer can be significant for patient
outcomes and can ultimately reduce health costs by offering a curative surgical option. This may
therefore, justify reporting and following up on incidental findings. To the best of our
knowledge, this study is the first to evaluate for the presence of head and neck extravascular
incidental findings on CTA of the upper limb. Nine EVIF were present in the head and neck,
however, no category A EVIFs was identified. Although arterial phase CT imaging of the upper
limb is a less commonly requested and performed peripheral arterial examination, both referring
physicians and interpreting radiologists must recognize the frequency and relevance of
incidental findings in this patient cohort allowing timely and appropriate clinical and imaging
follow up. However, a cost-effective analysis of pursuing incidental findings in addition to long
term studies comparing CTAs in vascular patients who did not have their extravascular findings
reported needs to be conducted to adequately understand the true value of EVIFs. Attempts to
provide guidance on the management of incidental findings have been made however data on
cost-effectiveness is sparse.

Research perspectives

Incidental findings are very common, and although most are of a benign nature, they do lead to
the detection of serious life-threatening pathology which would otherwise be missed or
diagnosed late. It is important for the reporting radiologist to be aware of their frequency to lead
to their detection. More work is needed on guidelines for their management to aid in appropriate
follow-up and to avoid an unnecessary cascade of investigations. Future work on their cost-
effectives is needed and clinical outcomes to quantitively measure their importance. This can be
completed in a long-term CTA study to assess if earlier detection of malignancy improves
patient survival rates.
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Abstract

Coronary artery calcium data and reporting system (CAC-DRS) is a recently
introduced standardized reporting system for calcium scoring on computed
tomography. CAC-DRS provides four risk categories (0, 1, 2 and 3) along with
treatment recommendations for each category. As with any other new reporting
platform, CAC-DRS has both advantages and disadvantages. Improved
communication, better clarity of details, organized management
recommendations and utility in future research and education are the major
strengths of CAC-DRS. It has many limitations such as questionable need for a
new system, few missing components, use of a less accurate visual method and
treatment suggestions based on expert opinion instead of clinical trials. In this
contemporary review, we discuss the new reporting system CAC-DRS, its
application, strengths and limitations and conclude with some remarks for the
future.

Key words: Coronary artery calcium; Reporting system; Agatston score; Strengths;
Limitations; Management

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Coronary artery calcium data and reporting system (CAC-DRS) is a new
standardized reporting system for calcium scoring on computed tomography. Four CAC-
DRS categories have been described ranging from CAC-DRS 0 to CAC-DRS 3 with
progressively increasing cardiac disease risk. Better communication, clarity of details,
clinical management recommendations, research and education are the major strengths.
Few missing components, visual method, treatment recommendations and lack of clear
necessity for a new reporting system are the major limitations.
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INTRODUCTION

Coronary artery disease (CAD) is one of the leading causes of death and disability-
adjusted life years lost!"l. Approximately 15.5 million persons > 20 years of age in the
United States have CAD as per 2016 Heart Disease and Stroke Statistics update of the
American Heart Association (AHA)P. Every year, nearly the same number of people
undergo diagnostic testing for suspected CAD. It is well established that CAD has a
long asymptomatic latent period and mortality, and morbidity can be decreased by
early detection and targeted preventive therapy®l.

Coronary artery calcium (CAC) represents calcific atherosclerosis in the coronary
arteries and correlates well with the overall burden of coronary atherosclerosis. CAC
quantified on electrocardiogram-gated non-contrast computed tomography (CT)
examinations is the most robust predictor of CAD events in the asymptomatic
population, especially in those with an intermediate-risk!*. It has been shown that
CAC increases the predictive value of the Framingham Risk Score and the 2013
American College of Cardiology (ACC)/ AHA Pooled Cohort Equationst. It has now
been integrated into various cardiovascular risk prediction scores and guidelines
issued by the American College of Cardiology Foundation, the AHA, Society of
Cardiovascular Computed Tomography (SCCT), American College of Radiology, and
Society of Thoracic Radiology. This has created a need for more standardized
performance and interpretation of CAC scoring CT. A new standardized reporting
system CAC - data and reporting system (DRS) was introduced recently in 2018 for
this purpose and was developed on the same lines of CAD - reporting and data
system (RADS), breast imaging (BI)-RADS, prostate imaging (PI)-RADS, and liver
imaging (LI)-RADS!**l. This review aims to explain the essential features of this new
reporting system, followed by the discussion of its various strengths and limitations.

CURRENT STATUS OF CAC SCORE

CAC score has become more popular recently as there is more and more evidence
accumulating in favor of its strong role in predicting atherosclerotic cardiovascular
disease (ASCVD) risk. Various scores are available to identify high and low risk
patients for CAD like Pooled Cohort Equations, Framingham General CVD Risk
Profile, and Reynolds risk scorel>’l. Most of these are “Total risk scores”, and they
have been found useful as they take into account multiple risk factors. However, they
are able to predict only 65%-80% of future cardiovascular events!'’l. This led to a
continuous search for a better predictor or predictor model. CAC is intimately related
to atherosclerosis, and the extent of calcium deposition in the coronary arteries can be
considered a good predictor of the total burden of coronary atherosclerosis. Many
large prospective studies have already proven the prognostic value of CAC score in
predicting serious cardiac events leading to mortality in a variety of populations.

It has been found that CAC performs better than other risk assessment tools to
identify those asymptomatic populations that would benefit from pharmacological
therapies. A new concept ‘Power of zero’, which denotes CAC score of 0, has been
investigated, and it was concluded that patients with CAC = 0 have a low mortality
risk over a period of 15 years in low to intermediate FRS risk group and over 5 years
in high FRS risk group. CAC testing is recommended to assess the CAD risk in that
group of individuals with the 10-year ASCVD risk between 5% and 20%, and it can be
used selectively in patients with < 5% 10-year risk with a strong family history of
ASCVDU! It also provides treatment recommendations that are adopted in the new
scoring system CAC-DRS. In 2017, The Walter Reed Cohort Study assessed the long-
term risk of death and ASCVD outcomes in 23637 subjects without ASCVD risk and
found that CAC scoring is an accurate tool for predicting major adverse
cardiovascular events and mortality in all age groups and with multiple risk factors!'”.
These results encourage CAC screening for better ASCVD risk assessment and
prevention in low-risk, young adults. Apart from risk stratification, CAC has been
shown to play a prominent role in management decisions. This has been supported by
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many large studies, and one of them is National Institutes of Health supported clinical
trial of 13644 patients that showed that CAC identified patients who are more likely to
benefit from statin therapy!.

Apart from its proven predictive role, other reasons for wider acceptance of CAC
scoring include: (1) Easily performed noninvasive test with very low radiation; (2)
Highly reproducible test, as it is a system generated score with little human
involvement; (3) Objective assessment based on the absolute score and risk
percentiles; and (4) As calcium deposition in vessels is a slow process depending on
multiple factors, CAC scoring provides a long term risk prediction as compared to
other scoring tests, which depend on one time measures like blood pressure, blood
glucose, and cholesterol values, which can vary widely over a period.

CAC-DRS

CAC-DRS was introduced recently in the first quarter of 2018 to standardize the
reporting of CAC scoring in both dedicated CAC scans and non-gated non-contrast
chest CT scans. It is based on the expert consensus document published by SCCT in
20171, Both SCCT and Society of Thoracic Radiology jointly recommend the routine
reporting of CAC score in routine non-contrast CT chest irrespective of indication for
early detection of CAD and for future research potential”. Various methods have
been used for evaluation of CAC and included Agatston score (AS), volume score,
mass score, semi quantitative vessel score, and visual scores. Out of these, CAC-DRS
recommends the usage of either Agatston or visual score. Four CAC-DRS categories
have been described ranging from CAC-DRS 0 to CAC-DRS 3 with progressively
increasing risk of ASCVD (Table 1)Il. Although the method of CAC scoring is
different between Agatston and visual method, final categories, risk prediction, and
management are similar!®l.

AS

AS is a well-established and widely used CAC scoring system. It was first introduced
by Arthur Agatston and his colleagues in 1990 and has undergone modifications with
advances in CT technology, with the current score based on multidetector CT
scanners!”l. SCCT has laid down standards for the performance of CAC scans. Gated
or non-gated non-contrast scans with 2.5 or 3 mm slice thickness, 120 kVp, and
individualized mAs with filtered back projection is recommended!.. In Agatston
method, an individual calcified plaque is identified as an area of 1 mm? (two pixels)
with 130 Hounsfield units (HU) or more along the coronary arteries. Each calcific
plaque is given a value of 1, 2, 3, and 4 based on the highest densities 130-199 HU,
200-299 HU, 300-399 HU, and = 400 HU, respectively. Score of each plaque is
calculated by multiplying the area with the density score. Summing up the scores of
all calcific plaques gives the total AS for that CAC scan/”'*'"l. Based on the total AS,
five risk categories have been made: 0 = very low risk, 1-99 = mildly increased, 100-
299 = moderately increased, 300-1000 = moderate to severely increased, and > 1000 =
severely increased risk of cardiac disease!'"""l.

Visual method

Although AS can be used in non-gated scans and was found to be accurate in few
studies, still there is no strong evidence of its accuracy in non-gated scans. Also, it is
not standardized yet for non-gated scans, and it needs special software. Other
methods like ordinal scoring of individual coronary arteries and visual method were
considered!”. Visual method has been found to be a simple, quick, and reasonably
accurate method of assessing the CAC in non-gated chest CT scans. In this visual
method, CAC is categorized into none, mild, moderate, and severe based on the
overall visual eyeball analysis of the entire coronary circulation and correspond to
CAC-DRS categories 0, 1, 2, and 3 respectively!”). No specific criterion has been
described for this method unlike ordinal scoring. Visual method is applicable only for
non-gated CT chest scans and not recommended in gated scans where AS is preferred.

Modifiers

Two modifiers have been added in the CAC-DRS. First denotes the method of CAC
score and can be either Agatston (A) or visual estimation (V). The second modifier ‘N’
denotes the number of vessels involved and can vary from 1-4, with N4 indicating
involvement of all coronary arteries, namely left main (LM), left anterior descending
(LAD), left circumflex, and right coronary artery. Two modifiers need to be separated
by symbol “/” slash. If there is no calcium, then N modifier is not used, and the final
category will be CAC-DRS A0 or VO depending on the method used.
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Table 1 Coronary artery calcium data and reporting system categories based on the Agatston

and visual scoring

CAC-DRS category Agatston score Visual score Risk

0 0 0 Very low

1 1-99 1 Mild

2 100-299 2 Moderate

3 > 300 3 Moderate to severe

CAC-DRS: Coronary artery calcium data and reporting system.

Other features

CAC-DRS also recommends reporting of valvular, pericardial, and aortic calcification
in the report with none, mild, moderate, and severe stratification. However, there are
no further details on how it should be done, and these are not considered in assigning
the CAC-DRS categories. It also mentions reporting of extra cardiac findings with
follow-up recommendations. Standard reporting templates have been provided in the
document with details on the indication, technique, and findings in individual
coronary arteries along with CAC-DRS categories and management recom-
mendations!*”"l,

STRENGTHS

Communication

As with any other standard reporting systems, usage of CAC-DRS categories leads to
better and more effective communication with the referring physicians. Instead of an
absolute score used currently with variable reporting of AS grading, standardized
CAC-DRS categories will lead to more uniform reporting both among cardiac and
general radiologists!“l. Although the simple absolute CAC score is often enough for
specialists (cardiologists), it is confusing for non-specialists regarding further
management and referral decisions. CA-DRS definitely helps non-specialists make
quicker and more appropriate referrals using the categories as compared to
conventional reports. Even for specialists, the standard template report saves time in
identifying the key information from the long report during their busy clinics. With
routine use of CAC-DRS, it is expected that there will be a significant drop in phone
calls from clinical colleagues complaining about inconclusive reports. Also, it will be
easy for trainees and junior staff to learn and report in a standardized format within a
short time.

Clarity and details

CAC-DRS does not stop just at providing risk categories. The final category includes
the method used for CAC score, either Agatston or visual estimation, which is
important to know to understand the reliability and reproducibility of the scores.
Also, it mentions the number of vessels involved in the form of modifiers (N). This is
important, as in addition to total calcium score, the number of vessels involved is
linked with the prognosis in the Multi-Ethnic Study of Atherosclerosis involving more
than 6000 men and women!*"!. This in turn will reflect the management of, for
example, patients with AS 98 involving all four vessels, who will be categorized as
CAC-DRS A1/N4. Based on the category, the recommended treatment is only
moderate intensity statins. However, one might consider adding low dose aspirin in
an individual patient due to involvement of four vessels, which is an additive risk to
total CAC score, although the CA-DRS category remains the same.

Clinical management

The most attractive component in the CAC-DRS is the addition of management
recommendations based on CAC score. This can be considered both as a strength and
limitation. Strengths are discussed here and limitations in the next section. Most of
these recommendations are from expert opinion with some support from the 2013
ACC/AHA Prevention Guidelinest’!. CAC score has been proven to be one of the
strongest predictors of ASCVD risk in the asymptomatic population. CAC-DRS 0 has
a very high negative predictive value, called “Power of Zero”, and helps in
downgrading the risk of patients who might be considered high risk based on other
parameters™?'l. CAC score is being used to guide preventive pharmacotherapy using
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statins and aspirin in asymptomatic patients. High intensity statins therapy is
recommended in any patients with a CAC > 300, moderate to high intensity statins
with CAC 100-299, and moderate intensity statins therapy with CAC 1-99. Aspirin (81
mg) is recommended with CAC > 100, while the risk of bleeding complications may
outweigh its benefits with CAC < 100 in the absence of other risk factorst*.

Research and education

Using a structured reporting system will help in accumulating quality data that is
essential for future research. There is significant data gap on the risk factor
predictions in South Asian and Middle East population. Using a universal standard
reporting platform can help in data collection across boundaries and can help bridge
knowledge gaps. In addition, in the near future, it is possible to assess the clinical
usefulness of this new reporting system, which can help in further modifications and
fine tuning. Already CAC is a near automatic evaluation performed with minimal
human interference. Now software can be modified to give the final risk categories
thereby avoiding or minimizing human error and improving the daily workflow in
busy departments. We are now in the era of artificial intelligence, and such automated
risk prediction software will go a long way in giving quicker and more accurate risk
prediction and treatment options, thereby improving patient care.

LIMITATIONS

Is there a need?

CAC scoring is a semi-automated system with absolute values and established
grading methods. Reporting is usually uniform and highly reproducible, unlike other
pathologies like breast cancer, prostatic cancers, and liver cancers. So, it becomes
questionable if there is a necessity for a standard reporting system for CAC scoring.
At least in CAD-RADS it is more justified, as there are multiple components, like
percentage of stenosis, acute or chronic presentation, and the specific vessel and
number of vessels, leading to reporting inaccuracies, and a reporting system can make
things more consistent and reproduciblel. Whereas in CAC, things are clear already,
and the net benefit from a new reporting system is minimal, except that it is linked
with few management recommendations. One would expect the new reporting
system to be named CAC-RADS, like the other established breast imaging-RADS,
prostate-RADS, and CAD-RADS. However, it was named as CAC-DRS, as RADS is a
trademark of the American College of Radiology.

Visual method

CAC-DRS includes both Agatston and visual methods of CAC scoring in describing
risk categories. Agatston method is the widely used technique of CAC scoring and
has been used in most of the clinical trials*. Visual method is a very simple way of
categorizing calcium deposition in coronary arteries as none, mild moderate, and
severe. There is no specific method described or is there any reference to specific
vessel or number of vessels involved!”'”l. Also, there is limited literature on the
accuracy of this method. Only one study has compared the visual and Agatston
methods to date, and it showed overall good agreement with assignment of same risk
category as the AS in 73.0% and to within one category in 99.7% with good inter-
observer agreement!”l. Disadvantages include an over simplistic approach and lack of
strong supporting data. More head to head studies are needed before recommending
this method as an alternative to Agatston as management decisions are based on these
categories.

Missing component

CAC-DRS provides risk categories based on the overall CAC score and also highlight
the method used for scoring and the number of vessels involved. However, the
severity of calcium deposition in a particular vessel is not considered in risk
prediction. Regional distribution of CAC can be very heterogenous from the total
CAC score”l. This can affect the clinical management, as one vessel, for example LM,
can have severe calcium deposition while the remaining three (LAD, left circumflex,
and right coronary artery) can have no or mild severity, with resultant overall
category being mild in spite of severe disease in LAD. As LM is a major vessel with
great impact on cardiac events compared to other vessels, vessel based risk category
could be more useful in the future.

Although extra coronary calcification is reported in CAC-DRS, it is not considered
in final risk categories. It has been shown that calcification in the valves and thoracic
aorta is associated with increased risk of cardiac events. Currently, there is no agreed
method of scoring these extra coronary calcifications” ..
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Management

As mentioned previously, management recommendations in CAC-DRS can be
considered both as a strength and limitation. It is considered the most attractive
component in this new reporting system, but it must be used cautiously as these are
consensus recommendations based on expert opinion and not on prospective
randomized controlled trials. Most of these recommendations are based on those from
The 2013 ACC/AHA Prevention Guidelines and 2017 SCCT recommendations®’!. One
more thing that needs to be highlighted is that these recommendations are applicable
primarily for a specific population - asymptomatic individuals between 40-75 years of
age in the 5%-20% 10-year ASCVD risk group based on pooled cohort equation. It is
also used in the < 5% ASCVD group with a family history of premature coronary
artery diseasel”*>*l. Its utility outside these risk groups has not been widely
investigated, and hence providing risk categories on CAC scans performed in other
populations is not based on evidence. Also, there is lack of follow-up guidelines in
CAC-DRS.

FUTURE IMPROVEMENTS

Like any other new reporting system, this CAC-DRS has many new positive features
with some limitations as enumerated in the previous sections. With continuous usage
in daily practice, more of these strengths and limitations will be identified and can be
improved in the next version. As the authors of CAC-DRS stated, a simplistic
approach was employed to enhance better clinical adoption. This makes sense,
because if a new system is difficult to practice in a daily busy schedule, it gets ignored
and will not be embraced by the radiology and clinical community. Some components
that could be improved in the future are listed below: (1) Visual method is an over
simplistic approach and until it is proven to be an accurate technique, it should not be
recommended in CAC-DRS; (2) Severity in individual vessels needs to be taken into
account while assigning risk category. This can either be done as separate risk
category for specific vessels or averaging risk category of all vessels; (3) Management
recommendations should be highlighted to communicate to the physicians that this is
applicable in a specific population group and not a universal recommendation; (4)
Clinical cardiology groups or societies need to be involved to understand their
expectations and concerns so that a more widely acceptable scoring system will be
possible in the future.

CONCLUSION

It is beyond doubt that a standardized reporting system is the future for providing
uniform and reproducible conclusions. It has the added advantage of efficient data
collection, which is essential for future outcome studies. Following the recent
introduction of CAD-RADS, CAC-DRS is a new addition in coronary artery imaging.
CAC scoring is gaining more attention in recent times due to its strong predictive
value in asymptomatic patients with low to intermediate ASCVD risk. CAC-DRS
improvises on the Agatston scoring system with more relevant categories along with
linked treatment guidelines. As discussed above, it has both advantages and some
limitations. We hope it will be widely used in daily clinical practice due to its
simplicity, and only in the long run shall we know its effect on improving patient
care.
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Abstract

BACKGROUND

Diffusion-weighted imaging (DWI) has become a useful tool in the detection,
characterization, and evaluation of response to treatment of many cancers,
including malignant liver lesions. DWI offers higher image contrast between
lesions and normal liver tissue than other sequences. DWI images acquired at
two or more b-values can be used to derive an apparent diffusion coefficient
(ADC). DWI in the body has several technical challenges. This include ghosting
artifacts, mis-registration and susceptibility artifacts. New DWI sequences have
been developed to overcome some of these challenges. Our goal is to evaluate 3
new DWI sequences for liver imaging.

AIM

To qualitatively and quantitatively compare 3 DWI sequences for liver imaging:
free-breathing (FB), simultaneous multislice (SMS), and prospective acquisition
correction (PACE).

METHODS

Magnetic resonance imaging (MRI) was performed in 20 patients in this
prospective study. The MR study included 3 separate DWI sequences: FB-DWI,
SMS-DW], and PACE-DWI. The image quality, mean ADC, standard deviations
(SD) of ADC, and ADC histogram were compared. Wilcoxon signed-rank tests
were used to compare qualitative image quality. A linear mixed model was used
to compare the mean ADC and the SDs of the ADC values. All tests were 2-sided
and P values of < 0.05 were considered statistically significant.

RESULTS
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There were 56 lesions (50 malignant) evaluated in this study. The mean
qualitative image quality score of PACE-DWI was 4.48. This was significantly
better than that of SMS-DWI (4.22) and FB-DWI (3.15) (P < 0.05). Quantitatively,
the mean ADC values from the 3 different sequences did not significantly differ
for each liver lesion. FB-DWI had a markedly higher variation in the SD of the
ADC values than did SMS-DWI and PACE-DWI. We found statistically
significant differences in the SDs of the ADC values for FB-DWI vs PACE-DWI (P
<0.0001) and for FB-DWI vs SMS-DWI (P = 0.03). The SD of the ADC values was
not statistically significant for PACE-DWI and SMS-DWI (P = 0.18). The quality
of the PACE-DWI ADC histograms were considered better than the SMS-DWI
and FB-DWL

CONCLUSION

Compared to FB-DWI, both PACE-DWI and SMS-DWI provide better image
quality and decreased quantitative variability in the measurement of ADC values
of liver lesions.

Key words: Diffusion; Magnetic resonance imaging; Liver; Apparent diffusion coefficient;
Prospective acquisition correction; Multi-slice

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: We compared 3 diffusion-weighted imaging (DWI) techniques for liver
imaging: The free-breathing (FB), simultaneous multi-slice (SMS) and prospective
acquisition correction (PACE) sequences. Three radiologists independently scored the
images. We evaluated the image quality. We also compare the calculated apparent
diffusion coefficient (ADC) for liver lesions and variability of ADC histogram for liver
lesions for each sequence. The PACE and SMS provide better image quality and less
variability in ADC values compared to FB-DWI.

Citation: Szklaruk J, Son JB, Wei W, Bhosale P, Javadi S, Ma J. Comparison of free breathing
and respiratory triggered diffusion-weighted imaging sequences for liver imaging. World J
Radiol 2019; 11(11): 134-143

URL: https://www.wjgnet.com/1949-8470/full/v11/i11/134.htm
DOI: https://dx.doi.org/10.4329/wjr.v11.i11.134
INTRODUCTION

Diffusion-weighted imaging (DWI) is sensitive to the Brownian motion of
intracellular and extracellular water molecules. Because it can reveal changes in the
tissue microenvironment, DWI has been found useful in imaging several different
diseases. Although its first successful application was in the setting of acute strokel'?,
DWI has become a useful tool in the detection, characterization, and evaluation of
response to treatment of many cancers”, including malignant liver lesions!*’). DWI
offers higher image contrast between lesions and normal liver tissue than other
sequences. This is achieved through bright signal suppression from free water fluid in
the abdomen, bile ducts, and vessels. Additionally, DWI images acquired at two or
more b-values can be used to derive an apparent diffusion coefficient (ADC). The
quantitative ADC removes T2 “shine-through” artifacts, improves image
interpretation, and strengthens liver lesion characterization®'". ADC values are
quantitative and changes in ADC have been used to evaluate lesions’ response to
treatment”.

Although it is widely used, DWI in the body has several technical challenges. The
large diffusion weighting gradients that make the technique sensitive to microscopic
diffusion also make DWI sequences very susceptible to bulk macroscopic motion.
Because of this motion sensitivity, the most successful and widely used DWI sequence
is based on single-shot (ss) echo planar imaging (EPI), which acquires all the k-space
data for an image after a single radiofrequency excitation and thus freezes the motion.
ss-EPI sequences are prone to image ghosts and distortion in the presence of magnetic
field inhomogeneity and uncompensated eddy currents. ss-EPI-based DWI images
are also limited by their low signal-to-noise ratio (SNR) and often require averaging
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multiple signals to improve image quality. The calculation of the quantitative ADC
using DW images acquired with multiple b-values may pose additional challenges
because mis-registration of DW images of different b-values from different motion

sources (e.g., respiratory or cardiac) can occur!'"'?l. The resulting errors in the ADC
values of a tumor region of interest (ROI) directly affect the usefulness of DWI for
evaluating response to treatment in liver lesions!*'*l. High-quality DW images with an

increased SNR and diminished motion artifacts yield increased confidence in
assessing the mean ADC value and changes in the ADC caused by the underlying
biological effects of treatment (such as tumor necrosis).

Respiratory-triggered acquisition, based either on external respiratory signals or
internally placed navigators, is effective in reducing respiratory motion artifacts and
mis-registration of DW images. Respiratory triggering, that are not breath hold
techniques, increases the total scan time by as much as 3-fold, depending on the
respiratory pattern of the patient. As a result, many institutions, including ours, use
free breathing (FB) for abdominal DWI. One way to overcome these time limitations is
the use of simultaneous multi-slice (SMS) acceleration, a novel technique that can
speed DWI data acquisition by many times without incurring the typical SNR penalty
found with other acceleration techniques such as parallel imaging!>'?l. The SMS
technique is based on simultaneous multiband radiofrequency excitation and the
acquisition of multiple slices in a shared readout timel'™'”l. SMS is compatible with
many different pulse sequences; it has recently been implemented with DWI, enabling
respiratory-triggered DWI acquisition of the abdomen in a reasonable scan time.
Prospective acquisition correction (PACE) is an internal navigator-based technique for
respiratory signal monitoring and correction. The PACE navigator is typically placed
at the diaphragm to detect its displacement as a monitoring signal of the respiratory
cycles. The PACE navigator signal is used to acquire images only during a pre-
defined triggering window. The PACE DWI allows the synchronization of the DWI
acquisition with respiratory cycles without the need to place external monitoring
devices on the patient!'],

The purpose of this study was to evaluate and compare qualitative assessments of
image quality and quantitative measurements of ADC from 3 different DWI
sequences for liver imaging: (1) Conventional ss-EPI-based DWI with free breathing
(FB-DWI); (2) SMS DWI with FB (SMS-DWI); and (3) SMS DWI using PACE triggering
(PACE-DWI).

MATERIALS AND METHODS

This prospective study was approved by the Institutional Review Board at The
University of Texas MD Anderson Cancer Center. Patients with documented liver
lesions on prior magnetic resonance imaging (MRI) studies who were scheduled for
MRI scanning of the abdomen using DWI were eligible for participation in this study.
Informed consent was obtained from all patients prior to their participation. The
statistical methods of this study were reviewed by Wei W from The University of
Texas MD Anderson Cancer Center, Department of Biostatistics.

DWI techniques

All patients included in this study underwent a standard abdominal MRI protocol,
with and without contrast. In addition, the 3 DWI sequences (FB-DWIL, SMS-DWI, and
PACE-DWI) were acquired in random orders (Table 1). All the sequences were
obtained with b-values of 50, 400 and 800 s/mm?*. ADC maps were generated for each
of the 3 sequences. The average scan times for FB-DWI, SMS-DWI, and PACE-DWI
were 4 min 56 s (4 min 44 s-6 min), 3 min 8 s (3 min 4 s-3 min 38 s), and 5 min 40 s (3
min 40 s-12 min). The readout bandwidth was kept the same at 2.44 kHz/pixel for all
3 DWI sequences. PACE DWI enabled a similar acquisition time for a respiratory
triggered acquisition as that of FB DWI because of the scan time savings from SMS.
Breath holds were not employed in any of the three DWI techniques.

Qualitative analysis
A qualitative analysis of the DWI images was performed independently by 3
radiologists with 4, 13 and 20 years of experience, respectively. The radiologists
provided a qualitative score on a 5-point Likert scale (with 5 = excellent, 4 = good, 3 =
moderate, 2 = poor, 1 = non-diagnostic) for each of the 3 DWI series for all 3 b-values
(50, 400 and 800 s/ mm?). In addition, 1 radiologist (JS) selected an ROI for each liver
lesion and placed it on all the DWI images. The average size of the ROIs was 4.09 cm*
For each ROI, ADC histograms were generated using the vendor-provided
software (Syngo.via, Siemens Healthineers). Two readers independently and
qualitatively compared the ADC histograms from all 3 DWI sequences side-by-side
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Table 1 Imaging parameters used for the study on a 1.5-T magnetic resonance imaging scanner

Sequence TE (ms) TR (ms)  Slice Thickness/0-mm gap (mm) Time Matrix size
T1-gradient dual echo 2.1and 4.2 170 5 2sx19sBH 320 x 219
T2 fast-spin echo 93 5331 5 5 min 256 x 135
Dynamic pre-Gd and post-Gd VIBE 2.65 2.65 3 16 s BH 288 x 192
FB-DWI 67 7900 5 4 min 44 s 128 x 104
SMS-DWI 56 5000 5 3min4s 128 x 104
PACE-DWI 56 2600 5 5 min 58 s 128 x 104

VIBE: Volumetric interpolated breath-hold examination; FB-DWI: Free-breathing diffusion-weighted imaging; SMS-DWI: Simultaneous multislice
diffusion-weighted imaging; PACE-DWI: Prospective acquisition correction diffusion-weighted imaging; BH: Breath hold; TE: Echo time; TR: Repetition
time.

on the basis of the ADC histogram distribution that reflected the tumor heterogeneity
(e.g., “bell shape” vs irregular distributions). The histogram with the most usable
pixels was considered the superior one; the readers were blinded to the type of DWI
sequence during the histogram comparison.

Quantitative analysis

For the quantitative analysis, the same radiologist (JS) placed an ROI for each liver
lesion. For each ROI, the calculated mean ADC value was recorded and compared
between sequences. The standard deviation (SD) of the ADC was also recorded and
compared.

Statistical analysis

The image quality scores for each DWI sequence were summarized as frequencies and
percentages. The image quality scores for each sequence were divided into 2 groups:
Scores of 1 to 3 and scores of 4 or 5. The Wilcoxon signed-rank test was used to
compare image quality scores between all pairs of 3 DWI sequences (e.g., PACE vs FB;
PACE vs SMS; SMS vs FB).

A linear mixed model was used to estimate and compare the means and SDs of
ADC values among the sequences. The SDs of ADC values were transformed to a
logarithmic scale before analysis. The image quality scores were compared using
estimates from a linear mixed model with patient and reader as random effects.
Pairwise comparisons between sequences were conducted and 95% confidence
intervals were determined. Agreement between the 3 readers was assessed for image
quality score and ADC histogram preference. All tests were 2-sided, and P values of
0.05 or less were considered statistically significant. The statistical analysis was
conducted using SAS software version 9.4 (SAS Institute, Cary, NC, United States).

RESULTS

A total of 20 patients were included in the study. Their liver lesion diagnoses are
listed in Table 2. Of the 56 total liver lesions, 50 were malignant. The mean qualitative
image quality score of PACE-DWI (4.48) was significantly better than that of SMS-
DWI (4.22) and FB-DWI (3.15) (P < 0.05, Table 3 and Figure 1). For PACE-DWI, all
readers agreed on a score of 4 or 5 in 80% (16/20) of patients. For SMS-DWI, all
readers agreed on a score of 4 or 5 in 55% (11/20) of patients. For FB-DWI, all readers
agreed on a score of 1 to 3 in 55% (11/20) of patients. The quality of the ADC
histograms was considered the best for PACE-DWI in 28 of 56 lesions by Reader 1 and
35 of 56 lesions by Reader 2 (Figure 2). In general, the histogram with more pixels per
ADC value was considered superior quality. The FB-DWI ADC histogram was
considered superior for 2 of 56 lesions by Reader 1 and no lesions by Reader 2. There
was no difference between Reader 1 and Reader 2 regarding the quality of the PACE-
DWI or SMS-DWI histograms.

Quantitatively, the mean ADC values from the 3 different sequences did not
significantly differ (Table 4). FB-DWI had a markedly higher variation in the SD of the
ADC values than did SMS-DWI and PACE-DWI. We found statistically significant
differences in the SDs of the ADC values for FB-DWI vs PACE-DWI (P < 0.0001) and
for FB-DWI vs SMS-DWI (P = 0.03). For PACE-DWI vs SMS-DWI, the SD of the ADC
value pair was -0.119 (P = 0.18).
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Figure 1 Axial diffusion-weighted images of the liver of a 61-year-old man with a history of hepatocellular carcinoma. The images were obtained with (A) free-
breathing diffusion-weighted imaging (DWI), (B) simultaneous multislice DWI and (C) prospective acquisition correction DWI. The qualitative image quality scores of
these series were 3, 5 and 5, respectively. Free-breathing DWI demonstrated artifacts on the left liver, seen as signal loss on the left liver compared to the right liver,
(white arrows) that were absent on the other 2 sequences.

DISCUSSION

In this study, we found that the PACE-DWI and SMS-DWI techniques produced
qualitatively better image quality than conventional FB-DWI. This was partially due
to the presence of fewer artifacts, which in turn was likely a result of the shorter scan
time for SMS-DWIl'""“! and the better respiration-triggering technique for PACE-DWI.
We also note that TE for SMS-DWI and PACE-DWI is 11ms shorter than that of FB-
DWI. The decrease in TE was enabled by the higher overall acceleration of SMS than
parallel imaging alone and was likely helpful in improving the image SNR.

We noted that no patients in this study experienced a markedly irregular breathing
pattern or motion during FB-DWI, which minimized the number of FB-DWI images
that were substantially affected by artifacts. If the study population had included
patients with irregular breathing patterns, we may have seen an even larger
difference between the FB and SMS or PACE DWI sequences.

Qualitatively, all lesions were detected in all sequences. PACE-DWI had the best
image quality according to all readers. PACE-DWI also had the highest level of
agreement among the readers, with readers rating its image quality as 4 or 5 in 80% of
cases. Kappa calculations of the level of inter-observer agreement were not performed
because of the small sample size, so we believe that the percentage of agreement is an
accurate representation of the results.

We also evaluated the mean ADC value for each lesion and evaluated ADC
histograms instead of the SNR. The mean ADC values for each lesion did not
significantly differ among the 3 sequences, suggesting that although the ADC maps
were acquired using different techniques, they produced similar results and can be
used interchangeably to characterize lesions and treatment response. We observed a
trend towards similar mean ADC values for PACE-DWI, SMS-DWI and FB-DWI,
which ranged from 1269 to 1313. Taouli et al*! compared the ADC values of PACE-
DWI and breath-hold-DWI for malignant lesions and found no statistically significant
difference between the techniques™.

We also compared the SDs of the ADC values. A larger SD may suggest that the
technique produces more increased variability and decreased precision among ADC
values. The SD of the ADC value was significantly smaller for PACE-DWI than for the
other DWI techniques, suggesting that this technique has lower inherent variability.
The variation in ADC values may also be due to the inherent heterogeneity of the liver
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Table 2 Lesion type and distribution of the study patients

Lesion type No. of patients No. of lesions

Liver cyst

Treated metastasis
Desmoid tumor
Hemangioma

Metastatic thyroid cancer

Metastatic pancreatic cancer

O B W NN R =

Metastatic colon cancer

Hepatocellular carcinoma

Ul N R R RN R,

23
56

Metastatic neuroendocrine tumor

S}
(=]

Total

lesions.

Similarly, Taouli et al"*! also concluded that the PACE-DWI sequence provides a
more precise ADC value. However, they did not compare ADC histograms and used
different b-values from those used in our study (0, 50 and 500 s/ mm?). Boss et al!"”!
compared SMS-DWI and EPI-DWI for liver imaging!”, and Taron et all'”! evaluated
SMS-DWI, both in healthy volunteers. Neither study compared the ADC histograms.
Thus, an advantage of our study is that we were able to compare ADC values, and
evaluate the precision of the ADC calculations.

It is well known that the source DWI images contain valuable information,
especially for lesion detection. In our review, the ability of the sequences to detect
lesions was similar. This may have been due to several factors. For instance, FB-DWI
showed fewer artifacts, no lesions in our study population were located in the left
liver (inferior to the heart), and the patients all breathed regularly. While ADC values
are useful in characterizing liver lesions, in our patient population, most lesions were
malignant; therefore, we could not determine the usefulness of ADC values for lesion
characterization.

The ADC histogram provides additional data that can help in image interpretation.
For example, a shift in the ADC histogram may be seen in treated liver lesions. In our
study, the ADC histograms for each lesion were, by qualitative assessments, inferior
for FB-DWI and superior for SMS-DWI and PACE-DWI. Recently, ADC histograms
and calculated percentiles of the histograms have been used to differentiate types of
metastases in the liver, tumor types”, and tumor genomic profiles®*’. We found that
the ADC histogram of PACE-DWI was superior to that of SMS-DWI, probably
because of the improved SNR that results from longer scan time and better motion
management through respiratory triggering. Because ADC histogram parameters
ranging from the 10" through the 95" percentile of ADC have been used and are
considered useful for assessment of tumors, it is imperative that the histogram have
enough pixels to assess the tumor characteristics. Moreover, because a large SD
indicates more variability than does a smaller SD, the smaller SD of the ADC values
for PACE-DWI would be expected to provide a more robust tumor assessment, as it
will produce similar and reliable values for different readers. To our knowledge, our
study is the first to combine the SD value of ADC and ADC histogram for a
comparison of these 3 different DWI sequences in malignant liver lesions.

There are some limitations to our study. We had a limited study population, with
only 20 patients and 56 lesions. Most of the lesions were malignant. One lesion had
been treated with local therapy, likely resulting in a heterogeneous ADC value for the
ROI evaluated. Also, tumor necrosis, not the MRI technique alone, may have been
responsible for some of the variability in ADC values. In addition, the studies were all
performed on the 1.5-T scanners of a single vendor and using a single hardware and
software platform. It is possible that the techniques may differ on different scanners
and with different software. We were not able to use the kappa measure of inter-
reader variability because of the small study population. However, we believe that the
percentage of agreement provides a good representation of the results.

In conclusion, our study found that PACE-DWI provides a robust ADC histogram
of liver lesions with less variability than the free breathing DWI techniques and a
larger number of pixels for quantitative analysis. Therefore, this technique may
provide a better characterization of the intrinsic diffusion characteristics of the tumor
than that provided by FB-DWI and SMS-DWI. However, both PACE-DWI and SMS-
DWI provided better image quality with fewer artifacts and less variability in the
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Figure 2 Axial apparent diffusion coefficients maps of the abdomen of a 61-year-old woman with colorectal cancer liver metastases, with corresponding
apparent diffusion coefficients histograms. The top image corresponds to the apparent diffusion coefficients (ADC) map showing the region of interest (ROI), with
color-coded ADC values. The diagram on the right is the corresponding ADC histogram. A: Axial ADC map obtained with free-breathing diffusion-weighted imaging
(DWI); B: ADC histogram corresponding to the ROl in (A); C: Axial ADC map obtained with simultaneous multi-slice DWI; D: ADC histogram corresponding to the ROI
in (C); E: Axial ADC map obtained with prospective acquisition correction (PACE)-DWI; F: ADC histogram corresponding to the ROl in (E). In this case, PACE-DWI
and simultaneous multislice were selected as the qualitatively superior technique because of the higher number of pixels that were available for analysis, as shown by

the frequency scale.
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comparably better than the FB-DWI technique.
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Table 3 Mean image quality scores by sequence for all readers

Sequence Mean Score' 95% LCL 95% UCL
FB-DWI 3.15 2.79 3.51
PACE-DWI 448 412 485
SMS-DWI 422 3.85 458

The Likert scale ratings for image quality were: 5 = superior, 4 = somewhat superior, 3 = same, 2 = somewhat inferior, and 1 = inferior. Higher scores
reflect higher image quality. DWI: Diffusion-weighted imaging; FB: Free breathing; PACE: Prospective acquisition correction; SMS: Simultaneous
multislice; LCL: Lower confidence level; UCL: Upper confidence level.

Table 4 Summary of the mean apparent diffusion coefficient and standard deviation by sequence

Sequence’ N Mean (mm?s) SD (mm?s) Min (mm?s) Median (mm?/s) Max (mm?/s)
FB 56 1313.51 387.44 654.00 1290.38 2506.33
PACE 56 1273.28 403.30 453.71 1216.42 2401.55
SMS 56 1269.14 44284 42512 1155.53 2457.30
All 168 1285.31 409.87 42512 1211.17 2506.33

There were no significant differences among the mean apparent diffusion coefficient values of the 3 sequences (P = 0.51 by likelihood ratio test of the
linear mixed model). N: Number of lesions; ADC: Apparent diffusion coefficient; SD: Standard deviation; FB: Free breathing; PACE: Prospective
acquisition correction; SMS: Simultaneous multislice.

ARTICLE HIGHLIGHTS

Research background
Diffusion-weighted imaging (DWI) in the body has several technical challenges. This include
ghosting artifacts, mis-registration and susceptibility artifacts.

Research motivation
New DWI sequences have been developed to overcome some of these challenges. Our goal is to
evaluate 3 new DWI sequences for liver imaging.

Research objectives

To compare the image quality and quantitative apparent diffusion coefficients (ADC) of 3 DWI
sequences for in vivo liver imaging: Free-breathing (FB)-DWI, simultaneous multislice (SMS)-
DWI, and prospective acquisition correction (PACE)-DWI.

Research methods

Magnetic resonance imaging (MRI) of the abdomen was performed at 1.5 T on 20 patients with
liver lesions in this Institutional Review Board-approved prospective study. The MR study
included 3 separate DWI sequences: FB-DWI, SMS-DWI, and PACE-DWI. The image quality,
mean ADC values, standard deviations (SD) of the ADC, and quality of the ADC histogram were
compared. Wilcoxon signed-rank tests were used to compare qualitative image quality scores. A
linear mixed model was used to compare the mean ADC values and the SDs of the ADC values.
All tests were 2-sided and P values of 0.05 or less were considered statistically significant.

Research results

PACE-DWI had the highest mean image quality score (4.48), followed by SMS-DWI (4.22) and
FB-DWI (3.15). The image quality of PACE-DWI was rated superior to that of SMS-DWI and FB-
DWI (P < 0.03). The quality of the PACE-DWI ADC histograms were better than the SMS-DWI
and FB-DWI. The SD of the ADC values was not statistically significant in terms of difference for
PACE-DWI and SMS-DWI (P = 0.18), whereas FB-DWI had significantly more variation in the
SD of its ADC.

Research conclusions

PACE-DWI and SMS-DWI are equivalent in their ability to measure ADC. Compared to FB-DWI,
both PACE-DWI and SMS-DWI provide better image quality and decreased variability in the
quantitative diffusion measurement of liver lesions.

Research perspectives

Therefore, this technique may provide a better characterization of the intrinsic diffusion
characteristics of the tumor than that provided by FB-DWI and SMS-DWI. However, both PACE-
DWI and SMS-DWI provided better image quality with fewer artifacts and less variability in the
ADC values. These are valuable in assessing tumor treatment response and comparably better
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than the FB-DWI technique.
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Abstract

BACKGROUND

Chest pain is one of the most common symptoms with which a patient presents
to a doctor. Differentials include, but are not limited to, cardiac pulmonary,
gastrointestinal, psychosomatic and musculoskeletal causes. In our case,
ultrasound of the chest wall paved the way for the diagnosis of multiple
myeloma, which occultly presented with chronic chest pain.

CASE SUMMARY

Here we report a case of 50-year-old man with chronic chest pain without anemia
or renal failure who was diagnosed with multiple myeloma, despite negative
bence jones protein and M band electrophoresis. An ultrasound of the chest wall
showed cortical irregularities along with a hypoechoic mass in the sternum and
left 5* rib, which helped us in clinching the diagnosis.

CONCLUSION
Ultrasound of bone can often aid in reaching a diagnosis indirectly if not directly.

Key words: Case report; Ultrasound; Multiple myeloma; Chest pain

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Multiple myeloma is notorious for presenting in atypical ways, and one should
have a high index of suspicion for the same. Ultrasounds of bone can often aid in
reaching a diagnosis indirectly if not directly.
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INTRODUCTION

Chest pain is one of the most common symptoms with which a patient presents to a
doctor. Etiology is wide, and ranges from acute and life-threatening diseases like
acute coronary syndrome and pulmonary embolism to conditions with favorable
prognosis like myalgia and costochondritis!'l. It is important to know the relevant
etiologies and their respective frequencies.

Bone pain is one of the most common presentations of multiple myeloma (70%-
80%), and 90% of cases will present with lumbar spine or rib pain. Plain films are only
80%-90% sensitive at detecting lytic bone lesions, due to an inability to detect lesions
with less than 30%-50% trabecular bone loss. By the time this degree of sternal/rib
bone loss occurs, patients are at high risk for fracture, which can result in serious
complications such as flail chest and acute hypoxic respiratory failurel.

Since early treatment with chemotherapy and zoledronic acid reduces vertebral
fractures and skeletal events, multiple myeloma is an important disease to keep on a
differential for persistent atypical chest pain, especially when anemia and renal injury
is present.

CASE PRESENTATION

Chief complaints
A 50-year-old banker presented with complaints of chest pain for 2 mo.

History of present illness
Chest pain was parasternal, non-radiating and continuous in nature. There was no
history of trauma, cough, breathlessness, loss of weight, loss of appetite or fever.

History of past illness

There was no major medical or surgical illness in the past.

Physical examination
Results of chest examination were within normal limits, apart from left parasternal
tenderness.

Laboratory examinations

The patient had normal hemogram, and erythrocyte sedimentation rate was 35 mm in
the first hour. He was worked up for metabolic causes of chest pain, his vitamin D
level was within normal limits, and serum calcium was 10.42 mg/dL. Urine
examination showed trace proteins. Urine for Bence jones proteins and blood
electrophoresis were found to be negative for multiple myeloma.

Imaging examinations

The chest X-ray was within normal limits. The electrocardiograph, 2D
echocardiography and treadmill test were also within normal limits. The patient even
underwent coronary angiography due to the troublesome nature of his chest pain,
which was also normal. Upper gastrointestinal endoscopy was done to rule out reflux
disease and gastroesophageal ulcers, which was once again normal. The patient was
referred to psychiatry, and underwent cognitive behavior therapy, however this too
was of no avail. He was also being worked up for musculoskeletal causes and was
started on non-steroidal anti-inflammatory drugs suspecting costochondritis, but he
remained uncomfortable (Table 1).

To rule out sternal and rib lesions, he was screened with an ultrasound of the chest
wall, which showed cortical irregularities along with a hypoechoic mass in the
sternum and left 5* rib (Figure 1). Considering the cortical irregularities, differential
of bone neoplasms, metastasis and multiple myeloma were kept in consideration. He
underwent magnetic resonance imaging (MRI) of the spine, which showed multiple
well-defined T1/T2 hypointense lesions of varying sizes in the dorso lumber vertebra
at multiple levels, including the body of the sternum and posterior aspect of the left 4™
rib. A whole body positron emission tomogram (PET scan) was done to rule out any
primary, which showed multiple fluorodeoxyglucose avid lesions in the axial and
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Table 1 Timeline

Presentation, day 0-2 mo 3 month 4" month 4" month 5% month

Worked up for various Tread mill test, coronary Metabolic causes ruled out Ultrasonography chest, clue  Magnetic resonance imaging,

causes of chest pain angiography, upper to Bone lesion positron emission technology,
gastrointestinal endoscopy bone marrow biopsy

appendicular skeleton (Figure 2). To confirm the diagnosis, bone marrow aspiration
and biopsy were performed, which showed increased immature and mature plasma
cells. Marrow was slightly hypercellular for age and showed all hematopoietic
components. There was a marked interstitial prominence of plasma cells along with a
definitive presence of sheets of plasma cells.

This is a very rare case where chest pain was the only initial symptom of multiple
myeloma, and shows how screening ultrasonography helped in leading us to the
diagnosis. There is no evidence reported in the literature of any such case where
multiple myeloma was diagnosed using ultrasonography.

FINAL DIAGNOSIS

Multiple myeloma.

TREATMENT

He was started on bortezomib, leflunomide and dexamethasone.

OUTCOME AND FOLLOW-UP

After a mere two cycles of chemotherapy, he showed drastic improvement in pain
wherein his Visual Analogue Score dropped from 7/10 to 2/10.

DISCUSSION

Chronic chest pain has been broadly classified as cardiogenic and non-cardiogenic
chest pain (NCP). The etiology of NCP can be pulmonary, gastrointestinal,
musculoskeletal or psychosomatic. At times it becomes very difficult to search the
etiology of chest pain!*'l.

Multiple myeloma is a clonal condition of B cells that involves uncontrolled
proliferation of abnormal plasma cells. Clinical features can either be directly due to
proliferation or indirectly due to substances released by these cells. It results in
suppression of erythropoiesis along with multiple osteolytic lesions, which results in
hypercalcemia, skeletal pain and pathological fractures. It also causes the
accumulation of monoclonal immunoglobulins (Igs) along with other regulating
substances. These circulating monoclonal Igs or their subunits are the reason behind
proteinuria, renal tubular damage and amyloid deposition®.

They have varied presentation, 10%-40% are asymptomatic and 50%-70% have
bone pain due to lytic lesions and pathological fractures. About 1%-5% cases may not
demonstrate Igs or their subunits in serum or urine (non-secretory multiple
myeloma)ll.

This is a unique case where initial work-up, consisting of a complete hemogram,
serum calcium, erythrocyte sedimentation rate, chest radiology, urine bence jones
proteins and serum electrophoresis, was normal. This misguided us to search for
other causes of chest pain. However, during later ultrasound screening for a
musculoskeletal cause, we came across multiple cortical irregularities over the ribs
that helped us in clinching the diagnosis.

Ultrasound of bone has not been frequently used in the past. It has been used as a
diagnostic tool in the evaluation of costochondral cartilage deformities in children of
the anterior chest wall mass where there was negative radiography!’, and has been
used in bone tumors like chondrosarcoma and fractures where a painful area shows
fragmented cortical bone and at times subperiosteal hematomal*.

The chest wall is known to get involved either by direct extension of a tumor mass,
metastases or hematologic malignancy like multiple myeloma. In this region,
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Figure 1 Ultrasound of sternum showing cortical irregularities (arrow) with central hypoechoic area (arrow
head).

metastases are mainly from breast, thyroid, kidney, lung and prostate cancer along
with plasma cell myeloma. The vast majority of such tumors are osteolytic.
Ultrasound detection of osseous defects is possible only after the damage of the
anterior compact substance!’l.

Paik et al'" has shown ultrasonography to be better than conventional radiography
(39%) for the diagnosis of such tumors. These were characterized by cortical defects or
an irregular cortical edge or a mass invading local soft tissues, including pleura in
some cases. Lee et al"l compared a group of patients with rib metastases from renal
cancer and prostate cancer metastases, and they showed that the irregular surface of
the costal cortex in the absence of fracture or the presence of masses within the soft
tissue represented the only sonographic feature of osteoblastic foci of prostate cancer.

While for multiple myeloma it has never been used in the literature, we found
cortical irregularities along with focal bone destruction (Figure 1), which was later
confirmed with MRI by the presence of multiple osteolytic lesions. PET computed
tomography ruled out any contribution from the kidney, thyroid or lung and also
helped in assessing disease burden and the identification of extramedullary
involvement. Bone marrow biopsy sealed the diagnosis. Apart from atypical
presentation and an unconventional way of diagnosing, our case was unique as the
patient had normal hemoglobin, absent bence jones proteins and a negative M band
on electrophoresis, i.e. the patient was having non-secretory multiple myeloma, which
is even difficult to diagnose.

CONCLUSION

Multiple myeloma is notorious to present in atypical ways, and therefore one should
have a high index of suspicion for the same. Ultrasound of bone can often help in
reaching the diagnosis indirectly if not directly. As a non-invasive, bedside and easily
available investigation, it is truly a patient-friendly approach to finding clues in
difficult cases.
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Figure 2 Magnetic resonance imaging and positron emission technology scan. A: Magnetic resonance imaging showing multiple osteolytic lesions (arrows); B:
Positron emission technology scan showing multiple osteolytic lesions with high fluorodeoxyglucose avidity (arrows).
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Abstract

Artificial intelligence (Al) is gaining extensive attention for its excellent
performance in image-recognition tasks and increasingly applied in breast
ultrasound. Al can conduct a quantitative assessment by recognizing imaging
information automatically and make more accurate and reproductive imaging
diagnosis. Breast cancer is the most commonly diagnosed cancer in women,
severely threatening women's health, the early screening of which is closely
related to the prognosis of patients. Therefore, utilization of Al in breast cancer
screening and detection is of great significance, which can not only save time for
radiologists, but also make up for experience and skill deficiency on some
beginners. This article illustrates the basic technical knowledge regarding Al in
breast ultrasound, including early machine learning algorithms and deep
learning algorithms, and their application in the differential diagnosis of benign
and malignant masses. At last, we talk about the future perspectives of Al in
breast ultrasound.

Key words: Breast; Ultrasound; Artificial intelligence; Machine learning; Deep learning
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Core tip: Artificial intelligence (Al) is gaining extensive attention for its excellent
performance in image-recognition tasks and increasingly applied in breast ultrasound. In
this review, we summarize the current knowledge of Al in breast ultrasound, including
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the technical aspects, and its applications in the differentiation between benign and
malignant breast masses. In the meanwhile, we also discuss the future perspectives, such
as combining with elastography and contrast-enhanced ultrasound, to improve the
performance of Al in breast ultrasound.
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INTRODUCTION

Breast cancer is the most common malignant tumor and the second leading cause of
cancer death among women in the United States!'l. In recent years, the incidence and
mortality of breast cancer have increased year by year®”’l. Mortality can be reduced by
early detection and timely therapy. Therefore, its early and correct diagnosis has
received significant attention. There are several predominant diagnostic methods for
breast cancer, such as X-ray mammography, ultrasound, and magnetic resonance
imaging (MRI).

Ultrasound is a first-line imaging tool for breast lesion characterization for its high
availability, cost-effectiveness, acceptable diagnostic performance, and noninvasive
and real-time capabilities. In addition to B-mode ultrasound, new techniques such as
color Doppler, spectral Doppler, contrast-enhanced ultrasound, and elastography can
also help ultrasound doctors obtain more accurate information. However, it suffers
from operator dependencel*l.

In recent years, artificial intelligence (AI), particularly deep learning (DL)
algorithms, is gaining extensive attention for its extremely excellent performance in
image-recognition tasks. Al can make a quantitative assessment by recognizing
imaging information automatically so as to improve ultrasound performance in
imaging breast lesionsl.

The use of Al in breast ultrasound has also been combined with other novel
technology, such as ultrasound radiofrequency (RF) time series analysis!‘,
multimodality GPU-based computer-assisted diagnosis of breast cancer using
ultrasound and digital mammography imagel”, optical breast imaging!®’l, QT-based
breast tissue volume imaging'”, and automated breast volume scanning (ABVS)!!l.

So far, most studies on the use of AI in breast ultrasound focus on the
differentiation of benign and malignant breast masses based on the B-mode
ultrasound features of the masses. There is a need of a review to summarize the
current status and future perspectives of the use of Al in breast ultrasound. In this
paper, we introduce the applications of Al for breast mass detection and diagnosis
with ultrasound.

EARLY Al

Early Al mainly refers to traditional machine learning. It solves problems with two
steps: object detection and object recognition. First, the machine uses a bounding box
detection algorithm to scan the entire image to find the possible area of the object;
second, the object recognition algorithm identifies and recognizes the object based on
the previous step.

In the identification process, experts need to determine certain features and encode
them into a data type. The machine extracts such features through images, performs
quantitative analysis processing and then gives a judgment. It will be able to assist the
radiologist to discover and analyze the lesions and improve the accuracy and
efficiency of the diagnosis.

In the 1980s, computer-aided diagnosis (CAD) technology developed rapidly in
medical imaging diagnosis. The workflow of the CAD system is roughly divided into
several processes: data preprocessing, image segmentation-feature, extraction,
selection and classification recognition, and result output (Figure 1).
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Figure 1 Workflow of machine learining algorithm.

FEATURE EXTRACTION

In traditional machine learning, most applied features of a breast mass on ultrasound,
including shape, texture, location, orientation and so on, require experts to identify
and encode each as a data type. Therefore, the performance of machine learning
algorithms depends on the accuracy of the extracted features of benign and malignant
breast masses.

Identifying effective computable features from the Breast Imaging Reporting and
Data System (BI-RADS) can help distinguish between benign and potential malignant
lesions by different machine learning methods. Lesion margin and orientation were
optimum features in almost all of the different machine learning methods!”.

CAD model can also be used to classify benign and metastatic lymph nodes in
patients with breast tumor. Zhang et all""! proposed a computer-assisted method
through dual-modal features extracted from real-time elastography (RTE) and B-
mode ultrasound. With the assistance of computer, five morphological features
describing the hilum, size, shape, and echogenic uniformity of a lymph node were
extracted from B-mode ultrasound, and three elastic features consisting of hard area
ratio, strain ratio, and coecient of variance were extracted from RTE. This computer-
assisted method is proved to be valuable for the identification of benign and
metastatic lymph nodes.

SEGMENTATION

Recently, great progress has been made in processing and segmentation of images
and selection of regions of interest (ROIs) in CAD. Feng et al'“! proposed a method of
adaptively utilizing neighboring information, which can effectively improve the
breast tumor segmentation performance on ultrasound images. Cai et al'"! proposed a
phased congruency-based binary pattern texture descriptor, which is effective and
robust to segament and classify B-mode ultrasound images regardless of image grey-
scale variation.

CLASSIFICATION AND RECOGNITION

According to the similarity of algorithm functions and forms, machine learning
generally includes support vector machine, fuzzy logic, artificial neural network, etc.,
and each has its own advantages and disadvantages. Bing et all'”! proposed a novel
method based on sparse representation for breast ultrasound image classification
under the framework of multi-instance learning (MIL). Compared with state-of-the-
art MIL method, this method achieved its obvious superiority in classification
accuracy.

Lee et all'? studied a novel Fourier-based shape feature extraction technique and
proved that this technique provides higher classification accuracy for breast tumors in
computer-aided B-mode ultrasound diagnosis system.

Otherwise, more features extracted and trained may benefit the recognition
effciency. De et al*! questioned the claim that training of machines with a simplified
set of features would have a better effect on recognition. They conducted related
experiments, and the results showed that the performance obtained with all 22
features in this experiment was slightly better than that obtained with a reduced set of
features.
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DL ALGORITHMS

In contrast to traditional machine learning algorithms, DL algorithms do not rely on
the features and ROIs that humans set in advance!"””’l. On the contrary, it prefers
carrying out all the task processions on its own. Taking the convolutional neural
networks (CNNs), the most popular architecture in DL for medical imaging, as an
example, input layers, hidden layers, and output layers constitute the whole model,
among which hidden layers are the key determinant of accomplishing the recognition.
Hidden layers consist of quantities of convolutional layers and the fully connected
layer. Convolutional layers handle different and massive problems that the machine
raise itself on the basis of the input task, and the fully connected layer then connects
them to be a complex system so as to output the outcome easily”'. It has been proved
that DL won an overwhelming victory over other architectures in computer vision
completion despite its excessive data and hardware dependencies””. In medical
imaging, besides ultrasound, studies have found that DL methods also perform
perfectly on computed tomography®! and MRI™! (Figure 2).

CLASSIFICATION AND RECOGNITION

Becker et al*! conducted a retrospective study to evaluate the performance of generic
DL software (DLS) in classifying breast cancer based on ultrasound images. They
found that the accuracy of DLS to diagnose breast cancer is comparable to that of
radiologists, and DLS can learn better and faster than a human reader without prior
experience.

Zhang et al®" established a DL architecture that could automatically extract image
features from shear-wave elastography and evaluated the DL architecture in
differentiation between benign and malignant breast tumors. The results showed that
DL achieved better classification performance with an accuracy of 93.4%, a sensitivity
of 88.6%, a specificity of 97.1%, and an area under the receiver operating characteristic
curve (AUC) of 0.947.

Han et al® used CNN DL framework to differentiate the distinctive types of lesions
and nodules on breast images acquired by ultrasound. The networks showed an
accuracy of about 0.9, a sensitivity of 0.86, and a specificity of 0.96. This method shows
promising results to classify malignant lesions in a short time and supports the
diagnosis of radiologists in discriminating malignant lesions. Therefore, the proposed
method can work in tandem with human radiologists to improve performance.

TRANSFERRED DEEP NEURAL NETWORKS

CNN has proven to be an effective task classifier, while it requires a large amount of
training data, which can be a difficult task. Transferred deep neural networks are
powerful tools for training deeper networks without overfitting and they may have
better performance than CNN. Xiao et al®! compared the performance of three
transferred models, a CNN model, and a traditional machine learning-based model to
differentiate benign and malignant tumors from breast ultrasound data and found
that the transfer learning method outperformed the traditional machine learning
model and the CNN model, where the transferred InceptionV3 achieved the best
performance with an accuracy of 85.13% and an AUC of 0.91. Moreover, they built the
model with combined features extracted from all three transferred models, which
achieved the best performance with an accuracy of 89.44% and an AUC of 0.93 on an
independent test set.

Yap et al™ studied the use of three DL methods (patch-based LeNet, U-Net, and a
transfer learning approach with a pretrained FCN-AlexNet) for breast ultrasound
lesion detection and compared their performance against four state-of-the-art lesion
detection algorithms. The results demonstrate that the transfer learning method
showed the best performance over the other two DL approaches when assessed on
two datasets in terms of true positive fraction, false positives per image, and F-
measure.

Al EQUIPPED IN ULTRASOUND SYSTEM

Images are usually uploaded from the ultrasonic machine to the workstation for
image re-processing, while a DL technique (S-detect) can directly identify and mark
breast masses on the ultrasound system. S-detect is a tool equipped in the Samsung

Raishidengs WIR | https://www.wjgnet.com 22 February 28,2019 | Volumell | Issue2 |



Wu GG et al. Al in breast ultrasound

Image
acqusition and
pre-processsing

Auto studying
and training

Examined by
20% of images

Input 60% of Modification
pictures and by 20% of
answers images
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RS80A ultrasound system, and based on the DL algorithm, it performs lesion
segmentation, feature analysis, and descriptions according to the BI-RADS 2003 or BI-
RADS 2013 lexicon. It can give immediate judgment of benignity or malignancy in the
freezd images on the ultrasound machine after choosing ROI automatically or
manually (Figure 3). Kim et al"! evaluated the diagnostic performance of S-detect for
the differentiation of benign from malignant breast lesions. When the cutoff was set at
category 4a in BI-RADS, the specificity, PPV, and accuracy were significantly higher
in S-detect compared to the radiologist (P < 0.05 for all), and the AUC was 0.725
compared to 0.653 (P = 0.038).

Di Segni et alt also evaluated the diagnostic performance of S-detect in the
assessment of focal breast lesions. S-detect showed a sensitivity > 90% and a 70.8%
specificity, with inter-rater agreement ranging from moderate to good. S-detect may
be a feasible tool for the characterization of breast lesions and assist physicians in
making clinical decisions.

CONCLUSION

Al has been increasingly applied in ultrasound and proved to be a powerful tool to
provide a reliable diagnosis with higher accuracy and efficiency and reduce the
workload of pyhsicians. It is roughly divided into early machine learning controlled
by manual input algorithms, and DL, with which software can self-study. There is still
no guidelines to recommend the application of Al with ultrasound in clinical practice,
and more studies are required to explore more advanced methods and to prove their
usefulness.

In the near future, we believe that Al in breast ultrasound can not only distinguish
between benign and malignant breast masses, but also further classify specific benign
diseases, such as inflammative breast mass and fibroplasia. In addition, Al in
ultrasound may also predict Tumor Node Metastasis classification™!, prognosis, and
the treatment response for patients with breast cancer. Last but not the least, the
accuracy of Al on ultrasound to differentiate benign from malignant breast lesions
may not only be based on B-mode ultrasound images, but also could combine images
from other advanced techniqges, such as ABVS, elastography, and contrast-enhanced
ultrasound.
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Abstract

In the new era of functional magnetic resonance imaging (MRI), the utility of
chest MRI is increasing exponentially due to several advances, including absence
of ionizing radiation, excellent tissue contrast and high capability for lesion
characterization and treatment monitoring. The application of several of these
diagnostic weapons in a multiparametric fashion enables to better characterize
thymic epithelial tumors and other mediastinal tumoral lesions, accurate
assessment of the invasion of adjacent structures and detection of pathologic
lymph nodes and metastasis. Also, “do not touch lesions” could be identified
with the associated impact in the management of those patients. One of the hot-
spots of the multiparametric chest MR is its ability to detect with acuity early
response to treatment in patients with mediastinal malignant neoplasms. This has
been related with higher rates of overall survival and progression free survival.
Therefore, in this review we will analyze the current functional imaging
techniques available (**F-Fluorodeoxiglucose positron emission
tomography/computed tomography, diffusion-weighted imaging, dynamic
contrast-enhanced MRI, diffusion tensor imaging and MR spectroscopy) for the
evaluation of mediastinal lesions, with a focus in their correct acquisition and
post-processing. Also, to review the clinical applications of these techniques in
the diagnostic approach of benign and malignant conditions of the mediastinum.
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Core tip: With the past improvements on magnetic resonance hardware, gradients and
advanced sequences, the interest of magnetic resonance application in the chest is
exponentially growing. In this review, we show the evidence in the literature of its
application in mediastinal malignancies. In addition, we explore the advantages of
applying new imaging techniques for lesion characterization, helping to differentiate
with acuity benign and malignant etiologies. The use of several advanced sequences
together yields specificity in identifying false positives from *F-Fluorodeoxiglucose
positron emission tomography/computed tomography. Also, due to its precision in
defining invasion and variation in tissue properties through the time, magnetic resonance
enhances accurate staging and treatment monitoring.
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INTRODUCTION

Morphological evaluation of mediastinal tumors are traditionally performed using
computed tomography (CT). Magnetic resonance (MR) is considered a second-line
test. However, other imaging methods are used to study tumor ultrastructure
characteristics. Of them, the most validated and widely used is **F-Fluorodeoxiglucose
positron emission tomography/CT (**F-FDG-PET/CT) for assessing cell metabolism.
Functional MR sequences, such as diffusion-weighted imaging (DWI) and perfusion-
weighted imaging (PWI), are gradually becoming more available in daily clinical
practice for assessment of mediastinal tumors. In addition to the absence of ionizing
radiation, one of its significant advantages is the possibility of studying several
physiological characteristics of tumors in the same protocol. Therefore, although
technically very demanding, chest MR imaging (MRI) allows an integral evaluation of
tumor and accurate differentiation from the non-neoplastic tissue.

Although there is scarce evidence in the literature, DWI helps to differentiate non
tumoral thymic entities from thymo-epithelial neoplasms!'~"l. Moreover, by means of
apparent diffusion coefficient (ADC) values, it could identify well-differentiated from
more aggressive thymomas. DWI has a great value in the diagnosis, characterization
and staging of central lung cancer and lymphomal*. Also, helps to characterize
thyroid nodules and neurogenic tumors. By contrast, PWI is useful to characterize
anterior mediastinal neoplasms. When a threshold time to peak of more than 120
seconds is used, it could separate non-invasive thymomas from invasive thymo-
epithelial tumors, lymphoma and germ cell neoplasmsl®. The combination of DWI
and PWI has demonstrated and increased in the diagnostic performance of MR in
lung neoplasmsl’l. Also, increases the precision of lung cancer staging by means of
better identification of local invasion, metastatic lymph nodes (LN) and distant
metastasis. By acquiring PWI and real time steady state free precession real time cine
sequences (RT-SSFP), a higher conspicuity of mediastinal, pleural, chest wall and
diaphragmatic invasion is obtained. Finally, current data suggests a promising role
of functional MRI in treatment monitoring of some neoplasms, like lung and
esophageal cancer. The identification of early response has been liked to higher
overall and progression free survival rates!.

IMAGING TECHNIQUES AND OPTIMIZATION

Different imaging methods can study several tumor ultrastructure characteristics. The
most widely available and validated molecular method is *F-FDG-PET/CT for
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evaluating mainly, but not only, tumor glucose metabolism. Using other radiotracers,
hypoxia and proliferation of mediastinal tumors, as long as the total tumor burden,
could be analyzed. Recently, chest MR has become more widely available, allowing
the assessment of different functional and morphological neoplastic characteristics in
a one - stop - shop examination, with the advantage of avoiding the use of ionizing
radiation.

Diffusion-weighted imaging

DWI interrogates the Brownian motion of water molecules of the tissues and lesions,
particularly in the extracellular-extravascular space. DWI is a consolidated
oncological biomarker in clinical practice, indirectly representing the occupancy of the
interstitial space. For that purpose, several motion probe gradients are placed
surrounding a 180° radiofrequency pulse. At least, two b values are necessary for
analyzing the signal intensity decay of the tissues and calculating its ADC, following a
mono-exponential model of diffusion signal decay!. In this manner, the higher the
magnitude of signal intensity decay, the higher the ADC would be, indicating no
restriction of water molecules. But, when a tissue shows restricted movement of water
molecules, the signal intensity decay is lower and, therefore, ADC has a smaller
value.

Intra-voxel incoherent motion (IVIM) model of diffusion signal decay is better than
mono-exponential analysis for assessment of well-vascularized organs such as kidney,
liver, pancreas, and prostate. For this model, it is necessary to acquire several b
values. The diffusion signal decay splits into two components. At low b values (< 100-
150 s/mm?) the slope of signal decay is higher due to the bulk motion of water
molecules inside randomly oriented capillaries (perfusion related decay of diffusion
signal). But at higher b values (> 150 s/mm?) the diffusion signal decay curve is
related to the true diffusion of water molecules inside the tissue being evaluated
(Figure 1)FL.

At very high b values (b > 1500 s/ mm?), there is a deviation of the theoretically
mono-exponential based signal decay of DWI, that does not follow any Gaussian
distribution. Diffusion kurtosis imaging explains this decreased slope of signal decay
following a non-Gaussian distribution and relates it to tissue heterogeneity (Figure 1).
In addition, these advanced models of quantification of DWI provide several derived
parameters (Table 1).

Some cellular structures impede the diffusion of water molecules in one
preferential direction. By the application of at least 6 non-collinear DWI gradients, a
3D diffusion profile of motion of water molecules could be plotted (diffusion tensor
model) at a given voxel, which is an ellipsoid!"". Therefore, when water molecules in a
specified tissue move freely in all directions, the diffusion is isotropic. Contrarily,
when this motion occurs mainly in one axis or axes due to structural properties of the
tissue, this diffusion is anisotropic. Two metric measurements are derived. Mean
diffusivity constitute the average diffusion in all three directions. Fractional
anisotropy (FA) measures the degree of non-uniform diffusion in the three orthogonal
directions!”.

Perfusion-weighted imaging

Tumor angiogenesis is essential for the development and behavior of solid tumors.
Vasculature formation, growth patterns and vascular permeability are affected by
antiangiogenic factors. Therefore, they modulate host response and weights tumor
invasion, metastasis and outcomel™”l. PWI is a functional technique focused on the
evaluation of tumor neoangiogenesis!"*"”l. It is a non-invasive and sensitive technique
to neoplastic perfusion parameters such as blood volume, blood flow and vascular
permeability°.

There are two main technical approaches in the evaluation of tumor perfusion with
MRI. Dynamic contrast-enhanced MRI (DCE-MRI) uses 2D or 3D gradient echo
dynamic acquisitions, acquired during breath-holding. The temporal resolution of
each dynamic acquisition is low (13-15 s), but with an excellent spatial resolution.
Contrarily, PWI is based on ultrafast (2 to 3 s) 2D or 3D gradient echo dynamic
sequences acquired during free-breathing. In order to achieve this very high temporal
resolution, it is necessary to employ acceleration techniques such as non-Cartesian
parallel imaging and compressed sensing, with the shortest available echo time!"l.
Both of them show limited coverage, being higher in DCE-MR compared to PWI.
Movement and respiratory artifacts are significant limitations of these techniques
requiring the use of motion correction during post-processing!“l. Subtraction images
are useful for adjacent structures infiltration detection. Semi-quantitative analysis can
be performed with both types of acquisition, which benefits of the use of parametric
color-coded maps. Because, these sequences track the variation of signal intensity
secondary to gadolinium infusion per second, time-intensity curves (TIC) could be
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Figure 1 Different schemes on diffusion weighted imaging. Diagram represents the different diffusion weighted imaging models: Monoexponential, intravoxel
incoherent motion and diffusion kurtosis imaging. Top images represent the behaviour of an esophageal leiomyosarcoma with different b values. Apparent diffusion
coefficient and parametric maps of intravoxel incoherent motion -derived (perfusion fraction and free perfusion diffusion) and kurtosis-derived (Kapp and Dapp)
biomarkers are also shown. IVIM: Intravoxel incoherent motion.

plotted (Figure 2).

PWI has the advantage to allow quantitative analysis using a mono-compartmental
or bicompartmental approach. The mono-compartmental approach does not
distinguish the intravascular and extravascular-extracellular compartments.
Conversely, in the bicompartmental model, both spaces and the exchange of contrast
agent between both of them are explored. For its quantification, a region of interest is
placed in a principal artery, so the arterial input function is calculated. Additionally, it
is possible to differentiate the transfer rates between both compartments. Mono and
bicompartmental derived parameters are useful in tissue characterization and lesion
management, and some of them have also demonstrated to be prognostic biomarkers
of chest malignancies (Table 2)!"l.

Other functional MR based techniques

Proton-based MR spectroscopy helps to depict the mi-croscopic metabolic
microenvironment of tissues and lesions. The presence of a choline peak has been
related to excessive cellular turnover in tumors outside the brain, helping to
differentiate benign from malignant lesions!'l. To the best of our knowledge, there is
no evidence in the literature about its utility in mediastinal tumors.

Blood oxygen level dependent imaging (BOLD) evaluates changes in the
concentration of paramagnetic molecules, being a surrogate marker of tumor hypoxia,
a well-known cause of radioresistance of malignancies. BOLD acquisition is based on
a multi-echoT2*GE sequence, which is able to depict small reductions in T2*
relaxation in tissues, secondary to increases in deoxyhemoglobin content during
physiological gaseous exchange. Both, hyperoxia or hypercapnia challenges can be
applied to depict changes in oxygen content within the tissues. Tissues with rising
oxygen consumption would decrease T2* in those sequences. The rate of spin
dephasing (R2* = 1/T2¥) is related to the index of tissular oxygenation. Therefore,
hypoxic tumors with high blood volume will show greater AR2* to physiological
changes being, as a consequence, are less suitable to radiotherapy treatment!"”].

ASSESSMENT OF MEDIASTINAL MASSES

The mediastinum is a complex segment of the chest, since it contains multiple vital
structures in a reduced space. Traditional classification schemes have divided the
mediastinum into three or four compartments. The 3-compartment models describe
anterior, middle, and posterior divisions, and most 4-compartment models include
superior, anterior, middle, and posterior divisions. The International Thymic
Malignancy Interest Group (ITMIG) propose a 3-compartment model of the
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Table 1 Diffusion weighted derived parameters of different model analysis

Mono-exponential model

ADC Apparent diffusion coefficient Exponential signal decay of water molecules in a
voxel by voxel basis.

IVIM-derived parameters

D True diffusion of H,O molecules Not influenced by movement of water molecules
within capillaries

f Perfusion contribution to diffusion signal Fractional volume of flowing water molecules
within capillaries

D Perfusion contribution to diffusion signal decay = Amount of non-diffusional random movements of
water molecules

DKI-derived parameters

Dapp Apparent diffusion Estimation of diffusion coefficient in the direction
parallel to the orientation of diffusion sensitizing

agents
Kapp Apparent diffusional kurtosis Measures the deviation of the true diffusion from

a Gaussian pattern.
DTI-derived parameters

MD Mean diffusivity Reflects the average diffusion of water molecules
in all three directions.

FA Fractional anisotropy Measures the extent to which diffusion is non-
uniform in the three orthogonal directions.

ADC: Apparent diffusion coefficient; IVIM: Intravoxel incoherent motion; MD: Mean diffusivity; FA: Fractional anisotropy.

mediastinum based on boundaries identifiable on routine cross-sectional imaging.
These segments include prevascular (anterior), visceral (middle), and paravertebral
(posterior) compartments’.

Prevascular (anterior) mediastinal lesions

Thymic hyperplasia: Thymic hyperplasia manifests as diffuse symmetric
enlargement of the thymus. There are two histologic types of thymic hyperplasia:
lymphofollicular hyperplasia and true thymic hyperplasia. Lymphofollicular
hyperplasia refers to the presence of hyperplastic lymphoid germinal centers with
lymphocytic and plasma cell infiltrate. It is most commonly associated with
myasthenia gravis (50% of patients) and other autoimmune conditions such as
thyrotoxicosis, systemic lupus erythematosus (SLE), rheumatoid arthritis,
scleroderma, among others. True thymic hyperplasia is an enlargement of the thymus,
without histologic abnormalities. Rebound hyperplasia occurs after chemotherapy,
steroids, and radiotherapy®!l.

In patients with diffuse thymic enlargement, it may be difficult to differentiate
between hyperplasia and tumor. Fat infiltration is present within the normal thymus
and thymic hyperplasia®. Chemical shift imaging (CSI) is a fat-suppression technique
that enables the identification of microscopic or intravoxel fat!'l. It allows the detection
of an intravoxel mixture of water and fat by showing a signal loss on the opposed-
phase image relative to the in-phase image in the thymic tissue compared to
paraspinal muscle. CSI can be used to distinguish thymo-epithelial tumor from
thymic hyperplasia, by detecting microscopic fat in the latter. A chemical shift ratio
(CSR) can be calculated for quantifying the signal suppression on opposed-phase
divided by the signal intensity in-phase of the thymic tissue related to the paraspinal
muscle. A CSR value of less than or equal to 0.7 is suggestive of thymic hyperplasia,
depending on sex and age!”!. When the CSR is over 1.0, it is indicative of tumoral
origin. Between 0.8 and 0.9 the lesion is unclear and a control examination is needed.
It is essential to take into account that not all young thymus suppress fat in out of
phase imaging!™l. Also, the thymus of young women had lower CSR than the thymus
of young men™!. On DWI, thymic hyperplasia shows no significant restriction of free
water molecules, revealing higher ADC values compared to tumoral lesions. Also, on
DCE-MR]I, it shows minimal (type D) or no enhancement after gadolinium intake.
Meanwhile, thymic tumors show increased perfusion.

Thymic epithelial neoplasms: Thymic epithelial neoplasms are rare malignant
tumors, with a described prevalence of 0.13/100000 individual in the United States..
Thymic epithelial neoplasms include thymoma, thymic neuroendocrine tumors
(NETs), and thymic carcinoma. Up to 15 different staging systems have been
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Figure 2 Perfusion weighted imaging of non-invasive thymoma. A 38 year - old male with an anterior mediastinal well-defined solid nodule, without signs of local
infiltration of adjacent structures. A: Dynamic contrast-enhanced magnetic resonance (DCE-MR) derived area under the curve parametric map reveals a significant
uptake of intravenous gadolinium based contrast (white arrow); B: DCE-MR derived time intensity curve shows a moderate initial slope of enhancement with a delayed
plateau and with a time to peak less than 120 s (pink curve). This is in keeping with non-invasive thymoma (stage | Masaoka-Koga). AUC: Area under the curve;
DCE-MR: Dynamic contrast-enhanced magnetic resonance.

described for thymo-epithelial neoplasms. The Masaoka system and its variant, the
Masaoka-Koga staging system, are the most commonly used in clinical practice (Table
3). The radiologist has a crucial role in the staging, because the identification of
advanced stages (III and IV) directs the patient towards neoadjuvant therapy®. In fact,
the ITMIG recommended this staging system due to its correlation with patient
survival®l. Recently, the ITMIG in association with the International Association for
the Study of Lung Cancer proposed a TNM staging system according to conclusions
obtained from the retrospective inclusion of more than 10000 patients (Table 4)@*"1.

Thymoma is the most common histologic type of thymic epithelial neoplasms of the
prevascular mediastinum. Men and women are affected equally. Has a peak incidence
in middle age (40-60 years) and is rare in children and young adults®. About 20% of
thymomas coexist with other neoplasms such as lymphoma, lung cancer, and thyroid
cancer. Thymomas are slow-growing neoplasms and, although an aggressive
behavior is rare, they may present pleural, pericardial, and more unusually,
hematogenous spread!”. The association of thymoma with myasthenia gravis is
common. Between 30 to 50% of thymomas coexist with myasthenia gravis, being more
frequent this relation in women, and up to 10% to 15% of patients with myasthenia
gravis have a thymoma!'“l. Other associated conditions are hypogammaglobulinemia
(10%), pure red cell aplasia (5%), Good’s syndrome (B and T cell immunodeficiency)
and autoimmune disorders (SLE, polymyositis, and myocarditis)™.

On MRI, thymomas have low to intermediate signal intensity on T1 and high signal
intensity on T2-weighted sequences. They may present with cystic changes, necrosis,
fibrous septa, nodules, and hemorrhage!*. DWI is useful for differentiating between
benign and malignant tumors by using ADC values. The study by Razek et al"l
showed ADC values of 2.38 £ 0.65 x 10° mm?/s and 1.09 + 0.25 x 10°® mm?/s, for
benign and malignant tumors. They defined a threshold ADC value of 1.56 x 103
mm?/s for differentiating malignant from benign mediastinal neoplasms, with a
sensitivity, specificity, and accuracy of 96%, 94%, and 95%, respectively. Additionally,
well-differentiated tumors showed higher ADC values (1.20 + 0.22 x 10° mm?/s)
compared to poor differentiated tumors (0.98 + 0.18 x 10° mm?/s). Nevertheless, there
was an overlap in the ADC values of invasive thymoma, lymphoma and lung cancer.
Consequently, the solely use of ADC values cannot differentiate them with accuracy!l.
On the other hand, Yabuuchi ef al”! found no significant difference in ADC values
between thymic epithelial tumors, lymphomas and malignant germ cell tumors.
Furthermore, Carter ef al”! stated that ADC could not differentiate between low-grade
thymomas, high-grade thymomas and thymic carcinomas.

DCE-MRI can be used to differentiate anterior mediastinal masses. Yabuuchi et al”
described 3 types of time-signal intensity curves: (1) Persistent, with a time-to-peak
(TTP) > 120 s; (2) Plateau, with a TTP <120 s and a wash-out < 30%; and (3) Wash-out,
with a TTP <120 s and wash-out > 30%. In their population, the washout pattern was
seen only in thymic epithelial tumors (Figure 2). Also, they added the use of *FDG-
PET for this differentiation. The combination of TIC pattern (washout or
persistent/ plateau pattern), maximal diameter (< 6.8 cm vs = 6.8 cm), and a maximum
standardized uptake value (SUV,,, ) cut off value of 11.6 could help differentiate
between thymoma (SUV ., < 11.6) and thymic carcinoma (SUV_,, > 11.6). They
proposed a flow diagram combining the TIC pattern, SUV ., and maximal diameter

max
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Table 2 Perfusion weighted imaging derived parameters

Semiquantitative parameters

Initial area under the curve

Time to peak
Wash in
Wash out

Quantitative parameters
Ktrans

Vv,

e

Ve

KeP

Include information of blood flow, blood volume, permeability,
extravascular-extracellular space volume and microvessel density.

Depends on tissue perfusion
Represents velocity of enhancement

Represents velocity of enhancement loss

Influx volume transfer constant of a contrast agent from the vascular
compartment to the interstitial space

Volume of extravascular-extracellular space per unit of tumor volume
Blood plasma volume

Rate constant between extravascular-extracelular space and plasma

for characterization of anterior mediastinal solid tumors. With this scheme, they
obtained a sensitivity and specificity of 93.9% and 77.8%, respectively, for
differentiating anterior mediastinal tumors (Figure 3)Pl

On the other hand, Sakai et al®™ found a correlation between histologic grade and
DCE-MRI parameters. Low-risk thymomas (Masaoka stage I/II) demonstrated rapid
TTP with a mean time of 1.5 min; Masaoka stage III showed a TTP of 2.5 minutes, and
other lesions such as thymic carcinoma, NETs, lymphoma, and malignant germ cell
tumor demonstrated progressive enhancement, with a TTP of 3.2 min. The
differentiation of thymoma from other mediastinal masses showed a sensitivity,
specificity, and accuracy of 79%, 84%, and 81% respectively, when a cut-off value of
TTP < 2 min was used (Figure 4).

NETs or thymic carcinoid are the least common type of thymic epithelial neoplasms
(incidence 525 cases per 100000 people per year in the United States)". Thymic NETs
primarily affect males (male to female ratio of 3:1) in their sixth decade of life. The
median age at presentation is approximately 57 years. Thymic NETs originate from
neural crest cells and are associated with poor prognosis as they are aggressive,
locally invasive with distant metastases and resistant to chemotherapy™. Nearly 25%
of thymic NETs arise in patients with multiple endocrine neoplasia type 1, Cushing
syndrome and inappropriate antidiuretic hormone secretion syndrome!™.

Imaging findings are similar to those of thymomas at CT and conventional MR,
although, they tend to be larger, lobulated and locally invasive masses. As well as
thymic carcinomas, suggestive findings include: (1) Irregular contour and cystic
component; (2) metastasis and vascular invasion; and (3) heterogeneous enhancement
and lymphadenopathy. They may present with low ADC values, which represents
aggressiveness, hypercellularity, and poor differentiation. Additionally, a DCE-MRI
with a TTP > 2 min suggests a high-grade tumor!*~*"l.

Thymic carcinomas are the second most common type of thymic epithelial
neoplasms, representing up to 20% of those tumors™l. Middle age men are more
commonly affected. Thymic carcinomas are more aggressive and invasive than
thymomas, with a larger size, lobulated contour, and invasion of adjacent structures.
They may also present with cystic changes and necrosis. Poor prognosis is related
with infiltrating tumor margin, the absence of a lobular growth pattern, high-grade
atypia and necrosis, and more than ten mitoses per High-Power Field™*.

Thymic carcinomas present similar findings at CT and conventional MR as
thymomas. Suggestive signs of thymic carcinomas are the presence of metastases,
vascular invasion, irregular contour, cystic component, heterogeneous enhancement,
and lymphadenopathy™“’l. As well as thymic NETs, low ADC values suggest
aggressiveness and poor differentiation, and DCE-MRI with a TTP > 2 min indicates a
high-grade tumor (Figure 3). High ¥FDG uptake is another characteristic that may
help differentiate between thymoma and thymic carcinoma, with the latter presenting
with higher SUV,, values (Figure 4)t>1,

Lymphoma: Lymphoma comprises a heterogeneous group of neoplasms involving
the LN. Medjiastinal involvement is frequently a part of the systemic disease. Primary
mediastinal lymphomas are rare (10%). The majority of lymphomas affecting the
mediastinum are Hodgkin lymphoma (HL)™1. There were 66000 new cases of non-
Hodgkin lymphoma (NHL) and 8800 new cases of HL diagnosed in the United States
in 2011F%*1. The value of imaging techniques relies on the capacity to differentiate
reactive from malignant lymph node, but also to evaluate tumor extension, treatment
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Table 3 Masaoka-Koga staging system

Stage Degree of invasion 5 yr survival rate (%)
I Tumor completely encapsulated 96-100

JIE Microscopic tumor invasion into the capsule 86-95

IIb Tumor invasion into the surrounding fat

II1 Tumor invasion into surrounding organ such as the pericardium, great vessel or lung 56-69

IVa Pleural or pericardial dissemination 11-50

IVb Lymphatic or hematogeneous metastasis

response, and relapse. Additionally, the ability to discriminate lymphoma subtypes
allows treatment assessment, outcome, and differentiation between indolent and
aggressive NHLF!.

It usually presents as an anterior mediastinal soft-tissue mass or a conglomerate of
LN with mild enhancement. The association of lymphadenopathy affecting different
lymph node stations in the chest without mediastinal mass suggests a secondary
involvement of NHL arising from other location™). When a mediastinal mass shows
an infiltrative nature with encasement or encirclement of vascular structures without
involving it, a lymphoma should be the first entity to keep in mind over thymo-
epithelial or germ cell tumors®.

BEDG-PET/CT is better than *FDG-PET or CT alone for evaluating lymphoma as it
helps to discriminate indolent from aggressive NHL. In 2016, the International
Workshop on NHL approved the new response evaluation criteria in lymphoma
(RECIL). RECIL criteria are aligned with response evaluation criteria in solid tumors,
in as much as it suggests a uni-dimensional measurement method, but introduce
tumor metabolic evaluation with "FDG-PET/CT. SUV,,, is useful for evaluating
treatment response and outcome in *FDG-avid lymphoma. There is an excellent
correlation between high SUV . values and progression-free survival (PFS)*.

DWI reveals inherent tissue properties, such as hypercellularity, nuclear
hyperchromatism and an increase in the number of macromolecular proteins. Kosucu
et al™! described the utility of ADC values in the differentiation of malignant and
benign mediastinal LN. They found the lowest ADC values in metastatic LN
compared to benign LN (1.02 + 0.19 x 10°® mm?/s vs 1.51 + 0.07 x 10° mm?/s, for
malignant and benign LN respectively). Also, an overlap in ADC values was present
with invasive thymoma and bronchogenic carcinoma. The study by Mosavi et al*!l
showed a difference in ADC values between indolent NHL, aggressive NHL and HL
using whole-body DWI, with ADC values being lower in indolent NHL (597 + 115
mm?/s) rather than aggressive NHL (822 + 266 mm?/s) and HL (1020 + 547 mm?/s)
(Figure 5). The explanation for lower values of ADC in indolent NHL could be
explained by the higher cell density when compared to HL and aggressive NHL.
Additionally, an increased ADC value has been related to longer overall survival
(OS). Whole body DWI had a similar diagnostic performance to FDG-"*FDG-
PET/CT. Therefore, in the assessment of early treatment response, usually at after one
week, could be an alternative radiation-free surveillance method. PET/MR could be a
promising alternative method for staging and follow up of patients with lymphoma.
In fact, ADCs and SUVs demonstrate to be independent biomarkers in lymphoma,
with significant correlation between them in follicular lymphoma!'".

Germ cell tumors: They comprise neoplasms arising from primitive germ cells, miss-
migrated along the urogenital ridge. There are two types, of seminomatous
(seminoma and dysgerminoma) or non-seminomatous (NSGCT) origin (embryonal
carcinoma, choriocarcinoma, Yolk-Salk tumor, and teratoma). Malignant germ cell
tumors usually have a male predominance. Mature teratoma constitutes the most
common mediastinal germ cell tumor, demostrating a varying amount of intralesional
fluid, fat (present in up to 50% of cases), calcification or soft tissue components.
Frequently, teratomas manifest as large unilocular or multilocular thin-walled cystic
masses!’l. Occasionally, bones or tooth-like elements could be identified"**\. Fat-fluid
levels are highly specific to this entity, which typically affect young patients, with a
described prevalence of 25% of the prevascular masses in patients of 10-19 years-old,
10%-15% in individuals of 20-49 years old and less than 5% in subjects of more than 50
years-old!""l. Differential diagnosis includes other fat-containing anterior mediastinal
lesions like thymolipoma, lipoma or liposarcoma.

Non-teratomatous germ cell tumors usually manifest as large soft-tissue
prevascular mediastinal masses. Clinical and serological information is useful in the
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Table 4 The tumor node metastasis staging system by International Thymic Malignancy Interest Group

TNM staging

Tumor (T) descriptor I I 1A I11B IVA IVB

Tla Encapsulated or X X X
unencapsulated
tumor, with or
without extension
into fat

T1b Invasion of X X X
mediastinal
pleura

T2 Invasion of X X X
pericardium

T3 Involvement of X X X

lung, chest wall,

phrenic nerve,
brachiocephalic

vein, superior

vena cava, or

hilar
(extrapericardial)
pulmonary
vessels

T4 Invasion of X X X
thoracic aorta,
arch vessels, main
pulmonary
artery, trachea,
esophagus, or
myocardium

Node (N) descriptor I I J1IV:N 111B IVA IVB

NO No lymph node X X X X X X
metastasis

N1 Involvement of X X
anterior
(perithymic)
lymph nodes

N2 Involvement of X
deep intrathoracic
or cervical lymph
nodes

Metastasis (M) descriptor I I IITA 111B IVA IVB
MO No Metastasis X X X X X (N1) X (N2)

Mla Pleural or X (NO,1) X (N2)
pericardial
metastatic nodule
or lesions

Mib Pulmonary X (any T, N)
intraparenchymal
metastastic
nodule or distant
organ metastasis

TNM: Tumor node metastasis staging system; ITMIG: International Thymic Malignancy Interest Group.

differentiation of these lesions with lymphoma. Seminomas generally affect patients
between 10 to 39 years old. In up to 10% of patients, there is an elevation of serum
levels of beta-human chorionic gonadotropin (b-HCG)!*l. Elevated levels of lactate
dehydrogenase could be present in seminomas but also in lymphoma patients! ",
Contrarily, NSGCT present with high levels of serum b-HCG and alpha-fetoprotein in
90% of theml”*?l. Seminomatous tumors manifest as hypointense masses on T2-
weighted images, with homogeneous enhancement after gadolinium uptake. By
contrast, NSGCT are large and heterogeneous masses. Internal foci of hyperintensity
on Tl-weighted images are related to intralesional hemorrhage. Although, the
presence of pleural effusion is rare, pulmonary metastasis may help to distinguish
seminomatous germ cell tumors from lymphoma. An NSGCT is firstly suspected
when a large and heterogeneous prevascular mass with pulmonary nodules is
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*FDG-PET/CT

Figure 3 "®F-Fluorodeoxiglucose positron emission tomography/computed tomography of a thymic carcinoma. A 34-year-old with chest pain, found to have
infiltrative mass on pulmonary embolism protocol. Pathology revealed a thymic carcinoma. A and B: Contrast-enhanced computed tomography and fused F-
Fluorodeoxiglucose positron emission tomography/computed tomography showed an '8F-Fluorodeoxiglucose avid anterior mediastinal mass infiltrating thoracic
vascular vessels; C: Concentric increased '8F-Fluorodeoxiglucose activity in the left pleura was proven to represent metastatic disease (white arrows). 8F-FDG-
PET/CT: ®F-Fluorodeoxiglucose positron emission tomography/computed tomography; "8FDG-PET: ®F-Fluorodeoxiglucose positron emission tomography; CE-CT:
Contrast-enhanced computed tomography.

identified on a male patient below 40 years-old*>>. DWI could help to differentiate a
benign from a malignant origin, but also, may increase our specificity to detect mature
fibrosis or cystic components. At DCE-MR, they usually show a persistent or plateau
pattern of TIC, with a TTP over 120 s. On “FDG-PET/CT, they show a high
radiotracer uptake, often with maximum SUVs higher than 11.6 (Figure 6). The
combination of size, DCE-MR derived TIC, and *FDG-PET/CT along with serologic
markers could help to differentiate germ cell tumors from other anterior mediastinal
massest.

Mediastinal goiter: It has a described incidence of 1%-15% of patients undergoing
thyroidectomy. On a CT exam, when a hyperattenuating (70-85 Hounsfield units)
prevascular mediastinal mass with intense and sustained enhancement is identified in
continuity with the cervical thyroid gland, a mediastinal goiter should be the most
preferred diagnosis. Cystic changes and calcifications may be present. Additional
findings favouring a malignant transformation are loss of mediastinal tissue planes
and cervical or mediastinal lymphadenopathy7.

DWI could help to differentiate benign from malignant thyroid nodules. Using a b
value of 500 s/mm? and an ADC cut-off value of 1.704 x 10°* mm?/s, a sensitivity,
specificity, and accuracy of 92%, 88%, and 87%, respectively has been described.
Additionally, using a DW-sequence with a b value of 1000 s/mm?, significant
differences on ADC values have been described between benign and malignant
nodules (2.75 £ 0.6 x 10° mm?/s vs 0.69 + 0.35 x 10° mm?/s). The decrease in ADC
values in malignant lesions is due to the presence of increased cell density and
relatively severe desmoplastic response. Contrarily, the cause of elevated ADC in
thyroid adenomas and hyperplastic nodular goiter is the predominance of abundant
cellular follicles, extracellular fluid and reduced cell density™. Furthermore, the
presence of a delayed wash-out pattern is also suggestive of thyroid carcinoma, with
higher diagnostic performance compared to fine needle aspiration (sensitivity 100% vs
50%-85.7%; accuracy 90% vs 70% to 87.5%, respectively)r.

Parathyroid adenoma: It usually presents in a patient with a history of primary
hyperparathyroidism, hypercalcemia and/or elevated serum parathormone levels,
with or without parathyrodectomy and a soft-tissue nodule in the
anterior-prevascular mediastinum/. 20% of parathyroid adenomas are ectopic, and
80% of ectopic parathyroid adenomas showed an anterior mediastinal location.
Possible ectopic locations include the thymus, tracheoesophageal groove, retrosternal
region and posterosuperior mediastinum!. On imaging, they usually present as
small (< 3 cm) rounded and well-defined nodules, with high radiotracer uptake at
PmTecnetium and *'Talium scans”l. Four dimensional (4D) CT provides both
functional (perfusion) and highly detailed anatomic knowledge about parathyroid
lesions. At 4D CT imaging, they present strong enhancement after intravenous
contrast infusion with significant washout at the delayed phasel” . Although there is
no reference in the literature about the utility of DWI and DCE-MR in parathyroid
adenoma, in the authors” experience, these lesions demonstrate high ADC values and,
and on PWI, a TIC with a steep slope and significant washout, in a similar fashion to
the findings described on 4D CT".
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b = 1000 s/mm? A ADC map

Substraction DCE-MR

Figure 4 Multiparametric functional magnetic resonance imaging thymoepithelial mass. A 63 year-old male with a complex cystic anterior mediastinal mass. A
and B: High b value diffusion-weighted imaging (DWI) (b = 1000 s/mm?) (A) and corresponding apparent diffusion coefficient (ADC) map (B) revealing the complex
behaviour of the lesion. In this case, DWI can differentiate the solid (white arrow on A and B) and cystic (white asterisk on A and B) components and also reveals heh
restrictive behaviour of the solid part of the mass (ADC: 1.12-1.23 x 10~ mm?s), related to hypercellularity; C and D: Substraction of dynamic contrast-enhanced
magnetic resonance on the arterial phase (C) and area under the curve parametric map (D) showing the locally invasive behaviour of the lesion to the pericardium and
adjacent ascending aorta (white arrows on C and D). The mass corresponded to an invasive thymoma stage Ill of Masaoka—Koga classification system. DWI:
Diffusion-weighted imaging; ADC: Apparent diffusion coefficient; AUC: Area under the curve; DCE-MR: Dynamic contrast-enhanced magnetic resonance.

Visceral mediastinal lesions
Central lung cancer: Functional MR has shown great utility in patients with lung
cancer, enabling to differentiate with accuracy benign from malignant nodules. The
combination of DWI and DCE-MR showed similar sensitivity to *FDG-PET-CT but
higher specificity and accuracy (up to 94%), thanks to the reduction of the number of
false positives from the latter technique, such as active inflammatory and tuberculous
nodules®. In addition, DWI has a potential impact on lung cancer differentiation.
Well-differentiated adenocarcinomas display higher ADC values than aggressive
adenocarcinomas, with certain overlap with small cell lung cancer and squamous cell
lung cancer™!. The amount of tumor cells and its distribution is related to signal
intensity at high b value. A signal intensity lesion-to-spinal cord ratio (LSR) on high b
value has been explored in the differentiation of malignant and benign ones.
Malignant tumors demonstrated higher values, having more specificity and accuracy
than ADC and IVIM derived values in this differentiation!°*®'l. Furthermore,
aggressive subtypes of adenocarcinoma showed higher signal intensity at high b
value with a heterogeneous pattern. However, other authors did not show significant
differences in the LSR of benign and malignant pulmonary lesions (Figure 7).
Different patterns of enhancement have been described in primary mediastinal
neoplasms, although some overlap is also present!**l. Some authors obtained higher
relative signal enhancement and steeper slope in active inflammatory lesions!*’l.
Coolen et al™! described a flowchart , where the use of DWI in lesions with TIC type B
curves could distinguish benign (non-restrictive) from malignant (restrictive) entities
(Figure 7). Therefore, functional multiparametric chest MRI constitutes a valuable
one-stop-shop radiation-free diagnostic modality for lung cancer characterization.

Paravertebral mediastinal masses

Neurogenic tumors group a certain type of lesions that arise from peripheral nerves,
sympathetic and parasympathetic ganglia. Correspond to 75% of all posterior
mediastinal lesions, 20% of adult posterior mediastinal lesions and 25% of pediatric
mediastinal lesions"l. There are significant differences in the ADC of benign and
malignant peripheral nerve tumors (1.848 + 0.40 x 10° mm?/s vs 0.900 £ 0.25 x 103
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Figure 5 Diffusion weighted imaging of a lymphoma. An 82 year - old man with a paracardiac lymphomatous
mass. A: The lesion is hyperintense in short tau inversion recovery (black asterisk); B: On black blood turbo spin echo
T1-weighted image, the lesion is slightly hyperintense compared to striated muscle (white asterisk), with infiltration of
the pericardium and hilar vessels. Secondary involvement of the left axial interstitium, bilaterally (white arrows on B);
C and D: In high b value diffusion-weighted imaging (b: 1000 s/mm?) the mass showed high signal intensity, with low
apparent diffusion coefficient: 1.1 x 10> mm?/s on the apparent diffusion coefficient map, in keeping with lymphoma
(white arrows on C and D). STIR: Short tau inversion recovery; TSE: Turbo spin echo; ADC: Apparent diffusion
coefficient.

mm?/s; for benign and malignant tumors, respectively, P < 0.001)"l. Also, the FA
derived from diffusion tensor imaging of involved nerves was lower compared to
normal ones!’. There is limited evidence about the application of functional MRI in
other mediastinal lesions.

FUNCTIONAL MR AND STAGING

Functional MR has shown great utility in the staging of lung cancer by allowing an
accurate assessment of invasion of vascular, bronchial and other mediastinal and
chest wall structures. DWI can differentiate, without the need for any radiotracer
intake, central tumor (restrictive) from post-obstructive pneumonitis (non-restrictive),
which is vital for cancer staging and radiotherapy planning. DCE-MR is superior to
contrast enhanced CT and morphological MR in the identification of vascular and
mediastinal invasion!’l. Free breathing RT-SSFP sequences can distinguish those
peripheral tumors invading only the visceral pleura (mobile with respiratory motion)
rather than those that invade parietal pleura and beyond (static with respiratory
motion). Therefore, the combination of DCE-MR and RT-SSFP could be an optimized
strategy for assessing pleural, mediastinal, diaphragmatic and chest wall invasion.

For nodal staging (N-staging) *FDG-PET/CT constitute the primary modality in
lung cancer. The primary objective is to identify occult metastatic LN and distant
lesions. It could discriminate N3 from M1 stages, which require neoadjuvant therapy.
By contrast, DWI has also shown great utility in the differentiation of benign from
malignant LN, distinguishing false positive *FDG-PET/CT targets due to reactive -
inflammatory LN. In DWI, false positives are due to granulomatous LN, and false
negatives are secondary to microscopic cancer deposits, mainly. Nomori et all*’l
detected higher ADC values in benign lymph nodes compared to metastatic ones,
using an ADC threshold value of 1.63 x 10° mm?/s (accuracy: 89%, specificity: 99%).
Finally, Chhabra et al“"! applied a semiquantitative approach. They referred that short
tau inversion recovery was more sensitive and accurate for N staging compared to
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*FDG-PET/CT *FDG-PET/CT

Figure 6 "F-Fluorodeoxiglucose positron emission tomography/computed tomography of a germ cell tumor. A 27-year-old man with back pain, found to have
germ cell tumor on *®F-Fluorodeoxiglucose positron emission tomography/computed tomography (**FDG-PET/CT). A and B: Contrast-enhanced CT shows a cystic
mass with enhancing solid border (white arrows on A and B); C and D: Note 8FDG activity only within the solid portions of the lesion on fused "®FDG-PET/CT
acquisitions (white arrows on C-D). 'FDG-PET/CT: '8F-Fluorodeoxiglucose positron emission tomography/computed tomography; CE CT: Contrast-enhanced
computed tomography.

DWI and *FDG-PET/CT.

BFDG-PET/CT is the current standard technique for staging esophageal cancer,
with an overall accuracy of 90%-92%. False negatives are due to early stage (Tin situ,
T1 and T2). False positives of this technique are secondary to leiomyomas and
esophagitis (Figure 8). Another limitation is the poor spatial resolution, which
explains its limited role in defining the depth of invasion. MRI has no role in current
staging guidelines. MR also has poor detection rates in the early stages. The detection
rates using a combination of high resolution T2 and DWI are 33%, 58%, 96% and 100%
for T1, T2, T3, and T4 stages, respectively!*’l. Contrarily to lung cancer LN, in
esophageal carcinoma the ADC of malignant LN is higher than benign LN (1.46 + 0.35
% 10° mm?/s vs 1.15 £ 0.25 x 10° mm?/s, P < 0.0001), due to their mucinous content!"!.

Whole body-DWI (WB-DWI) is a promising tool for M staging, which globally
reflects similar results to FDG-PET/CT. In detalil, it is superior to bone scintigraphy,
BEDG-PET/CT and CT in the identification of bone metastasis, and has substantial
advantages in the detection of bone, liver, brain, and kidney metastasis'”l. Contrarily,
compared to a WB-DWI scheme, ¥FDG-PET/CT has better results in LN and soft-
tissue metastasis, probably due to the non-selective fat saturation technique applied
for background signal suppression in WB-DWI">7,

CHEST MR IN EARLY RESPONSE AND TREATMENT
MONITORING

One of the most promising applications of functional MR in the chest is treatment
monitoring and detection of recurrence (Table 5). An increase in ADC in patients of
non-small cell lung cancer during or after chemotherapy or radiotherapy has been
related to good response, being associated to higher OS and PFS. This increase in
ADC is due to cell death, necrosis, apoptosis, and cell lysis. DWI has better results for
detection of early response than DCE-MR and “*FDG-PET/CT. Also, a low ADC value
at the pre-treatment stage has been predictive of proper response to che-
motherapy!®*7l,

Another important application of DWI is the treatment monitoring of new
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Figure 7 Multiparametric functional chest magnetic resonance of central lung cancer. A 78 year-old male with a central hilar mass in keeping with epidermoid
type lung carcinoma. A and B: High b value (b = 1000 sfmm?) and apparent diffusion coefficient (ADC) map (B) revealing a heterogeneous and restrictive behavior of
the lesion, related to hypercellularity and aggressiveness (white arrows on A and B). The mean ADC was 0.97 x 10 mm?/s, confirming a malignant origin; C:
Dynamic contrast-enhanced magnetic resonance showing a significant uptake of gadolinium based contrast agent on area under the curve parametric map (white
asterisk), with central necrosis (White arrow on C); D: Time intensity curve (TIC) plot revealing steep slope of enhancement with posterior plateau (type B TIC) also
favoring a malignant etiology. DCE-MR: Dynamic contrast-enhanced magnetic resonance; ADC: Apparent diffusion coefficient; TIC: Time intensity curve.

therapeutic agents (vascular disrupting agents and immunotherapy). Because of the
different mechanism of action in cancerous cells compared to conventional drugs, the
radiologist must be conscious of the paradigmatic behavior of the lesions during
treatment surveillance. Lung tumors with high ADC value are predictive of good
response to vascular disrupting agents, and during the follow-up, a decrease of ADC
is a sign of treatment effectiveness!®.

As well as in staging, the treatment response of esophageal cancer is made usually
by ®¥FDG-PET/CT. A decrease of more than 50% of the SUV,, /SUV .. in the post-
treatment follow-up compared to pre-treatment examination is in keeping with a
good response. This method has low sensitivity and specificity (67%-70%), mainly due
to chemotherapy and radiotherapy induced esophagitis. Also, the identification of a
good response behavior precludes the detection of local recurrence, being present
only in 42% of PET-based clinical responders!®’. On MRI, a difference in post-
treatment ADC compared to pre-treatment value has been correlated with
histopathological regression grade. This difference early on the treatment onset has a
100% predictive value on responders’*l. Therefore, the assessment of treatment
effect with functional MR has a great potential utility in the differentiation of early
response, with a possible impact in the prognosis of these patients (Figure 9).

mean

CONCLUSION

Functional imaging of the mediastinum enhances an accurate assessment of
mediastinal masses. It allows to distinguish with accuracy benign from malignant
lesions. DWI and DCE-MRI are functional techniques which can be used in clinical
protocols, providing an alternative to ®*FDG-PET/CT in the evaluation of mediastinal
lesions. It allows a complete characterization of them in a one-stop-shop procedure,
while avoiding the use of ionizing radiation. Functional techniques have a great
potential impact in the staging of lung and esophageal cancers, increasing its
precision, and in the therapy monitoring of mediastinal neoplasms. Quantitative
functional MR-derived parameters provide unique information, which makes them
authentic biomarkers with potential prognostic implications.
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Table 5 Treatment monitoring and recurrence behavior

Good response Poor response
T2WI No tumor 1 SI in bone marrow Residual/ fsoft tissue mass 1 extent bone marrow invasion
DWI 1 ADC | ADC
DCE-MRI | slope/absent enhancement Persistent / T enhancement
MRS 1 Choline peak | Choline peak

T2WI: T2 weighted imaging; SI: Signal intensity; DWI: Diffusion weighted imaging; ADC: Apparent diffusion coefficient; DCE-MRI: Dynamic contrast
enhanced magnetic resonance imaging; MRS: Magnetic resonance spectroscopy. Modified from Vilanova et all'®].

b = 1500 s/mm?

Figure 8 Different diffusion weighted imaging approaches to an aggressive middle mediastinal mass. A 56 year-old woman with esophageal leiomyosarcoma
stage IV. A-F: Restrictive behavior of the mass could be seen [Apparent diffusion coefficient (ADC): 0.951 x 10~ m?/s; malignant origin]. Derived biomarkers of three
different ways of quantification of diffusion-weighted imaging (white asterisk) of the mass are shown: A-B: Mono-exponential approach (A: High b value; B: ADC map);
C-D: bi-exponential scheme (Intravoxel incoherent motion; C: Perfusion fraction map; D: Diffusion coefficient map); E-F: Diffusion kurtosis imaging (E: Apparent
diffusional kurtosis map; F: Apparent diffusion map). ADC: Apparent diffusion coefficient.
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Figure 9 Treatment monitoring of an esophageal carcinoma by diffusion-weighted imaging. A 47 year-old male with esophageal carcinoma treated with
esophagectomy and gastroplasty. A-D: Post-surgery surveillance magnetic resonance (MR) shows a normal appearing anastomosis on turbo spin echo (TSE) T2-
weighted sequence and with no restriction on diffusion-weighted imaging and apparent diffusion coefficient (ADC) map (B-D; white arrows); D-G: Follow-up MR
examination done 6 mo later revealing anastomotic thickening on TSE T2-weighted image and with restrictive behavior on diffusion-weighted whole-body imaging and
ADC map (F-H), in keeping with relapse (blue arrows). ADC: Apparent diffusion coefficient.
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Abstract

Lung cancer is one of the most common malignant tumors. It has the highest
incidence and mortality rate of all cancers worldwide. Late diagnosis of non-
small cell lung cancer (NSCLC) is very common in clinical practice, and most
patients miss the chance for radical surgery. Thus, radiotherapy plays an
indispensable role in the treatment of NSCLC. Radiotherapy technology has
evolved from the classic two-dimensional approach to three-dimensional
conformal and intensity-modulated radiotherapy. However, how to ensure
delivery of an accurate dose to the tumor while minimizing the irradiation of
normal tissues remains a huge challenge for radiation oncologists, especially due
to the positioning error between fractions and the autonomous movement of
organs. In recent years, image-guided radiotherapy (IGRT) has greatly increased
the accuracy of tumor irradiation while reducing the irradiation dose delivered to
healthy tissues and organs. This paper presents a brief review of the definition of
IGRT and the various technologies and applications of IGRT. IGRT can help
ensure accurate dosing of the target area and reduce radiation damage to the
surrounding normal tissue. IGRT may increase the local control rate of tumors
and reduce the incidence of radio-therapeutic complications.

Key words: Non-small cell lung cancer; Radiotherapy; Image-guided radiotherapy;
Intensity-modulated radiotherapy; Positioning error

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Lung cancer is one of the most common malignant tumors. Radiotherapy plays
an indispensable role in the treatment of non-small cell lung cancer. How to ensure
delivery of an accurate dose to the tumor while minimizing the irradiation of normal
tissues remains a huge challenge. In this brief review, we summarize the methods of
radiotherapy technology, especially for the image-guided radiotherapy (IGRT). We
believe that IGRT can help ensure accurate dosing of the target area and reduce radiation
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damage to the surrounding normal tissue.
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INTRODUCTION

Lung cancer is one of the most common malignant tumors, and it ranks first in both
incidence and mortality worldwide. Non-small cell lung cancer (NSCLC) accounts for
80%-85% of all lung cancers!". Late diagnosis of NSCLC is very common in clinical
practice, and most patients miss the chance for radical surgery. Thus, radiotherapy is
one of major treatment modalities for NSCLC!"l. In recent years, continuous
advancements in image-guided radiotherapy (IGRT) technology have enabled more
accurate positioning and precise radiotherapy. IGRT can decrease errors during
treatment, increase the local radiation dose, and reduce the dose of radiation
delivered to the normal surrounding tissue to optimize the local tumor control rate
and significantly improve patient quality of lifel*”l. This paper presents a brief review
of the technical developments and application of IGRT in recent years.

STATUS OF RADIOTHERAPY

Lung cancer has increased globally in both incidence and mortality. It ranks first
among malignant tumors in both incidence and mortality worldwide and is a threat to
human health. NSCLC account for 80%-85% of all lung cancers, and early diagnosis is
limited. Approximately 85% of patients are in advanced stages at the time of
diagnosis. The efficacy of surgical treatment is not ideal, and the 5-year survival rate
is only about 16%". According to statistics radiotherapy was widely utilized as high
as 55% in all new cancer casesl.. In traditional two-dimensional radiotherapy, an
oncologist must control the treatment based on his experience because the imaging
diagnosis and positioning system operate on a two-dimensional plane. Irradiating a
large area can easily destroy normal cells around the tumor but not the tumor itself.
Therefore, the treatment efficacy is poor, with obvious side effects and many
complications!’.. The ideal radiotherapy technique is to deliver a lethal dose to the
target area according to the shape of the tumor without irradiating the normal tissue
around the target area. In 1959, Dr. Takahashi from Japan first proposed and outlined
the concept of conformal radiation therapy. The development and application of
technologies such as computed tomography (CT), magnetic resonance imaging, three-
dimensional treatment planning systems and multi-leaf collimators have made three-
dimensional conformal radiotherapy possible and facilitated the transition from the 2-
dimensional era to the 3-dimensional era. In recent years, many new technologies and
new methods for improving the accuracy of treatment have been developed.
Technologies such as three-dimensional conformal radiation therapy (3DCRT) and
intensity-modulated radiation therapy (IMRT) have solved the problem of dose
conformation in stationary target areas. However, the position and shape of the tumor
and the positional relationship between the tumor and its surrounding organs can
change over the course of treatment. The proactive treatment method uses a certain
technique to detect the positioning error and/or movement of the target area and to
improve the delivery of radiation to the tumor while correcting the error to better
protect the surrounding normal tissues. Methods to ensure and control the quality of
radiation therapy are still under active investigation.

DEFINITION OF IGRT

Compared to traditional radiotherapy, IGRT enhances the biological effects of
radiotherapy and is considered an extension of 3DCRT and IMRT. It integrates
respiratory movement over time during treatment and positioning error between
fractions. It is the most advanced four-dimensional radiotherapy technology in the
field of tumor treatment, featuring accurate positioning, plan design and control of
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the accelerators. IGRT can correct the patient’s positioning error, aid in planning
subsequent radiotherapy, guide real-time beam irradiation, and collect images and/or
other signals during treatment in order to ensure the accuracy of radiation delivery.
The collected images and/or signals are used to guide and deliver the dose of
radiation to the target area and ultimately improve the rate of local control rate and
long-term survival in patients with advanced NSCLCU). IGRT technology can correct
the error between the lesions and the markers and modify the changes in the radiation
dose between the tumor and normal tissues. It can reasonably adjust the dose to
protect normal tissue while reducing the safe marginal region and increasing dose
delivery to the tumor areal'’l. IGRT can be achieved using the following technologies:
online correction, adaptive radiotherapy, breath-holding and respiratory gating
control, four-dimensional radiotherapy and real-time tracking technology!'!l.

IMPLEMENTATION OF IGRT IN NSCLC RADIOTHERAPY

Online correction technology

During the course of fractional treatments, two-dimensional or three-dimensional
images of the patient are acquired and compared to the planned image (preplaced
markers) after positioning to determine the positioning error or the error of the
radiation field, which are corrected immediately to obtain the appropriate position of
the target area. The optimal radiation dose can then be delivered. In recent years,
online correction has evolved from earlier film to current electro phoretic image
display technology, which increases the degree of automation and shortens the
additional treatment time. Moreover, the X-ray source for imaging has evolved from
MV imaging to KV-MV combination imaging or KV imaging alone, and the
technology for the calibration image has also evolved from two-dimensional to three-
dimensional imaging such as spiral CT or cone beam CT (CBCT)!"'1.

Adaptive radiotherapy

Due to individual differences, the actual appropriate width of the marginal region
around the target areas different for each patient. Therefore, it is necessary to set an
individualized width of the marginal region according to the individual’s positioning
error and organ movement data and then to adjust the margins of the planned target
volume (PTV) and the clinical target volume. The plan and mode of adaptive
radiation therapy can be modified using a systematic feedback of measurements
during treatment!"*"1.

CBCT-guided adaptive radiotherapy: Conventional radiotherapy plans are designed
based on CT images obtained before radiotherapy. However, changes in the patient’s
body mass index, tumor deformation, and movement of the surrounding organs can
cause displacement of the target and consequent deformation!"". CBCT-guided
adaptive radiotherapy is a new extension of IGRT technology that allows for feedback
of the target tumor volume and position changes during treatment to analyze the
difference between the original plan and the treatment and to obtain real-time
anatomical images in order to re-design the treatment plan. This technique can ensure
appropriate dose delivery to the target area and reduce unnecessary irradiation of
normal tissue, thus minimizing the side effects of radiotherapy!'>'®l. A study by Zhao
et all”l described how to delineate the target area using the anatomical images
collected by CBCT and how to form an outline of the new target area using
deformation registration software. Under the guidance of CBCT, the treatment plan
can be re-optimized. CBCT also allows for updated calculations of the actual dose
accumulation in the target area and surrounding organs and an accurate final
determination of the radiation dose for further treatments in order to reduce damage
to normal tissues and increase dose delivery to the target area. Buckley et all'”!
proposed CBCT-guided helical tomotherapy (HT) as a replacement for IMRT to
achieve adaptive contour delineation, planning, and fractional dose accumulation.
Currently, studies of CBCT-guided radiotherapy for NSCLC mainly focus on
respiratory movement and shrinkage of the target area. Interference of respiratory
movement can be improved by techniques such as respiratory gating, real-time
tracking and 4D-CT, while the effect of target shrinkage can be effectively addressed
by the timely modification of radiotherapy plans!’l. Adaptive radiotherapy
technology based on CBCT image guidance could be comparable to adaptive HT with
further optimization of the time required for adaptive radiotherapy planning. De et
alt reported that HT and IGRT are effective and safe treatment modalities for anal
cancer and are considered standard of care for these conditions in our department. A
study by Elsayad ef all'! demonstrated 83% tumor regression and 13% progression in
patients with small cell lung cancer (13 patients) or NSCLC (59 patients) undergoing
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fractional CBCT-guided radiation. Moreover, the decrease in gross tumor volume was
associated with the number of CBCT scans (r = 0.313, P = 0.046) and the time of
chemotherapy administration (r = 0.385, P = 0.013). Weekly CBCT to monitor changes
in the tumor offers the advantage of adaptive treatment for patients with lung cancer.

Breath-holding and respiratory gating technology

If the target area is affected by respiratory movement, breath-holding can temporarily
eliminate such movement, allowing for a small marginal region. Before treatment, the
patient should perform appropriate breathing exercises to increase the duration of
breath-holding during treatment and to reduce the volume of lung radiation
exposurel””l. Active respiratory gating technology and deep inspiration breath hold
techniques are the two options available to minimize the influence of respiratory
movement. Respiratory gating is a technique that collects images from different
respiratory phases in NSCLC patients and reconstructs images by using four-
dimensional computed tomography (4D-CT). It can be used to calculate and
reconstruct doses at different respiratory phases to better eliminate movement
artifacts, adjust the radiation plan, and monitor the effects of the patient’s respiratory
movement on the organ and target tumor area during treatment. Ultimately, this
technique allows for control of the intensity of the radiation beam to the linear
accelerator and matches the specific phase of the respiratory cycle of NSCLC patients
with the controlled radiation beam!**!. Respiratory gating technology can reduce the
influence of respiratory movement on radiotherapy. For instance, patients with stage I
to II lung cancer who are affected by respiratory movements and patients with sub-
phrenic tumors are better suited to respiratory gating technology with hypo-
fractionated radiation therapy.

During radiotherapy, respiratory and organ movement in NSCLC patients causes
movement of the tumor target area and displacement of the tumor’s position in the
lung, resulting in differences in anatomical position between the planned design and
actual treatment. Moreover, changes in the volume and density of the lung tissue
result in beam penumbra changes in the field and a lower dose of radiation delivery
to the tumor target in lung tissue. Therefore, during IGLFRT, in addition to expansion
of the radiation target area, assisted respiratory gating technology can help reduce the
scope of treatment while increasing dose delivery to the tumor target area. This can
effectively avert the possibility of mistargeted dose delivery and the consequent
excessive exposure of normal tissue to radiation due to individual differences in
respiratory movementl.

Radiotherapy techniques accounting for time

Three-dimensional radiotherapy technology can be further enhanced by accounting
for time using a technique that accounts for changes in anatomical structure during
imaging positioning, planning, and therapeutic implementation. Three key factors
must be taken into consideration: four-dimensional image localization (collecting the
time sequence of four-dimensional images throughout all phases in one respiratory
cycle), four-dimensional plan design (determination of time-marked field parameters
from four-dimensional image data), and four-dimensional treatment implementation
(monitoring of the patient’s breathing using the same respiratory monitoring device
used in the four-dimensional imaging system)®*1.

Personalized delineation of the target range based on 4D-CT: During the course of
routine spiral CT scanning, movement artifacts can cause up to 90% volumetric
deviation in the 3D reconstruction of the target area. Therefore, it is very important to
individualize the target range of movement in NSCLC patients”. The development of
4D-CT technology not only effectively eliminates movement artifacts to accurately
and reliably reproduce the target area receiving radiotherapy but also can reflect the
dynamic characteristics of radiotherapy in the target area with respect to respiratory
movements and perform precise, individualized delineation of the target areal". 4D-
CT takes advantage of three-dimensional reconstruction technology and integrates a
time factor during image positioning, planning and treatment implementation stages.
It also incorporates changes in anatomical structure over time, individualized target
volume (ITV) changes and respiratory cycle. A study by Tan et al’"! has shown that
4D-CBCT is superior to 3D-CBCT in image guidance in small lung tumors because
4D-CBCT can reduce the uncertainty of the tumor location caused by internal
respiratory movement, thereby increasing the accuracy of image guidance. Ehrbar ef
alt? used 4D-CT to delineate ITV and design a radiotherapy plan for patients with
lung cancer. Their results show that ITV ensured tumor coverage but that the lung
tissue was exposed to higher doses of radiation. Significantly reduced ITV can
improve tumor control while protecting normal tissues. In addition, Jurkovic et alt*’!
used the average intensity projection and maximum intensity projection techniques to
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quickly and accurately delineate ITV. These techniques can significantly reduce the
physical effort involved in target delineation. ITV delineation based on 4D-CT can
increase the target dose and reduce the marginal region, thus reducing the radiation
dose delivered to normal lung tissue.

Real-time tracking with stereotactic body radiotherapy

Because human respiratory movement is not strictly identical between two
consecutive cycles, and treatment time is often longer than the image positioning
time, especially when using hypofractional techniques (such as stereotactic
radiotherapy), involuntary movements cannot be predicted. Real-time X-ray tracking
treatment techniques have been developed to address this problem.

Image-guided hypofractionated stereotactic radiotherapy after accurate positioning
in NSCLC patients can deliver large doses to the tumor target area, whereas the dose
of radiation delivered to surrounding normal lung tissue is decreased!**l. The tumor
control rate of conventional radiotherapy is low in some patients with early NSCLC
who are not candidates for surgical treatment. IGRT treatment can reduce the
uncertainty of the positioning error and the movement of the target area, thereby
reducing the irradiation volume, which can allow for increased daily treatment doses,
shortened treatment time, and improved local control™!. For patients undergoing
hypofractionated stereotactic radiotherapy, during the course of treatment, image
guidance techniques are used to correct positioning errors and to monitor changes in
tumor volume and location, thus ensuring coverage of the target area and reducing
the dose absorbed by surrounding tissues .. A study by Ehrbar et al" showed that
the control rate and overall survival of patients undergoing hypofractionated
stereotactic treatment are superior to those of patients receiving conventional
radiotherapy. Moreover, side effects were less common with hypofractionated
radiotherapy. Verma ef all evaluated 92 patients from 12 institutions and found from
their multi-institutional study that the toxicity of stereotactic body radiotherapy
(SBRT) in patients with NSCLC tumors > 5 cm was acceptable. Daily treatment are
associated with a high toxicity rate. Vivek et al® reported that the 1- and 2-year
actuarial local control rates in patients with NSCLC tumors > 5 cm were 95.7% and
73.2%, respectively, and the 1-year and 2-year disease-free survival rates were 72.1%
and 53.5%, respectively; the 1- and 2-year disease-specific survival rates were 95.5%
and 78.6%, respectively. Their study indicates that SBRT is a safe and effective
treatment when combined with IGRT technology (Figure 1 and Table 1).

CONCLUSION

In summary, image-guided hypofractionated radiotherapy has several advantages in
the treatment of NSCLC. Functional imaging allows for the differentiation of normal
tissue from tumor tissue. By ensuring radiotherapy accuracy and appropriate dosing,
these technologies can lower the radiation dose delivered to normal surrounding
tissue while improving the local tumor control rate of the tumor and reducing the
chance of radiation complications. This results in improved the quality of life of
patients after treatment. Treatment that is based on advanced image guidance
technology and computer-assisted adaptive radiotherapy is likely to become the most
common approach for NSCLC radiotherapy in the future.
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Table 1 Summary of important data of advantage of image-guided radiotherapy in radiotherapy

Ref. Published date Authors Highlights of detailed data

[21]

2003 Remouchamps et al The use of mDIBH reduced the mean
percentage of both lungs receiving
more than 20 Gy from 20.4% to 15.2%
(P < 0.00007)

22
= 2015 Muralidhar et al The mean difference of right lung

volume receiving more than 20 Gy of
the dose was from 1% to -98 % (IGRT
< 0.24556)

26
el 2003 Hof et al In the craniocaudal direction the

mean tumor movement was 5.1 mm ,
in the ventrodorsal direction 3.1 mm,
and in the lateraldirection 2.6 mm

[31]
2017 Tan et al The errors of image-guided

registration using 4D-CBCT and 3D-
CBCT on the X, Y, Z axes, and 3D
space were 0.80 + 0.21 mm and 1.08 +
0.25 mm, 2.02 + 0.46 mm and 3.30 £
0.53 mm, 0.52 + 0.16 mm and 0.85 +
0.24 mm, and 2.25 * 0.44 mm and 3.59
+0.48 mm (all P < 0.001), respectively

2017 Ehrbar et al Compared with the 4D dose
calculations, the mid-ventilation and
single-phase tracking overestimated

the target mean dose (2.3% and
1.3%), respectively

[32]

34
i 2016 Garibaldi The PTV margins used to compensate

for residual tumor localization errors
were 3.1, 3.5 and 3.3 mm in the LR, SI
and AP directions, respectively

71 - e
2016 Wang et al Position errors after correction in

Left-right, Anterior-posterior and
Cranial-caudal were 0.22 cm, 0.16 cm
and 0.19 cm, respectively

36
1 2016 Ariyaratne et al Under the use of IGRT, the

population mean setup error was 0.01
cm (left-right), 0.05 cm (supero-
inferior) and 0.13 cm (antero-
posterior)

mDIBH: Moderate deep inspiration breath hold; IGRT: Image-guided radiotherapy; PTV: Planned target volume.
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PHANTOM, ERNIE 1D: PH-112

Figure 1 Images of computed tomography. A: The placement of cone beam computed tomography; B: Chest image fusion; C: Pelvic image fusion; D:
Radiotherapy after correction with image-guided radiotherapy.
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Abstract

The number of patients presenting with spine-related problems has globally
increased, with an enormous growing demand for the use of medical imaging to
address this problem. The last three decades witnessed great leaps for diagnostic
imaging modalities, including those exploited for imaging the spine. These
developments improved our diagnostic capabilities in different spinal
pathologies, especially with multi-detector computed tomography and magnetic
resonance imaging, via both hardware and software improvisations. Nowadays,
imaging may depict subtle spinal instability caused by various osseous and
ligamentous failures, and could elucidate dynamic instabilities. Consequently,
recent diagnostic modalities can discern clinically relevant spinal canal stenosis.
Likewise, improvement in diagnostic imaging capabilities revolutionized our
understanding of spinal degenerative diseases via quantitative biomarkers rather
than mere subjective perspectives. Furthermore, prognostication of spinal cord
injury has become feasible, and this is expected to be translated into better
effective patient tailoring to management plans with better clinical outcomes.
Meanwhile, our confidence in diagnosing spinal infections and assessing the
different spinal instrumentation has greatly improved over the past few last
decades. Overall, revolutions in diagnostic imaging over the past few decades
have upgraded spinal imaging from simple subjective and qualitative indices into
a more sophisticated yet precise era of objective metrics via deploying
quantitative imaging biomarkers.

Key words: Spine; Radiography; Multi-detector computed tomography; Magnetic
resonance Imaging
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Core tip: Advancements in diagnostic imaging over the last few decades have developed
spinal imaging from simple subjective and qualitative indices into a more sophisticated
yet precise era of objective metrics via deploying quantitative imaging biomarkers.
These have revolutionized our understanding of the patho-physiological basis of a lot of
spinal pathologies and spinal biomechanics that were not previously available. This is
projected to improve patient care from both diagnostic and prognostic perspectives in the
near future.
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INTRODUCTION

Over the last few decades, the number of patients presenting with spine-related
problems has globally increased across all age groups with variable etiologic factors,
of which degenerative diseases constitute the major bulk!"?. Subsequently, more
imaging modalities are exploited to address these health problems, with a rise of the
total health expenditure’”. Furthermore, our understanding of spinal biomechanics
has been evolved over the last 25 years’. This imposed a great demand for more
qualitative indices of the different imaging modalities, which have grown enormously
over that time. Meanwhile, the efficient use of these new diagnostic tools in different
clinical scenarios requires judicial deployment for improved cost-effective and
patient-tailored management plans!.

Spinal imaging is complicated by the complex anatomy, different osseous, and soft
tissue components and biomechanics of the spinesl’. Since the early days of radiology,
the spine was assessed by plain radiography that was limited to assessment of
osseous elements and its projections. By the mid-1970s, computed tomography (CT)
started to reproduce clinically useful two- and three-dimensional images of the spine.
A few years later, a major breakthrough of spinal imaging has been achieved thanks
to the introduction of magnetic resonance imaging (MRI) that enabled non-invasive
visualization of the spine anatomy. Since then, continual technological improvements
in CT and MRI have continued. Consequently, progressive improvement in health
care of patients with spine-related disorders has followed".

SPINAL INSTABILITY

With regards to spinal instability, dynamic upright radiographs have been the
cornerstone for assessing spinal motion segmental instability for decades. However,
they are inconvenient in trauma, and suffer from both measurement errors as well as
dimensional limitations!”. More importantly, radiographs miss the soft tissue factors
associated with instabilities!. Besides, subtle spinal instabilities may not be
recognized on conventional non-weight-bearing CT and MRI in the recumbent
position where they might be self-reduced.By the current millennium, axial loading
on both CT and MR imaging were visionary tools in the work-up of spinal ins-
tability®’). However, some argued that the parameters assessed differ from those
measured in the upright position and dismiss the actual variable effects of body
weight, gravity and neuromuscular factors working on the spine in the erect posture
that may be clinically relevant!'"l.

On the other hand, volumetric isotropic high resolution CT imaging, achieved by
the introduction of multi-detector CT (MDCT) in clinical practice during the last
15years, made identification of subtle instabilities caused by osseous failure amenable,
especially in trauma settings!''l. In parallel, technologic advances in MRI (hard- and
soft-wares); including the availability of vertical gap open MRI systems and
functional devices that can be applied on high-field units; allowed the investigation of
spinal instabilities in a feasibly functional way with acceptable reproducibility!'l.
Thus, MRI may nowadays depict subtle spinal instability caused by various
ligamentous failures, and could elucidate dynamic instabilities caused by movements
using novel dynamic MRI with the advantage of non-ionizing radiation exposure.

ADOLESCENT SPINAL DEFORMITIES

Upright serial radiography of the spine has been the gold standard for evaluating
adolescent spinal deformities, with subsequent deriving of quantitative indices of
angular deformities, as well as judgment of curve structure and spine flexibility for
optimized management!"”’. However, it is disadvantaged for repeated exposure to
ionizing radiation!"*'". Besides, the development of 3D rendering of adolescent spinal
deformities and the various interplaying factors in adolescent spinal deformities, such
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as spino-pelvic relationship, diurnal variations, and the effect of different groups of
acting muscles, questioned the reliability of 2D radiographic imaging!'*'"l.

By the year 2000, EOS Imaging® had been introduced as low radiation dose
equipment that produce both 2D and 3D images of the whole spine comparable to
those acquired by CT and similarly reproducible measurements!**"l.

Furthermore, ultrasound has been explored for the evaluation of spinal scoliotic
curves, vertebral rotation deformities and skeletal maturity, with the goal to reduce
radiation exposure to a minimum with encouraging results?"*!l.

On the other hand, medical imaging using real-time image guidance and
computerized navigational systems has revolutionized the spinal surgical procedures
for better surgical planning, minimal invasiveness, and optimized outcomes’.
However, discussion of these advancements is beyond the scope of this editorial.

SPINAL DEGENERATIVE DISEASE

Currently, MRI is the benchmark for imaging spinal degenerative disorders, thanks to
its exquisite soft tissue contrast and the superb identification of intervertebral disk
zonal anatomy. In addition, it is capable of addressing degenerative marrow changes
of the spine, as well as inflammatory changes induced by degenerative disc disease
that are largely responsible for patient symptoms!*’. Promisingly, emerging functional
MR techniques, such as T2/T2* mapping, Tlp calculation, T2 relaxation time
measurement, diffusion quantitative imaging, chemical exchange saturation transfer
and MR spectroscopy, have shown the potential to quantitatively address the disk’s
zonal chemical composition with a greater ability to discern painful spines that
warrant different clinical interventions™ . A recent frontier is the study of stiffness of
the intervertebral discs via MR elastography shear propagation®). Walter et al*!found
significant developments in intervertebral discs stiffness in the higher grades of disc
degenerations, and this showed significant correlation with the classic Pfirrmann’s
scoring system. These advances are projected to be clinically implemented in the
forthcoming years as non-invasive mechanical biomarkers of spinal degeneration.
This may result in a revolution in patient-tailored management strategies by using
targeted novel minimally-invasive interventions™.

SPINAL CANAL STENOSIS

In the spectrum of degenerative spinal disease, spinal canal stenosis is an increasingly
recognized reason for spinal imaging, especially in the elderly. It results from a
myriad of spinal pathologic entities, of which degenerative processes prevail™l. CT
and/or myelography have been employed to elucidate morphologic changes
associated with neural compromise in the central neural canal, lateral recess or at
foramen levels. However, MRI surpassed these modalities thanks to the lack of
ionizing radiation and invasiveness, as well as its surplus soft tissue contrast™.

There are many considerations to be accounted for when imaging spinal canal
stenosis. Firstly, the imaging diagnosis of spinal stenosis relies mainly on arguable
subjective and objective imaging indices to suspect the existence of neurovascular
compromise™*l. Among these variables, antero-posterior dimensions of the spinal
canal, its cross-sectional area and spinal cord-CSF congruity were the most agreed
parameters for diagnosing central stenosis!™. Notably, the compression of the nerve
root at the lateral recess was the most acceptable index of lateral recess stenosis!™.
Furthermore, nerve root impingement and foraminal zone compromise were the most
consensual parameters for diagnosis of foraminal stenosis*l. Secondly, not all
imaging of spinal stenosis is clinically symptomatic™!. A judicial clinical assessment is
crucial for evaluating the relevance of the imaging findings in view of the proper
clinical settings"’l. Thirdly, and to add complexity, spinal canal stenosis should be
perceived as a dynamic phenomenon. A lot of spinal canal stenosis subjects report
position-dependent symptoms due to postural changes in the dimensions of the
spinal canal>*1.

Taking the aforementioned points into account, further functional imaging workup
became of immense importance to discern clinically-relevant canal stenosis.
Nowadays, axial-loaded MR and MDCT cross-sectional studies, as well as upright
and dynamic MR systems, may be deployed to elucidate the cause of radicular pain in
symptomatic spinal stenosis subjects with routine imaging studies with equivocal
resultst'*'>*1. Despite this, logistics as well as economic factors and clinical consensus
are limiting the widespread clinical adoption of these tools, especially in developing
countries.
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Another remarkable achievement for MR imaging of the spine is the wide
availability of newer MR techniques. As an example, 3D volumetric T2-high
resolution sequences, whether those employing the steady-state precession principle
e.g., CISS (constructive interference in steady state) or those based on fast-spin
imaging e.g., SPACE (Sampling Perfection with Application optimized Contrast
Evolution), combine high resolution, clear T2 contrast and non-distorted visualization
in different orthogonal planes due to their isotropic sampling!**l. These tools yield
better signal-to-noise ratios of different spinal structures in a clinically-relevant
shorter acquisition time. Furthermore, they accurately depicted spinal cord lesions, as
well as the spinal nerve roots and those based on fast spin imaging that ad-
vantageously resist motion and susceptibility artifacts’*). These advances allowed a
robust rapid screening for vague cervical and low back pain causes, including spinal
degenerative disease and spinal stenosis, which subsequently increases the radiology
departments’ potency and lessens MRI abuse in an economically compromised health
system!“**1l,

SPINAL TRAUMA

Spinal trauma and its devastating sequels are considered a major cause for emergency
room admissions and rehabilitation program admissions worldwide, respectively!>*l.
Over the last decade, MDCT has been considered the benchmark for clearance of
spinal trauma patients as a result of robust data acquisition and provided spatial
resolutionl. Though further MR imaging may not be warranted, the utility of MRI in
assessing the severity of soft tissue injuries may affect clinical outcomes and should
not be underestimated, especially in spinal cord injury (SCI) patients!*’l. Over the
years, conventional MR sequences like TSE and STIR depicted the presence and extent
of subtle vertebral fractures and spinal cord edema. Nevertheless, it remains limited
due to its inability to address degenerative and regenerative processes at the micro-
structural level of the spinal cord. Currently, a novel array of MR techniques such as
susceptibility weighted (SW), diffusion weighted (DW) and diffusion tensor imaging
(DTI) are revolutionizing SCI imaging, with improved clinical decision making and
clinical outcome. For instance, SW is able to assess spinal cord petechial hemorrhages
an important neural recovery prognostication index!"’l. Furthermore, DW and DTI are
becoming more handy clinical tools that show promise in addressing the spinal cord
micro-architecturel’’l. They can non-invasively provide quantitative probing of
directional diffusivities of cord tracts, as well as assess SCI, its recovery, and re-
myelination’l. Another potential for MR imaging is functional MRI, which is based
on neural activation-induced changes resulting from oxygen and water molecules
shifts between the intra- and extra-vascular spaces!.. Clinical trials showed its ability
to reveal spinal cord injuries and monitor results of rehabilitation.

SPINAL INFECTION

Spinal infection continues to be a challenge to both clinician and radiologists alike.
Though infectious spondylitis and spondylodiskitis are uncommon, they remain as
increasingly recognized health problems worldwide. This may be due to growing life
expectancy across most communities, prevalence of chronic diseases, outbreaks of
immune-suppression, and increased spinal instrumentation procedures.

MR imaging exhibited the highest sensitivity and specificity of all imaging
modalities to diagnose spinal infections because of its superb soft tissue contrast, lack
of ionizing radiation and different image weights that depict early pathologic changes
in marrow, disc and soft tissues"™. Dynamic contrast-enhanced magnetic resonance
proved to be useful supplements in differentiating spinal infection when conventional
MR sequences are equivocal™!. The use of DW may be an excellent alternative where
contrast use is not advocated™. Recently,""'/F-FDG-PET has offered a promising
comparable sensitivity and specificity to MR in the diagnosis of spinal infection and
its anatomic extents when MRI use is unlikely, as in the case of spinal instru-
mentations™.

On the other hand, CT can diagnose spinal infection by documenting bony changes
in established spinal infections and depicting soft tissue calcifications in TB
spondylitis. Interestingly, CT perfusion parameters showed the potential to non-
invasively differentiate neoplastic and inflammatory paraspinal masses, a fairly
common arduous diagnostic task®™. Furthermore, it has carved its niche as a widely
acceptable handy tool for guiding MSK biopsies and drainage procedures for spinal
infections™’l.
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SPINAL INSTRUMENTATION

Over the last few decades, there was an escalating trend in the number of spinal
instrumentation deployed to manage different spinal pathological entities!>.
Subsequently, there has been robust growth in the requested imaging procedures that
assess outcomes and instrument-related complications. Radiography used to be the
convenient imaging tool employed for this purpose. In contrast, the use of CT and MR
was hampered by beam-hardening and magnetic susceptibility artifacts; re-
spectively™. Over the last two decades, synchronous advances in MDCT and MR
technologies, coupled with similar developments in spinal hardware materials have
revolutionized imaging of those patients.

The reduction of metallic artifacts in MDCT has been achieved via the use of anti-
scatter grids and collimation, along with improved post-processing reconstruction
algorithms, especially when dual energy (DE) CT is exploited™!. Likewise, new MR
techniques such as view angle tilting, slice encoding for metal artifact correction, and
multi-acquisition variable-resonance image combination, used solely or in hybrid,
have been clinically exploited to overcome susceptibility artifacts produced by
implanted spinal hardwarel*’l. These improvements have been translated into
enhanced diagnostic imaging quality, thus enabling better chances for fruitful clinical
outcomes.

CONCLUSION

In conclusion, significant improvements in diagnostic imaging over the last few
decades have upgraded spinal imaging from simple subjective and qualitative indices
into a more sophisticated yet precise era of objective metrics via deploying
quantitative imaging biomarkers. These have revolutionized our understanding of the
patho-physiological basis of many spinal pathologies and spinal biomechanics that
were not available previously. Consequently, these developments are projected to
improve patient care from both diagnostic and prognostic perspectives in the near
future.
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Abstract

BACKGROUND

Chronic cocaine use is associated with stroke, coronary artery disease and
myocardial infarction, resulting in severe impairments or sudden mortality. In
the absence of clear cardiovascular symptoms, individuals with cocaine use
disorder (iCUD) seeking addiction treatment receive mostly psychotherapy and
psychiatric pharmacotherapy, with no attention to vascular disease (i.e.,
atherosclerosis). Little is known about the pre-clinical signs of cardiovascular risk
in iCUD and early signs of vascular disease are undetected in this underserved
population.

AIM
To assess inflammation, plaque burden and plaque composition in iCUD aiming
to detect markers of atherosclerosis and vascular disease.

METHODS
The bilateral carotid arteries were imaged with positron emission
tomography/magnetic resonance imaging (PET/MRI) in iCUD asymptomatic for
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cardiovascular disease, healthy controls, and individuals with cardiovascular
risk. PET with 18F-fluorodeoxyglucose (*F-FDG) evaluated vascular
inflammation and 3-D dark-blood MRI assessed plaque burden including wall
area and thickness. Drug use and severity of addiction were assessed with
standardized instruments.

RESULTS

The majority of iCUD and controls had carotid FDG-PET signal greater than 1.6
but lower than 3, indicating the presence of mild to moderate inflammation.
However, the MRI measure of wall structure was thicker in iCUD as compared to
the controls and cardiovascular risk group, indicating greater carotid plaque
burden. iCUD had larger wall area as compared to the healthy controls but not as
compared to the cardiovascular risk group, indicating structural wall similarities
between the non-control study groups. In iCUD, wall area correlated with greater
cocaine withdrawal and craving.

CONCLUSION

These preliminary results show markers of carotid artery disease burden in
cardiovascular disease-asymptomatic iCUD. Broader trials are warranted to
develop protocols for early detection of cardiovascular risk and preventive
intervention in iCUD.

Key words: 3-D dark-blood magnetic resonance imaging; 18F-fluorodeoxyglucose
positron emission tomography; Simultaneous positron emission tomography; Magnetic
resonance; Substance use disorder; Cocaine addiction; Atherosclerosis; Plaque burden;
Vascular inflammation

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Despite undetected clinical signs, cocaine use increases risk of stroke, coronary
artery disease and myocardial infarction. Simultaneous carotid positron emission
tomography/magnetic resonance imaging can effectively evaluate vascular inflammation
and plaque burden in individuals with cocaine use disorder. Cocaine users had increased
wall area, comparable to individuals with cardiovascular risk and significantly higher
than healthy controls. Wall area in cocaine users positively correlated with greater
cocaine withdrawal and craving. Broader trials are warranted to develop protocols for
early detection of cardiovascular risk and preventive intervention in individuals with
cocaine use disorder.

Citation: Bachi K, Mani V, Kaufman AE, Alie N, Goldstein RZ, Fayad ZA, Alia-Klein N.
Imaging plaque inflammation in asymptomatic cocaine addicted individuals with
simultaneous positron emission tomography/magnetic resonance imaging. World J Radiol
2019; 11(5): 62-73

URL: https://www.wjgnet.com/1949-8470/full/v11/i5/62.htm

DOI: https://dx.doi.org/10.4329/wjr.v11.i5.62

INTRODUCTION

Cocaine use disorder (CUD), chronic brain disease, imparts multiple cardiovascular
effects. The phenomenology of cocaine addiction involves decades of chronic cocaine
and other drug use as well as an unhealthy lifestyle (e.g., poor sleep and nutrition)
that affect cardiovascular health. Furthermore, cocaine’s main vasoactive metabolite
benzoylmethylecgonine, a tropane alkaloid, is associated with hematological effects
on the vessel and the loss of the endothelium’s protective functions!'~l. Cocaine creates
an elevated immune system inflammatory state with increased pro-inflammatory
cytokines, and brain-derived neurotrophic factor levels, all contributing to vascular
diseasel*”l. These effects are expressed by activation of cells in the endothelium
(interior surface of blood vessels) leading to macrophage proliferation and vascular
inflammation, with subsequent formation of complex plaque that manifests as
structural abnormalities and progresses to atherosclerotic diseasel*”). Atherosclerosis
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reflects a long-term inflammatory process, where, in medium to large arteries (e.g., the
carotid arteries), it may be present even before it becomes susceptible to rupture,
without overt clinical symptoms!’l. However, once symptoms occur, the artery is
severely damaged and cerebral ischemia can ensue, a common fatal outcome in
CUDI,

Significant advances in multi-modal imaging for early detection of atherosclerosis
in asymptomatic populations who are at increased risk for vascular disease (e.g.,
individuals with high cholesterol, Type II diabetes mellitus) have proven efficacy for
preventive treatment!'>''l. Thus, characterizing the atherosclerotic cascade with
magnetic resonance imaging (MRI) and positron emission tomography (PET) in
asymptomatic individuals at cardiovascular risk can help delineate disease stage and
inform on medication choices and follow-up!"”'!l. The presence of inflammation
captured by PET- with 18F-fluorodeoxyglucose (*F-FDG) is an important indicator of
early stage disease progression and validation that the cause of vascular pathology is
indeed atherosclerosis. For the purpose of imaging vascular inflammation, FDG is
internalized (but not metabolized as in brain FDG) by tissues with active anaerobic
metabolism, such as inflamed areas. "F-FDG PET can quantify inflammation in
atherosclerotic plaques!’”'! and has been correlated consistently with plaque
macrophage content (white blood cells that increase inflammation and stimulate the
immune system) in atherosclerotic rabbits!'”! and patients!'>'*'"]. An important
indication of atherosclerosis overall burden is assessed using MR, an excellent
modality for evaluating the blood vessel wall. The MR sequence uses black (or dark)
blood techniques, in which the blood appears black and the arterial wall can be seen,
accurately depicting plaque presence, size, and morphology with sub-millimeter
resolution and high reproducibility, providing new indices of atherosclerotic burden
that can be applied in large scale studies to varied populationsl‘.

Thus, PET with FDG can detect early disease stages and simultaneous MR is used
to quantify atherosclerosis burden. Such simultaneous PET/MRI!'"!''l has never been
used for early detection of vascular pathology in asymptomatic drug addicted
individuals. Targeting this population for early detection is of urgency now that the
“Crack generation” of the mid 1980s is aging!"’. Owing to decades of cocaine and
comorbid tobacco and alcohol use, these individuals with CUD (iCUD) are at
particularly high risk for vascular disease and atherosclerosis. Hence, the
characterization of atherosclerosis by multimodal imaging can help to detect early
signs of disease and inform treatment trials with non-invasive end-points. We applied
imaging protocols with PET/MRI of the bilateral carotids for measuring markers of
cardiovascular risk for the first time in iCUD. We hypothesize that iCUD will have
elevated inflammation and carotid plaque burden as compared to non-addicted
controls and even as compared to non-addicted individuals with established
cardiovascular risk who are a decade older.

MATERIALS AND METHODS

iCUD and healthy controls

We studied a group of iCUD (n = 14), a group of non-addicted healthy controls (n =
10), and a group of non-addicted individuals with cardiovascular risk (n = 62).
Individuals with CUD and non-addicted healthy controls were recruited using
advertisement in websites, local newspapers, bulletin boards, and by word-of-mouth
with calls for imaging in individuals with cocaine problems or healthy controls.
Subjects were given a complete physical examination that included electrocardi-
ography and laboratory tests of renal, hepatic, pancreatic, hematopoietic, and thyroid
functions to ensure good physical health. Drug use was assessed with urine tests in all
subjects on screening day and pregnancy was tested in women on screening as well as
on imaging visits. In addition, on screening day alcohol use was measured with a
breathalyzer and tobacco use was measured by levels of nicotine and cotinine in
blood. An in-depth interview included the following instruments for assessing
inclusion/exclusion criteria: The Structured Clinical Interview for the Diagnostic and
Statistical Manual-IV of Axis I Disorders (research version!’*) for psychiatric
diagnostics. Addiction Severity Index?”!], a semi-structured interview provided an
estimate of the years of drug/alcohol and severity of use and a detailed assessment
for recent and lifetime history of use of various drugs including alcohol. We
supplement this interview with brief, well-validated, instruments of addiction
severity to assess potential covariates: Cocaine Selective Severity Assessment Scalel*”
evaluated cocaine withdrawal symptoms occurring over the past 24 h, Cocaine
Craving Questionnaire assessed cocaine craving symptoms over the past 24 h”’], and
Severity of Dependence Scale**! examined the severity of addiction during the past

Raishidengs WIR | https://www.wjgnet.com 64 May 28, 2019 | Volume1l | Issue5 |



Bachi K et al. Plaque inflammation in cocaine addiction

12 mo.

Inclusion criteria: (1) Ability to understand and give informed consent; (2) age 35-
65 years; (3) Primary current diagnosis of CUD for the iCUD group; diagnoses for
tobacco and alcohol use disorders were allowed; (4) Framingham score of < 10%-20%
in iCUD and controls; and (5) right-handed. Exclusion criteria: (1) Urine positive for
any psychoactive drugs (except cocaine in iCUD) or their metabolites tested on the
day of screening; (2) Psychiatric disorders with psychosis and pervasive
developmental disorders such as autism; (3) Head trauma with loss of consciousness
> 30 min; (4) Present or past history of neurological disease of central origin
(including seizures); (5) Any cardiovascular disease or abnormal vital signs; (6) Any
other medical condition (e.g., diabetes mellitus) that may alter cerebral function,
endocrinological, oncological or autoimmune diseases; (7) Pregnant or breast feeding;
and (8) Counter-indications to PET scanning and metal implants or other counter-
indicators to MRI.

Non-addicted individuals with cardiovascular risk

In addition to our healthy control comparison group, MRI values in iCUD were
compared with values of existing datal'! from 62 non-addicted individuals (age 64.6 +
7.8, 83% males), with the following inclusion criteria: (1) Ability to understand and
give informed consent; (2) Men and women aged 18-75 years; (3) Previous known
coronary heart disease or at high risk of coronary heart disease (diabetes or a 10-year
risk of coronary heart disease events > 20% by Framingham Risk scoring), triglyceride
concentrations of 400 mg/dL or lower (< 4.5 mmol/L), and carotid or aortic arterial
wall (target) to background (blood) ratio (TBR) of 1.6 or higher, as identified by *F-
FDG uptake measured by PET/CT during the screening period; and (4) Clinically
stable and receiving appropriate and stable treatment with a statin or other low-
density lipoprotein (LDL)-C lowering drugs with LDL-C concentrations of 100 mg/dL
or lower (< 2.6 mmol/L) unless receiving maximum tolerated doses of therapy or
intolerant to statins. Exclusion criteria included: (1) Concomitant treatment with
fibrates or nicotinic acid; (2) Presence of uncontrolled blood pressure or diabetes
(HbA,, >10%); and (3) Recent (< 3 mo) clinically significant coronary or cerebral
vascular event, diagnosis of familial hypercholesterolaemia, or a glomerular filtration
rate lower than 30 mL/min. Other reasons for exclusion were standard for this type of
trial, as previously described!!l.

Imaging

Carotid PET/MR image acquisition:"*F-FDG PET was used to evaluate arterial
inflammation within the right and left carotid of the subjects!"""'*l. Participants were
imaged at rest in supine position 90 min after injection of 10mCi of 18-FDG!"’l. MRI
sequences for PET attenuation correction were acquired while the FDG was still
circulating. 3-D dark-blood MRI imaging of the internal carotid arteries extending 3
cm below and above the carotid bifurcations using a 4-channel carotid coil was
conducted. After localization with gradient echo sequences, time-of-flight images
were acquired to delineate vessel lumen (interior of the vessel). Then, dark blood
images were obtained using 3D SPACE with multiple contrast weightings. Proton
density weighted, T1 and T2 weighted images were acquired™*’], during free
breathing’!l, un-triggered with fat suppression, with template based attenuation
correction as previously validated™!. PET data for one subject, right and left carotid
MRI data of one subject, and right carotid MRI data of a third subject were not
analyzable for iCUD.

Analysis of inflammation by PET: Image analysis of PET/MRI data was performed
using OsiriX MD (Pixmeo, Geneva, Switzerland). T2 TSE MRI images of the head and
neck were fused with PET images of the same region and analyzed in the axial plane.
The technique employed has been previously described in other studies'**?. The
common carotid artery was assessed where it was well delineated from its most
caudal extent up to the level of the carotid bifurcation. Using the closed polygon
drawing tool, the common carotid artery was traced on the fused images. MRI signal
differences between the target and adjacent tissue were used as guidelines to best
mark the region of interest (ROI). The right and left carotid arteries were analyzed
separately, as the bifurcation is often not at the same level when comparing the two
sides. The mean and maximum standardized uptake values (SUV) of the target vessel
were measured for each slice.

Background was measured within the jugular veins using an oval drawing tool to
acquire five measurements of at least 10 mm? on both the right and left sides for a
total of 10 measurements. The lowest fused image SUVmean-slice within each slice of
the jugular vein was chosen for background ROI placement. The SUVmean-
background represents the average of the SUVmean-slice values acquired from the 10
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background slices. TBR mean and maximum were then calculated by dividing
respectively the target SUVmean of a slice and the target SUVmax of a slice by the
SUVmean-background. The TBRmean-overall and TBRmax-overall represent the
average of the metric’s values when considering all slices evaluated for each artery.
The most diseased segment (MDS) is defined as the highest TBRmax-slice and that of
its two adjacent slices and the TBR of the MDS (TBR-MDS) is the average of the
TBRmax-slice of this three level segment. Calculations were made using Excel
(Microsoft, Washington, USA).

Analysis of atherosclerotic burden by MRI: 3D-SPACE MRI images of the neck were
obtained and reformatted into the axial plane prior to analysis. Using these
reformatted ‘black blood” MRI images, the carotid arteries were analyzed at a
dedicated workstation running the software program VesseIMASS, (VesselMASS,
Division of Image Processing, Department of Radiology, Leiden University Medical
Center, Leiden, Netherlands). The technique used has been previously described in
other studies™*l. As with the MR/PET analysis, the common carotid artery was
assessed separately and bilaterally in the slices where each vessel was well delineated,
from its most caudal extent up to the level of the carotid bifurcation. The metrics
acquired for each vessel included: lumen area, wall area, total vessel area, wall
thickness and wall thickness SD. A normalized wall index was also calculated to
account for arterial wall size differences that are found within each subject.

Statistical analyses

Statistical analysis was conducted in SPSS (IBM Corp., Version 23.0. Armonk, NY) to
compare between the iCUD and the healthy control group on demographics and drug
use by a two samples t-tests (two-tailed). Comparisons of PET/MR measurements
between the iCUD and the healthy controls groups were conducted by univariate
analysis of covariance (ANCOVA) while controlling for age. Comparisons of MRI
measurements between the iCUD and the group of individuals with cardiovascular
risk were conducted by one sample t-tests (two-tailed) using the mean values of the
group of individuals with cardiovascular risk (since only mean values were available
for this group). Associations between the findings that differed between the iCUD and
the healthy control group and drug use measures were examined by partial
correlations with age and nicotine lifetime use (which differed significantly between
the groups) as covariates. A familywise correction for multiple correlations at
significance level of P = 0.05 was applied.

RESULTS
Participants

Cocaine addicted individuals were slightly older than non-addicted healthy controls
and about a decade younger than those with cardiovascular risk. The race distribution
was unequal, with more African Americans in the iCUD group. There were no
differences between the iCUD and non-addicted healthy controls in gender,
education, body mass index, and resting heart rate. Framingham risk scores were
available only for a limited number of participants (3 iCUD scored 8.7 £ 3.6 vs 6
healthy controls 2.7 £ 2.1, P < 0.05). iCUD were chronic users with 21.9 + 7.9 years of
cocaine use, 20.8 £ 11.8 years of alcohol use, and 9.1 £+ 10.5 years of cannabis use; 64 %
were current smokers whereas in the healthy controls 10.0% were current and 20.0%
were past smokers (groups differences on lifetime use of cocaine, cannabis, and
nicotine smoking, P < 0.001; alcohol lifetime use did not differ between the iCUD and
healthy control groups) (Table 1).

Imaging results

According to norms established in clinical research studies of risk detection™*!, TBR >
1.6 is indicative of inflamed plaque. The PET FDG results showed that both iCUD
(85%) and the healthy controls (90%) had slightly inflamed plaque in one or both
carotid arteries. There were no significant differences in plaque inflammation between
the iCUD and the non-addicted healthy controls measured by maximum target-to-
background ratios and measures of most diseased segment (Table 2).

The MRI measures demonstrated that the iCUD had significantly elevated carotid
plaque burden as compared to the non-addicted healthy controls and the group of
individuals with cardiovascular risk (Figure 1 and Figure 2, Table 2). The ANCOVA
results showed that, as compared to the healthy controls, the iCUD group had
significantly increased wall thickness and wall area. Notably, in one sample ¢-tests
using the individuals with cardiovascular risk comparison group’s mean values, a
similar pattern of elevated plaque in iCUD was observed as follows: iCUD had
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Table 1 Sample characteristics: Demographics, cardiovascular risk, and drug use

5 q i k(15] . =
Group 1: Cardiovascular risk!*/(n  Group 2: Healthy controls (n i i e =

=62) 10)
Demographics
Race 62 white (94%); 4 other 5 black (50%); 4 white; 1 other 13 black (93%); 1 white
Gender 55 men (83%) 8 men (80%) 10 men (71%)
Age™ 64678 46253 50.8 +4.1
Education NA 15.0+2.0 13.6+1.8
Cardiovascular risk
BMI NA 291450 283+3.7'
Heart rate NA 749 +11.9 791+109
Total cholesterol NA 182.7 + 28.2° 163.3 +28.9°
HDL cholesterol NA 558 +16.1" 423+9.1°
Drug use
Alcohol lifetime NA 18.9+13.4 20.8+11.8
Cocaine lifetime NA NA 219479
Nicotine lifetime’ 12% current 10.0% current; 20.0% past; 70.0% 64.3% current; 28.6% past; 7.1%

never; 3.5 8.1 never; 26.4 +10.1

THC lifetime® NA 05+1.3 9.1+£10.5
Cocaine withdrawall*} NA NA 18.6+11.9
Cocaine craving!”’! NA NA 14.7 £14.5
Severity of drug dependencel*! NA NA 32+£36

n=13.

=7,

=4,

dn=6.

5

n = 3. Cardiovascular risk > cocaine users:

4P < 0.001. Healthy controls < cocaine users:

4P <0.05,

P <0.01,

fP < 0.001. Cocaine Selective Severity Assessment Scale””! (range: 0-126). Cocaine Craving Questionnairel”’! (range: 0-45). Severity of Dependence Scalel*']
(range: 0-15). NA: Not available; BMI: Body Mass index; THC: Tetrahydrocannabinol.

significantly thicker wall, whereas the cardiovascular risk group and healthy controls
did not differ on this measure indicating the presence of more plaque and worse
structural disease state in the carotids of iCUD than the much older symptomatic
comparison sample, who has been identified for risk for cardiovascular events. Using
the cardiovascular risk comparison group’s mean values for wall area, significant
differences were detected when compared with healthy controls but differences did
not reach significance when compared with iCUD.

Testing whether these elevated inflammation markers in iCUD correlated with
addiction symptoms, we found that plaque burden (wall area) was positively
associated with the degree of cocaine withdrawal and craving even after controlling
for age and nicotine use and also familywise error correcting for multiple analyses.
The greater the cocaine withdrawal symptoms (r = 0.838, P, = 0.003, P_,.. = 0.021)
and the greater the cocaine craving (r = 0.787, P, = 0.007, P, = 0.049) the larger the
wall area in iCUD (Figure 3). No correlations with PET inflammation markers were
found.

corr.

DISCUSSION

In this study, we conducted noninvasive vascular PET/MR imaging of the bilateral
carotid arteries in iCUD and two control groups. Elevated markers of carotid artery
atherosclerotic disease burden were found in iCUD as compared to non-addicted
healthy controls and even as compared to older non-addicted individuals with high
risk for cardiovascular disease. Specifically, the MRI measure of carotid wall structure
showed higher thickness in the iCUD as compared to the healthy controls and
cardiovascular risk group, indicating greater carotid plaque burden. The iCUD also
had larger wall area as compared to the healthy controls (a difference that did not
reach significance when compared to the cardiovascular risk group), indicating
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Table 2 Positron emission tomography/magnetic resonance imaging results by group

Group 1: Group 3: Health Group 2 and 3
Cardiovascular Group 2: Cocaine users (n=13) controls. (n=1 0))' difference [Sig.
risk!*l(n = 62) (ANCOVA)]
PET results
Target-to-Background ratios (TBR max)
Left NA 1.77 £0.10 1.77 £0.07 F(1,20)=03, P=0.619
Right NA 1.93 £ 0.09 1.76 + 0.04 F(1,20)=19,P=0.178
R+L NA 1.85 + 0.09 1.76 £ 0.05 F (1,20)=-0.2, P = 0.687
Most diseased segment
Left NA 2.05+0.15 1.99 £ 0.09 F(1,20) =0.0, P=0914
Right NA 2.10£0.10 1.93£0.07 F(1,20)=13, P=0.259
R+L NA 2,07 +0.11 1.96 + 0.08 F(1,20) = 0.4, P = 0.560
MR results
Wall thickness (mm; mean, SE)
Left NA 1.53 £ 0.06 1.25+0.04 F(1,20)=7.6, P=0.012
Right NA 1.50+0.07 ' 1.20£0.05 F(1,19) =83, P =0.009
R+L 1.27 £0.04; ¢(12)> = 4.12, P = 0.001 1.51 £ 0.06” 1.22+0.04° F (1,20) = 100, P = 0.005
Wall area (mm?)
Left NA 35.67 +2.25 29.02 +1.54 F(1,20) =33, P=0.086
Right NA 34.51 £ 2.06' 27.37 £1.43 F(1,19) =4.9, P = 0.039
R+L 32.28 £1.43; t(9)" = -3.13, P = 0.012 35.18£1.95° 28.19+1.31* F(1,20) =49, P =0.039

Tn=12.

“Cocaine users > Cardiovascular risk: P < 0.001.

3Cardiovascular disease risk and healthy controls group difference: #(9) = -1.12, P = 0.294.
“Cardiovascular risk > healthy controls: P < 0.05.

®Cocaine users and Cardiovascular risk group difference: #(12) = 1.49, P = 0.163. NA: Not available.

structural wall abnormalities that reached levels of those in the cardiovascular risk
group. These elevated cardiovascular disease markers were associated with elevated
degree of cocaine withdrawal and craving in iCUD, indicating a relationship between
the extent of substance use disorder and the development of atherosclerosis.

The carotid FDG-PET images indicating the presence of inflammation did not differ
between the iCUD and non-addicted healthy controls, as most of these individuals
had inflammatory presence in one side or bilaterally in the carotid arteries. This result
may indicate the beginning of an atherosclerosis process in all subjects with
inflammation levels (i.e., TBR) over 1.6, yet, overall the detected inflammatory
levels in both samples were mild to moderate.

A most intriguing aspect of this study is the comparison with the cardiovascular
risk group, whereby the iCUD group showed the most severe elevations in wall
thickness (with similar results that did not reach significance also for the wall area).
The thickening of the arterial wall to form an atherosclerotic plaque is a process in
which cholesterol deposition, inflammation, extracellular-matrix formation and
thrombosis have important roles!®”l. Thus, although many of the healthy control
participants showed some inflammation in the carotids (PET results), only iCUD
showed a statistically significant elevation as compared with the cardiovascular risk
group in the indices of plaque burden. Atherosclerosis and progression to
cardiovascular disease are characterized by a slow and “silent” disease accumulation
that occurs over decades and progress from a chronic inflammatory condition that can
be converted into an acute clinical event by plaque rupture and thrombosis!*l. Since
iCUD in this study had over 20 years of lifetime cocaine use as well as nicotine and
alcohol it is possible that they passed the inflammatory disease stage and have
progressed into an atherosclerosis disease state with a clear vascular structural impact
(i.e., the formation of plaques). Interestingly, iCUD who had increased carotid plaque
burden also had greater withdrawal and craving, which have been implicated with
negative outcomes of cocaine dependence!**1.

Caveats and future studies
These preliminary results should be considered in light of several caveats which limit
the generalizability of the findings, including small sample size, the limited number of

Raishidengs  WIR | https://www.wjgnet.com 68 May 28, 2019 | Volume1l | Issue5 |



A

1.5

-

0.5

0

Bachi K et al. Plaque inflammation in cocaine addiction

Wall thickness across groups (mm; mean, SE) Wall area across groups (mm’; mean, SE).

Control

w
w
=

H

CVD comparision Cocaine Control CVD comparision Cocaine

Figure 1 Positron emission tomography/magnetic resonance imaging results by group. A: Wall thickness across groups; B: Wall area across groups. CVD:

Cardiovascular disease.

women, and the absence of a match on race. Race is very important for cardiovascular
disease with African-American individuals showing greater progression of coronary
atherosclerosis as compared to Caucasians™!. Notably, among African-American men,
cocaine was the largest contributor to overdose deaths!"”l. Therefore, close matching
on race in similar future studies could reduce potential bias in results. Despite
considerable efforts, recruitment of healthy control individuals who match the iCUD
group on years of nicotine smoking was also a challenge. While nicotine smoking,
which is part of the phenomenology of CUD (frequently concomitant with multiple
substance use), was accounted for in analyses, matching between groups on nicotine
use could provide a better approximation of the vascular effects of cocaine use. Data
for PET-"*FDG in the cardiovascular risk group and data for calculating Framingham
Risk Scores for the full sample were not available. The cross sectional design of the
study further limited tracking of disease progression as should be done in future
studies. Thus, examining iCUD with less years of lifetime cocaine use and those in
earlier stages of the addiction disease could provide opportunities for further
stratification of the progression of atherosclerosis disease, even prior to structural
narrowing of the arteries. In addition, longitudinal studies should explore whether
preventive cardiovascular measures will combat disease progression and may also
reduce addiction symptoms. Early detection and preventive intervention protocols
will thus await the results of a broader trial.

Conclusion

Given the known vascular toxicity induced by cocainel*!! and the progressing age of
the crack generation, there is a public health imperative for early detection of the
preclinical markers of atherosclerosis in iCUDI . Once pathology is identified, and
especially if identified at an early stage, timely intervention can be deployed to
prevent the progression into severe impairments, emergency cardiovascular events
and premature mortality.
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Figure 2 Dark blood magnetic resonance imaging images. A, B: Healthy vessel in a control subject; C, D: Increased carotid wall thickness (arrows) and area in a
cocaine addicted individual. A and C show longitudinal images of the left carotid bifurcation. B and D show axial images of the lateral carotid.
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ARTICLE HIGHLIGHTS

Research background

Cocaine is one of the most commonly illicit drugs involved in emergency department visits,
amounting to a vast social and economic burden. Cocaine use disorder (CUD), a chronic
relapsing condition, frequently leads to life-threatening vascular disease including stroke,
coronary artery disease and myocardial infarction. Cocaine’s main vasoactive metabolite
benzoylmethylecgonine, a tropane alkaloid, is associated with hematological effects on the vessel
and the loss of the endothelium’s protective functions leading to elevated immune state
including macrophage proliferation, atherosclerosis, and ischemic vascular disease. The life-style
associated with chronic cocaine use (poor sleep and nutrition) further affects cardiovascular
health.
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Research motivation

Despite the known vascular toxicity associated with cocaine use, individuals with (iCUD)
seeking addiction treatment receive mostly psychotherapy and psychiatric pharmacotherapy
with no attention to vascular disease in the absence of clear symptoms. Little is known about the
pre-clinical signs of cardiovascular risk in iCUD and early signs of vascular disease are
undetected in this underserved population.

Research objectives

We aim to assess inflammation composition and plaque burden in individuals with cocaine use
disorder aiming to quantify markers of atherosclerosis and vascular disease. The characterization
of vascular disease in iCUD with no pre-clinical cardiovascular symptoms can inform
development of future preventive and treatment protocols.

Research methods

Advancements in multi-modal imaging technologies have been efficacious in early detection of
atherosclerosis in asymptomatic populations who are at heightened risk for vascular disease.
Simultaneous magnetic resonance imaging (MRI) and positron emission tomography (PET)
allows for the precise quantification of inflammatory composition and plaque burden during a
single non-operator dependent scan.

The bilateral carotid arteries were imaged with PET/MRI in iCUD asymptomatic for
cardiovascular disease, healthy controls, and MRI in individuals with cardiovascular risk. PET
with 18F-fluorodeoxyglucose evaluated vascular inflammation and 3-D dark-blood MRI
assessed plaque burden including wall area and thickness. Addiction questionnaires assessed
drug use and severity of addiction.

Research results

The MRI measure of wall structure was thicker in iCUD as compared to the controls and even as
compared with the cardiovascular risk group, indicating greater carotid plaque burden. iCUD
had also statistically significant larger wall area as compared to the healthy controls but not as
compared to the cardiovascular risk group (the later results did not reach significance). These
findings indicate structural wall similarities between the iCUD and cardiovascular risk study
groups.

The majority of iCUD and controls had carotid FDG-PET signal greater than Target-to-
Background ratios (TBR max) 1.6, indicating the presence of inflammation, yet, overall the
observed inflammatory levels in both groups were mild (TBR max level under 3). In iCUD, wall
area correlated with greater cocaine withdrawal and craving.

Research conclusions

For the first time in cocaine addiction, this preliminary study used noninvasive simulations
PET/MRI vascular imaging of the bilateral carotid arteries in cardiovascular disease-
asymptomatic iCUD and two control groups, including healthy individuals and those with
cardiovascular disease risk. Aligned with study hypothesis, we observed markers of elevated
carotid artery plaque burden in iCUD, reaching similar (wall area) and even exceeding (wall
thickness) levels of those in cardiovascular risk group. This plaque burden in iCUD was
positively associated with extent of cocaine withdrawal and craving symptoms, indicative of a
relationship between the severity of addiction and vascular disease state.

Several caveats limit generalizability of findings, including a small sample size, the limited
number of women, and variance between groups in race and nicotine smoking. These factors
were covaried in the current analyses, nonetheless, matching between groups in future studies
would provide a better approximation of cardiovascular disease in iCUD.

Research perspectives

This PET/MRI investigation showed that markers of cardiovascular disease abnormalities were
detected in iCUD with no presenting clinical symptoms. Expanding this line of research to
examination of iCUD with fewer years of lifetime cocaine use could provide further stratification
of cardiovascular disease progression in this population. Broader trials are warranted to develop
protocols for early detection of cardiovascular risk and preventive intervention in individuals
with cocaine use disorder.
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Abstract

BACKGROUND

Third epidermoid tumors are a rare finding. The appearance of these tumors
often makes them difficult to diagnose, and thus they require multimodality
imaging.

CASE SUMMARY

A 48-year-old male patient reported to our hospital with complaints of vomiting
and severe headache. The patient also complained of involuntary micturition for
the past five days. We used a combination of computed tomography (CT) and
magnetic resonance imaging (MRI) imaging modalities to confirm the presence of
a malignant epidermoid cyst arising from the third ventricle. A contrast-
enhanced CT of the head demonstrated minimal perilesional enhancement while
an MRI revealed a large, lobulated and septated T2 hyperintense mass arising
from the third ventricle. The maximum size of the lesion measured 73 mm x 65
mm X 64 mm in size.

CONCLUSION
Malignant epidermoid arising from the third ventricle in an adult male was
reported using a combination of CT, MRI, and MR spectroscopy.

Key words: Epidermoid; Third ventricle; Magnetic resonance imaging; Case report

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: The use of multi-modality imaging can help radiologist diagnose uncommon
tumors in unusual sites. The combination of computed tomography, magnetic resonance
imaging, and MR spectroscopy was useful in confirming the diagnosis of malignant
epidermoid arising from the third ventricle, an unusual site in routine practice.
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INTRODUCTION

Epidermoid cysts are an uncommon finding in routine clinical settings. They are slow-
growing, benign tumors that grow in the extra-axial areas. Epidermoid cysts account
for less than 1% of all intracranial tumors!"!. Intracranial dermoid cysts are often
observed in the cranial midline, sub-frontal areas, posterior fossa, and suprasellar
cistern®”. Intraventricular dermoid cysts are extremely rare and have been reported in
the fourth ventricle®”. Current imaging modalities have made it possible to recognize
intracranial tumors!. The use of radiologic diagnosis for third ventricle epidermoid
cysts is almost always possible.
We present a case of epidermoid cysts in the third ventricle in an adult male.

CASE PRESENTATION

Chief complaints
A 48-year-old male presented to our outpatient department with vomiting, headache,
and involuntary micturition.

History of present illness
The above-mentioned symptoms had been present for five days.

History of past illness

The patient had no history of major illness.

Personal and family history
The patient had no relevant family history.

Physical examination upon admission
The patient had no pallor. General condition of the patient was normal.

Laboratory examinations
The patient’s routine laboratory investigations were within normal limits.

Imaging examinations

A non-contrast computed tomography scan of the head revealed a mass arising from
the third ventricle appearing hypodense and showing coarse nodular as well as
curvilinear calcifications (Figure 1).

A contrast-enhanced computed tomography (CT) of the head demonstrated
minimal perilesional enhancement. The lesion obstructed the hydrocephalus of the
lateral ventricles (Figure 2). No dilatation of the fourth ventricle was observed. The
lesion measured 8-10 Hounsfield units. The maximum size of the lesion measured
77x57 mm on CT scan.

Magnetic resonance imaging (MRI) of the lesion revealed a large, lobulated,
septated T2 hyperintense mass arising from the third ventricle (Figure 3B). It was
hypointense on T1l-weighted imaging with few cystic areas (Figure 3A). Few
calcifications were observed within the cystic areas. On diffusion-weighted magnetic
resonance imaging, the lesion showed increased restricted diffusion (Figure 3D). The
lesion obstructed the hydrocephalus and caused moderate dilatation of the bilateral
lateral ventricles. No dilation of the fourth ventricle was observed. On contrast-
enhanced CT scan, the lesion showed minimal peripheral enhancement without any
demonstrable solid enhancing component. The maximum size of the lesion measured
73 mm x 65 mm X 64 mm in size (Figure 4).

On MR spectroscopy, there was high lipid/lactate peak with comparatively lower
N-acetylaspartate (NAA) and choline levels. The maximum choline (Cho)/creatine
ratio was 2.85 within the lesion and CHO/NAA ratio was 0.766 (Figure 5). MR
perfusion derived relative cerebral blood volume (rCBV) maps demonstrating
heterogeneous perfusion abnormalities. Mild higher normalized rCBV ratios in
comparison with white matter were noted in the peripheral region of the cyst, which
corresponded to malignant transformation (Figure 6).
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Figure 1 A non-contrast computed tomography scan of the head showing a mass arising from the third
ventricle appearing hypodense and showing coarse nodular as well as curvilinear calcifications.

FINAL DIAGNOSIS

Considering the imaging findings, we suspected the lesion to be an epidermoid,
dermoid, or an arachnoid cyst. However, we ruled out the diagnosis of a dermoid or
arachnoid cyst considering the presence of a restricted diffusion on diffusion-
weighted imaging (DWI). A combination of TIWI, T2WI, T2 axial FLAIR, and DW
imaging techniques helped us diagnose an epidermoid cyst. However, the use of MR
spectroscopy helped in making the probable diagnosis of a malignant epidermoid cyst
arising from the third ventricle.

TREATMENT

The patient underwent craniotomy coupled with intra-hemisphere excision of the
tumor. The patient was given levetiracetam 500 mg twice a day.

OUTCOME AND FOLLOW-UP

The patient is stable and currently doing well.

DISCUSSION

Epidermoid cysts are slow-growing and often benign congenital tumors that comprise
0.2%-1.8% of primary intracranial neoplasms!’l. The first epidermoid cysts were
described by an artist in 1807 in a French medical school”. The French pathologist
Cruveilhier gave the first full description of epidermoid cysts!’. From a histological
point of view, epidermoid cysts often resemble the linear growth rate of the skinl’.
They are made up of a thin epithelium lining that appears pearly white and smooth
macroscopically. Epidermoid tumors often have a high content of cholesterol and an
internal core composed of desquamated epithelial keratin that is distinctive on MR
imaging and allied radiological modalities!.

To the best of our knowledge, intracranial epidermoid cysts are located off the
midline. The most common location of epidermoids includes the region within the
cerebellopontine angle (CPA)". Intracranial epidermoids account for the third most
common tumor in the CPA region followed by vestibular schwannoma and
meningiomal’.

There have been more than 100 cases of epidermoids reported in the fourth
ventricle, followed by the parasellar and sellar regions!’. However, epidermoids may
also be found in the lobes of the cerebral hemisphere, spine, and brainstem!*l.

To the best of our knowledge, third ventricular epidermoid tumors are extremely
rare. Patients with epidermoid tumors often present with signs and symptoms such as
headache, seizures, cranial nerve defects, raised intracranial pressure, and cerebral
signsl’l. Our patient presented with headache and vomiting.

Epidermoids appear as well-defined lobulated, round hypoattenuated masses on
CT imaging. However, there have been reports where uniformly hyperdense
epidermoids have been reported on CT imaging, which are associated with a calcium
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Figure 2 A contrast-enhanced computed tomography of the head demonstrates minimal perilesional
enhancement. The lesion obstructs the hydrocephalus of lateral ventricles (Figure 2). The maximum size of lesion
measures 77 mm x 57 mm on computed tomography scan.

constitution or high protein content”'’l. Epidermoids appear hyperintense on T2
weighted and hypointense on T1 weighted MRI imaging!”. In our case, we observed a
hyperintense T2 weighted mass on MRI imaging. Lastly, MR spectroscopy showed an
increase in the lactate peak, which was indicative of anaerobic metabolism. There was
an increase in the Cho/NAA ratio, which is generally observed in neoplasms. The
Cho/Cr ratio increased to 2.85.

As per current evidence, the major differential diagnosis for a third ventricle
includes arachnoid cyst, cystic neoplasm, and dermoid cyst. The differential diagnosis
of different third ventricle masses based on different sequences has been mentioned in
Table 1. Arachnoid cysts often appear less lobulated and follow a signal intensity
patterns similar to those of cerebrospinal fluid with all MR pulse sequences including
DWI and FLAIR!!. Cystic neoplasms, such as cystic ependymoma and cystic
medulloblastoma, have a varied appearance on imaging due to the varying degrees of
necrosis, calcification, and hemorrhage. The solid component of these lesions often
shows heterogeneous contrast enhancement and restriction on DWI". Dermoid cysts
are similar to epidermoid cysts, as both are lined by stratified squamous epithelium.
In the context of imaging, dermoid cysts show a hyperintense signal on T1-weighted
images while they appear as well-defined low attenuating (fat density) lobulated
masses on CT scan!"'l.

The patient underwent craniotomy coupled with intra-hemisphere excision of the
tumor. The procedure was uneventful. The patient was administered levetiracetam
500 mg twice a day. The patient is currently doing well. The diagnosis of malignant
transformation of an epidermoid cyst arising from the third ventricle is challenging.
Our key strengths involved our multidisciplinary approach in diagnosing, treating,
and managing the patient. Non-invasive imaging modalities such as MR spectroscopy
helped us confirm the diagnosis of a malignant epidermoid cyst from the third
ventricle.

CONCLUSION

We have presented a rare case of a third ventricular lesion presumed to be an
epidermoid tumor as seen on MRI. The use of multimodality imaging can help
radiologists diagnose uncommon tumors in unusual sites. The combination of CT,
MRI, and MR spectroscopy was useful in confirming the diagnosis of a malignant
epidermoid cyst arising from the third ventricle, an unusual site in routine practice.
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Table 1 Differential imaging considerations

Cystic lesions

Cystic lesions

Sequences Epidermoid Dermoid Arachnoid cyst
medulloblastoma ependymoma
TIWI Hypointense Hyperintense Hypointense Hypointense Hypointense (Solid part)
T2WI Iso-hyperintense Hypo-hyperintense Hyperintense Heterogenous due to Foci of blooming
calcification, necrosis,  (hemorrhage/ calcificati
and cyst formation on)
FLAIR Heterogenous signal Hyperintense Hypointense Heterogeneous signal ~ Heterogeneous signal
higher than CSF higher than CSF higher than CSF
DWI Restricted diffusion No restriction No restriction Restricted diffusion Restricted diffusion
(Solid part)
Contrast Non enhancement (in Non-enhancement Non-enhancement Heterogeneous Heterogeneous
malignant enhancement enhancement
transformation it
enhances)
MR spectroscopy Choline: + NAA: - Choline: + NAA: - Choline: + NAA: - Choline: ++ NAA: - Choline: ++ NAA: -
Cho/Crt: + Cho/Crt: + Cho/Crt: + Cho/Crt: ++ Lipid: + Cho/Crt ++ Lipid: +
Lactate: + Lactate: +
MR perfusion - - - +++ (solid part) et

TIWI: T1 weighted image; T2WI: T2 weighted image; FLAIR: Fluid-attenuated inversion recovery; DWI: Diffusion weighted image; NAA: N-
acetylaspartate.

Figure 3 Magnetic resonance imaging. Magnetic resonance imaging revealed a large, lobulated and septated lesion arising from the third ventricle that was: A:
Hypointense on T1 weighted imaging; B: Hyperintense on T2 weighted imaging; C: Heterogeneously hyperintense on T2 axial FLAIR imaging; D: Appeared diffusely
restricted on diffusion weighted imaging.
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Figure 4 Minimal peripheral enhancement without any demonstrable solid enhancing component. The maximum size of the lesion measures 73 mm x 65 mm
X 64 mm in size.

Graph PROBE-P: Correcte..
B062

Figure 5 MR spectroscopy. High lipid/lactate peak with comparatively lower N-acetylaspartate and choline levels. Maximum choline/creatine ratio was 2.85 within
the lesion and choline/N-acetylaspartate ratio being 0.766.

7.5/6.0mm /7.5sp

Figure 6 MR perfusion derived relative cerebral blood volume maps demonstrate heterogeneous perfusion abnormalities. Mild higher normalized relative
cerebral blood volume ratios in comparison with white matter are noted in the peripheral region of the cyst, which corresponds to malignant transformation.
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Abstract

BACKGROUND

Classic “do not touch” and benign osseous lesions are sometimes detected on *-F-
fluorodeoxyglucose (*F-FDG) positron emission tomography/computed
tomography (PET/CT) studies. These lesions are often referred for biopsy
because the physician interpreting the PET/CT may not be familiar with the
spectrum of “F-FDG uptake patterns that these lesions display.

AIM
To show that “do not touch” and benign osseous lesions can have increased "F-
FDG uptake above blood-pool on PET/CT; therefore, the CT appearance of these

lesions should dictate management rather than the standardized uptake values
(SUV).

METHODS

This retrospective study evaluated 287 independent patients with 287 classic “do
not touch” (benign cystic lesions, insufficiency fractures, bone islands, bone
infarcts) or benign osseous lesions (hemangiomas, enchondromas,
osteochondromas, fibrous dysplasia, Paget’s disease, osteomyelitis) who
underwent *F-FDG positron emission tomography/computed tomography
(PET/CT) at a tertiary academic healthcare institution between 01/01/2006 and
12/1/2018. The maximum and mean SUV, and the ratio of the maximum SUV to
mean blood pool were calculated. Pearson’s correlations between lesion size and

June 28,2019 | Volumel1l | Issue6 |


https://www.wjgnet.com
https://dx.doi.org/10.4329/wjr.v11.i6.81
http://orcid.org/0000-0001-5359-9115
http://orcid.org/0000-0001-7232-4416
mailto:ronnie.sebro@uphs.upenn.edu

Elangovan SM et al. PET/CT imaging appearance of benign and classic “do not touch” osseous lesions

upon this work non-commercially,
and license their derivative works
on different terms, provided the
original work is properly cited and
the use is non-commercial. See:
http:/ / creativecommons.org/ licen
ses/by-nc/4.0/

Manuscript source: Unsolicited
manuscript

Received: March 7, 2019
Peer-review started: March 11, 2019
First decision: April 16, 2019
Revised: May 11, 2019

Accepted: June 20, 2019

Article in press: June 21, 2019
Published online: June 28, 2019

P-Reviewer: Bazeed M, Gao BL
S-Editor: Dou 'Y

L-Editor: A

E-Editor: Ma Y]

Raishidengs WIR | https://www.wjgnet.com 82

maximum SUV were calculated.

RESULTS

The ranges of the maximum SUV were as follows: For hemangiomas (0.95-2.99),
bone infarcts (0.37-3.44), bone islands (0.26-3.29), enchondromas (0.46-2.69),
fibrous dysplasia (0.78-18.63), osteochondromas (1.11-2.56), Paget’s disease of
bone (0.93-5.65), insufficiency fractures (1.06-12.97) and for osteomyelitis (2.57-
12.64). The range of the maximum SUV was lowest for osteochondromas
(maximum SUV 2.56) and was highest for fibrous dysplasia (maximum SUV of
18.63). There was at least one lesion that demonstrated greater *F-FDG avidity
than the blood pool amongst each lesion type, with the highest maximum SUV
ranging from 9.34 times blood pool mean (osteomyelitis) to 1.42 times blood pool
mean (hemangiomas). There was no correlation between the maximum SUV and
the lesion size except for enchondromas. Larger enchondromas had higher
maximum SUV (r=0.36, P = 0.02).

CONCLUSION

The classic “do not touch” lesions and classic benign lesions can be *F-FDG avid.
The CT appearance of these lesions should dictate clinical management rather
than the maximum SUV.

Key words: Positron emission tomography/computed tomography; Skeletal-axial;
Skeletal-appendicular; “Do not touch” lesions

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.
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INTRODUCTION

8F-Fluorodeoxyglucose (**F-FDG) positron emission tomography/computed
tomography (PET/CT) is increasingly utilized for staging and surveillance of many
common malignancies!. Approximately 1.9 million ®¥F-FDG PET/CT studies were
performed in the United States in 2017, a 13% increase compared to 2015, Cancer
cells often switch from oxidative to glucose metabolism, even in the presence of
oxygen, resulting in aerobic glycolysist, first described by Warburg‘.. This change in
cancer cell metabolism is easily detected and measured in vivo using *F-FDG
PET/CTPL The rapid rise in the number of ®F-FDG PET/CT scans performed
annually has the potential to increase the number of incidental findings’). Simu-
ltaneously, there has been increased specialization of radiology with most physicians
that interpret ¥F-FDG PET/CT not being simultaneously fellowship-trained in
musculoskeletal radiology!*-'*l.

As a result, incidentally detected *F-FDG-avid osseous lesions are often subject to
sometimes inappropriate clinical management. A previous meta-analysis showed that
although a general approach to *F-FDG-avid incidental lesions may be recommended
for selected organ systems, osseous lesions remain less amenable to blanket re-
commendations for or against biopsy, for incidentally noted *F-FDG-avid osseous
lesions!’l. Anecdotally, we have noted a concomitant increase in request for biopsies
of incidentally noted *F-FDG-avid osseous lesions in clinical practice, that, on review
by a fellowship musculoskeletal trained radiologist, do not warrant biopsy because
these lesions are classic “do not touch lesions” including non-ossifying fibromas, bone
islands/enostoses, unicameral bone cysts, bone infarcts, and geodes/subchondral
cysts)!'l or have a classic computed tomography (CT) imaging appearance including

June 28,2019 | Volumel1l | Issue6 |


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

Elangovan SM et al. PET/CT imaging appearance of benign and classic “do not touch” osseous lesions

fibrous dysplasia, Paget’s disease and enchondromas. The “do not touch” osseous
lesions are mostly benign osseous lesions; however, some may rarely undergo
malignant degeneration. The term “do not touch” was coined by Clyde Helms, and
refers to lesions that the radiographic/CT appearance is pathognomic, and additional
diagnostic tests, biopsies and surgery involving these lesions may be misleading,
potentially harming the patient!). Numerous case reports exist in the literature
demonstrating that several of these benign lesions have resulted in F-FDG-avid
osseous lesions and were confirmed histologically by subsequent biopsy!'2.

While image-guided percutaneous core needle biopsy of osseous lesions is
generally regarded as a low-risk procedure, potential complications exist, including
patient discomfort and anxiety, infection, bleeding, and the possibility of a non-
diagnostic specimen. Non-diagnostic biopsies may occur in 5-29% of cases and may
lead to repeat percutaneous or subsequent open biopsy™*!. Although the CT imaging
characteristics of an osseous lesion may indicate its non-aggressive etiology, clinicians
may persistently request biopsies of ¥F-FDG-avid osseous lesions in patients that
have a primary malignancy elsewhere due to concerns of under-staging or clinical
concerns centered around missing osseous metastases.

To date, despite multiple case reports of *F-FDG-avid benign osseous lesions in the
literature, to the best of our knowledge a descriptive analysis of the ®F-FDG uptake of
common benign osseous lesions in the musculoskeletal system has not been per-
formed. There are no prior reports demonstrating the spectrum of F-FDG uptake
patterns of several common benign skeletal osseous lesions with identifiable CT
imaging characteristics. If this data existed, then it could be used as a guide for
physicians that primarily interpret *F-FDG PET/CTs and to eliminate referral of these
benign lesions for biopsies. The aim of the study is to show that “do not touch” and
benign osseous lesions can have increased "*F-FDG uptake above blood-pool, the-
refore the CT appearance of these osseous lesions should dictate management rather
than the PET/CT standardized uptake values (SUV).

MATERIALS AND METHODS

Patient population

This retrospective study included patients who had PET/CT imaging at our
institution between January 1, 2006, and December 1, 2018. PET/CT studies were
performed for staging or surveillance of malignancies or for the evaluation of a
solitary pulmonary nodule. Lesions were identified by retrospective review of
radiology text reports using Nuance mPower powered by Montage software
(Burlington, MA) to identify potential PET/CT cases by searching for each of the
following terms: “bone infarct”; “bone island”; “enchondroma”; “fibrous dysplasia”;

v, 4

“bone cyst or geode or herniation pit or subchondral cyst”; “myositis ossificans”;
“osteochondroma”; “Paget’s disease”; “hemangioma”; “non-ossifying fibroma”;
“insufficiency fracture” and “osteomyelitis”.

A sequential search was performed in which radiology text reports were searched
first for the lesion of interest regardless of modality using the same search terms
described above and then filtered by patients for which a PET/CT was available in the
system within 3000 days prior to (excluding insufficiency fractures and infections) or
following the study identifying the lesion. Lesions had to be stable in size and
appearance for 2 years to confirm their non-aggressive nature. The imaging studies
were each reviewed and the final lesion diagnosis was made/confirmed by a muscu-
loskeletal radiologist with 6 years of experience and a musculoskeletal fellow in
consensus. Imaging criteria used to classify each bone lesion will be discussed in
detail in the discussion.

Non-ossifying fibromas (NOFs) were excluded because there were less than 5
patients with NOFs that had PET/CT imaging of the NOFs in our database, since
NOFs typically occur in the extremities and were often excluded using the limited
whole body (skull base to upper thigh)®! field of view (FOV) and because most NOFs
involute in early-adulthood.

Myositis ossificans was also excluded because analysis of the small number of cases
identified by searching radiology reports.

PET/CT examination acquisition parameters

Lesions were evaluated using one of the following PET/CT units: Philips Ingenuity
TF PET/CT (Philips Medical Systems, Patient Port (Bore): 70 cm, Axial FOV: 18 cm,
Detector Design: 4 x 4 x 22 mm LYSO crystals, Spatial Resolution: 4.7 mm full width
at half maximum (FWHM); Philips Gemini TF small bore (Philips Medical System:s,
Patient Port Bore: 70 cm, Reconstructed FOV: 25.6, 57.6, or 67.6 cm, Axial FOV: 18 cm,
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Detector Design: 4 x 4 x 22 mm LYSO crystals, Spatial Resolution: 4.7 mm FWHM); or
Phillips Gemini TF large bore (Philips Medical Systems, Patient Port Bore: 85 cm,
Reconstructed FOV: 25.6, 57.6, or 67.6 cm, Axial FOV: 18 cm, Detector Design: 4 x 4 x
22 mm LYSO crystals, Spatial Resolution: 4.7 mm FWHM).

Patients underwent PET/CT examination according to institutional standard
protocol, including fasting for 6 h prior to injection, followed by intravenous injection
of 8-20 mCi (296-740 MBq) "*F-FDG, depending on body habitus. Blood glucose levels
had to be less than 200 mg/dL (< 11.1 mmol/L) prior to injection. Approximately 225
mL of dilute barium oral contrast was administered before and thirty minutes after
the administration of ®F-FDG if included in the imaging protocol. Images were
acquired approximately 60 min (+/- 10 min) after the intravenous administration of
BE-FDG with the patient positioned supine on the scan table. Images were acquired
from skull-base to thigh or from head to toe according to the imaging protocol, with
low-dose CT images followed by PET images. Low-dose CT images were obtained
with a slice thickness of 4 mm, pitch of 0.8, tube voltage of 120 kVp, and tube current
of 70 mAs.

SUV measurements

SUV measurements were obtained using MIM (version 6.7.10, Mim Software Inc.). A
region of interest was drawn around each lesion using the SUV tool and the
maximum and mean SUV recorded. Subsequently, the mean and max SUV were also
measured for the liver, and for the blood pool, which was measured in the me-
diastinum at the level of the aorta and main pulmonary artery. The mean (standard
deviation) and maximum SUV for each lesion was measured and reported both
independently and in relation to the mean blood pool SUV on the examination,
measured at the level of the great vessels in the mediastinum, to correct for slight
variations in technique that affect SUV measurement 1.

Statistics

Descriptive statistics were calculated using R v3.5 (https://www.r-project.org/).
Pearson’s correlations between the size of lesions and the maximum SUV were cal-
culated.

Research ethics standards compliance

This retrospective Health Insurance Portability and Accountability Act (HIPAA)
compliant study was approved by the local institutional review board (IRB) (Protocol
Number: 828078, Confirmation #: Cefchdfh), and the need for signed informed
consent was waived.

RESULTS

There were 287 patients with either classic “do not touch” lesions or classic benign
lesions. Patient characteristics are summarized in Table 1. Figure 1 shows the ®F-FDG
avidity of each lesion type. Benign cystic lesions included subchondral cysts, bone
cysts, herniation pits, and geodes. The maximum SUV detected was lowest for
osteochondromas (maximum SUV 2.56), enchondromas (maximum SUV 2.69), and
hemangiomas (maximum SUV of 2.88). The maximum SUV was highest for Paget’s
disease of bone (maximum SUV of 5.65), benign cystic lesions (maximum SUV of 6.5),
osteomyelitis (maximum SUV of 12.64), insufficiency fractures (maximum SUV of
12.97), and fibrous dysplasia (maximum SUV of 18.63) (Table 2). There was at least
one lesion amongst each lesion type evaluated that demonstrated greater *F-FDG
avidity than the blood pool, with the highest maximum SUV ranging from 9.34 times
blood pool mean (osteomyelitis) to 1.42 times blood pool mean (hemangioma) (Table
2, Figure 1A and 1B).

There was no correlation between the maximum SUV and the size of benign cystic
lesions (r = 0.08, P = 0.60), hemangiomas (r = 0.15, P = 0.44), bone infarcts (r =0.12, P =
0.37), fibrous dysplasia (r = 0.13, P = 0.48), osteochondromas (r = 0.04, P = 0.95),
Paget’s disease of bone (r = 0.16, P = 0.50), insufficiency fractures (r = 0.01, P = 0.96)
and osteomyelitis (r = 0.15, P = 0.60). However, the size of enchondromas was
associated with the maximum SUV (r = 0.36, P = 0.02).

DISCUSSION

The “do not touch” and benign lesions evaluated demonstrated a range of SUV
values. All evaluated “do not touch” and benign lesions had at least one lesion with
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Table 1 Patient characteristics by lesion type

Lesion type Mean patient age (yr) Range patient age (yr) Male (%)
Benign cystic lesions (1 = 42) 63.2 36-92 69.0
Hemangioma (1 = 29) 68.5 47-88 55.2
Bone infarct (1 = 16) 58.7 33-74 62.5
Bone island (1 = 56) 63.0 37-90 50.0
Enchondroma (1 = 45) 64.6 52-84 46.7%
Fibrous dysplasia (1 = 26) 56.1 28-86 76.9
Osteochondroma (1 = 6) 61.3 43-80 100.0
Paget’s disease of bone (1 = 20) 734 59-86 80.0
Insufficiency fracture (n = 32) 69.1 47-89 6.3
Osteomyelitis (1 = 15) 62.8 32-83 733

Benign cystic lesions: Subchondral cysts, bone cysts, herniation pits, and geodes.

maximum SUV that was greater than and at least one lesion with maximum SUV that
was less than the mean blood pool SUV. For this reason, the results suggest that the
maximum SUYV is not a reliable tool for the characterization of osseous lesions, pa-
rticularly as benign lesions such as fibrous dysplasia can demonstrate a maximum
SUV up to 8.87 times the average blood pool SUV.

These findings are consistent with multiple case reports in the literature that have
described pathology-proven benign lesions with high **F-FDG avidity prompting
surgical excision on the basis of the ®F-FDG uptakel”"”*. Our results reaffirm that,
when specific, the CT characteristics of such lesions need not be accompanied by an
SUV at or below that of the blood pool to confidently diagnose a lesion as benign. In
fact, SUV values may be misleading, and over-reliance on F-FDG uptake to
characterize a lesion as benign or malignant may lead to over-diagnosis and un-
necessary procedures such as biopsies, which although low-risk, are not risk-free.

Benign cystic lesions, including bone cysts, geodes, and herniation pits, have in
common a well circumscribed, lytic appearance " All may have a sclerotic rim,
although such a rim is only occasionally present in simple bone cysts [l. The terms
geode and herniation pit both describe lesions arising in the setting of reactive
changes at the surface of bone, although herniation pits have classically been
described in the femoral neck, remote from the articular surface, whereas geodes are
subarticular in location and regarded as synonymous with subchondral cysts (Figure
2), although these lesions lack an epithelial lining and are not true cystsi®'l.
Subchondral cysts/ geodes are often accompanied by other signs of joint degeneration
including subchondral sclerosis and eburnation as well as marginal osteophyte
formation. Subchondral cysts are more common in the elderly. These lesions are lytic
on CT and may show increased *F-FDG uptake on PET.

Osseous hemangiomas are most commonly seen in the vertebral bodies, but may
occur in the calvarium, calcaneus, and long bones . Vertebral body hemangiomas
have a characteristic striated appearance on radiographs and a corresponding “polka
dot” appearance on axial CT images (Figure 3A)*. On MRI, hemangiomas typically
have high signal on both T1- and T2-weighted images” and commonly show loss of
signal on in- and out-of-phase gradient sequences!™l. The PET/CT appearance is
similar to the CT appearance, with some lesions showing increased *F-FDG uptake on
PET.

The term “bone infarct” is commonly used to refer to osteonecrosis seen in the
metaphyses and diaphyses of bones [*], whereas osteonecrosis occurring in the
epiphysis is commonly referred to as avascular necrosis. On CT, these lesions may
demonstrate a serpentine rim of sclerosis (Figure 3B), although this may not be seen
early in the disease course 2. Bone infarcts have a similar appearance on PET/CT to
CT, but may show variable amounts of *F-FDG uptake on PET. On MR, these lesions
demonstrate a characteristic serpentine rim of low signal with variable internal signal
41, Bone infarcts rarely undergo malignant degeneration, most commonly into
osteosarcoma, pleomorphic sarcoma and fibrosarcoma, but here malignant
degeneration is characterized by development of a soft tissue mass, cortical destru-
ction and in some cases development of a pathological fracture ..

Bone islands, or enostoses, are benign osteoblastic lesions consisting of dense
intramedullary lamellar bone that appear on CT as hyperdense oval lesions with
spiculated margins and are classically periarticular (Figure 4A)*]. The data presented
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Figure 1 Plots of maximum standardized uptake value values, mean standardized uptake value/mean blood pool, and maximum standardized uptake
value/blood pool by lesion size for each lesion type. SUV: Standardized uptake value; Max SUV: Maximum standardized uptake value; Mean SUV/Mean B: Mean
standardized uptake value divided by the mean blood pool uptake; Max SUV/Mean B: Maximum standardized uptake value divided by the mean blood pool uptake.
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show that enostoses appear similar on PET/CT to CT and may show *F-FDG uptake
on PET above background. Although osteoblastic metastatic lesions may have a
similar appearance, bone islands can be identified with high sensitivity and specificity
by their higher attenuation value on CTl. On MRI, osteoblastic metastases may also
show a halo of surrounding bone marrow edema, which may help distinguish these
lesions from bone islands*.

Enchondromas are benign lesions that typically occur within long bones.
Enchondromas histologically represent rests of hyaline cartilage within medullary
bone. Radiographically, enchondromas are expansile lucent lesions with a narrow
zone of transition and varying degrees of ring-and-arc mineralization (Figure 4B)P,
although mineralization may be absent when these lesions are seen in the hands and
feet. Enchondromas are almost never seen involving the flat bones (ribs, pelvis,
scapula) or spine. Distinguishing between enchondromas and chondrosarcomas can
be challenging, both by imaging features and by histology!”. Malignant degeneration
may be seen and is more common (20%-50%) in patients with Ollier disease or
Maffucci syndromel™). Malignant degeneration is characterized by increase in size of
lesion after skeletal maturity and pain!”*l. A prior report suggested that a maximum
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Table 2 18-F-fluorodeoxyglucose positron emission tomography/computed tomography standardized uptake value by lesion type

Proportion of
Maximum SUV lesions with

Median . ... Maximum Imean blood maximum SUV
. " Proportion with
. Range of the (interquartile SUV/mean pool SUV > mean blood
Lesion type Mean SUV (SD) max SUV > 3.0 . "
max SUV range) of the 0 blood Pool SUV median pool (maximum
(%) . .
max SUV range (interquartile ~ SUV/mean
range) blood pool SUV
>1.0) (%)
Benigncystic  0.68-6.5 1.90(1.34-327)  1.38 (0.86) 28.6 0.5-3.74 129 (0.76-1.94) 643
lesions (n = 42)
Hemangioma (1 0.95-2.88 1.86 (1.38-2.00)  1.14 (0.30) 0 0.49-1.42 0.88 (0.78-1.05) 345
=29)
Bone infarct (n = 0.37-3.44 1.27 (0.95-1.80)  0.80 (0.54) 12.5 0.15-2.18 075 (0.57-1.08)  37.5
16)
Bone island (1= 0.26-3.29 1.18 (0.91-1.73)  1.04 (0.52) 18 0.13-2.28 0.69 (0.53-0.98)  25.0
56)
Enchondroma (1 0.46-2.69 149 (1.05-1.98)  0.93 (0.43) 0.0 0.25-1.72 0.90 (0.58-1.15) 422
=45)
Fibrous 0.78-18.63 2,07 (1.56-3.04)  1.80 (1.40) 308 0.49-8.87 1.35(0.89-1.93)  69.2
dysplasia (n =
26)
Osteochondrom  1.11-2.56 171 (1.25-1.93)  0.89 (0.09) 0 0.64-1.50 0.82(0.78-1.02) 333
a(n=6)
Paget's disease ~ 0.93-5.65 259 (1.66-3.79)  1.77 (0.82) 45.0 0.70-4.30 145(1.10-2.23)  75.0
of bone (1 = 20)
Insufficiency ~ 1.06-12.97 295 (2.05-4.09)  1.82(0.68) 46.9 0.64-5.43 176 (1.33-2.25)  90.6
fracture (n = 32)
Osteomyelitis (1 2.57-12.64 6.40 (3.99-8.63)  3.77 (1.31) 80.0 1.07-9.34 4.88 (2.34-5.88) 100
=15)

Benign cystic lesions: Subchondral cysts, bone cysts, herniation pits, and geodes. SUV: Standardized uptake value.

SUV > 4.4 was 99% specific for grade 2/3 chondrosarcomal™!. Biopsy of low-grade
chondroid matrix lesions, such as enchondromas, is of limited utility because
enchondromas may be histologically mistaken for low-grade chondrosarcomas and
vice versa. Enchondromas have a similar appearance on PET/CT to CT and ra-
diographs, but may show variable amounts of F-FDG uptake on PET. The data
suggest that the size of the enchondroma is associated with higher maximum SUV;
however, it is unclear whether this confers a potentially higher risk for chon-
drosarcoma. Development of a soft tissue mass with cortical destruction is highly
suspicious for malignant degeneration.

Fibrous dysplasia is due to a post-natal sporadic mutation in the G-nucleotide
binding protein alpha sub unit (GNAS) and results in development of fibrous tissue
with ground-glass matrix on radiographs and CT studies!"”. Fibrous dysplasia may
have areas of cystic change on CT. The PET/CT appearance of fibrous dysplasia is
identical to its appearance on CT; however, fibrous dysplasia may be metabolically
active and show increased "*F-FDG uptake. Fibrous dysplasia may be monostotic or
polyostotic. McCune-Albright syndrome is associated with polyostotic fibrous
dysplasia, café au lait macules and hyperfunctioning endocrinopathies, which may
include precocious puberty, hyperthyroidism or Cushing’s syndrome. Mazabraud
syndrome is characterized by fibrous dysplasia with intramuscular myxomas. Fibrous
dysplasia typically affects ribs and long bones (femur, tibia, and humerus), and may
result in a Shepherd’s crook deformity of the femurs. Fibrous dysplasia may involve
the bones of the face/jaw and result in disfigurement, or involve the spine and result
in scoliosis. Approximately 1% of patients will have a lesion that undergoes malignant
degeneration, most commonly into osteosarcoma, fibrosarcoma or undifferentiated
pleomorphic sarcoma’*l. Malignant degeneration is characterized by development of
an osteolytic component with cortical destruction!*!.

Osteochondromas are tumors of the bone that may be sporadic or inherited. These
are bony exostoses that show contiguity with the intramedullary canal on CT studies
(Figure 5A). These exostoses have a cartilage cap that may be along various stages of
ossification. Osteochondromas should not grow after skeletal maturity. Osteo-
chondromas may be sessile or pedunculated, and if pedunculated point away from
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Figure 2 Axial computed tomography and axial fused positron emission tomography/computed tomography of the pelvis in an 82-year-old male with
history of colon and parotid gland cancer with subchondral cyst in the right femoral head (arrows) (maximum standardized uptake value 5.2).

the nearest joint. Osteochondromas are benign tumors, but may rarely undergo
malignant degeneration into a chondrosarcoma. Malignant degeneration is more
common in patients with multiple hereditary exostoses (MHE). A thickened cartilage
cap on CT, greater than 2.0 cm, has been reported as 100% sensitive and 95% specific
for degeneration into chondrosarcoma®’. The communication of the bony excrescence
with the intramedullary space on PET/CT is pathognomic; however, osteo-
chondromas should not be confused with tubercles/muscle insertion sites.
Osteochondromas may show increased *F-FDG uptake on PET/CT.

Paget’s disease of the bone is a disorder of normal bone homeostasis with abnormal
osteoblastic and osteoclastic activity. The exact etiology of Paget’s disease is
unknown; however, Paget’s disease may present in a mixture of three phases: the
osteolytic phase, the intermediate phase, and the quiescent phase. Pagetic bone in
osteolytic phase may show osteolytic lesions, like osteoporosis circumscripta cranii;
however, Pagetic bone in the intermediate and quiescent phase shows cortical and
trabecular thickening on CT (Figure 5B). The PET/CT appearance of Paget’s disease is
identical to that noted on CT; however, Paget’s disease may show variable *F-FDG
uptake, likely depending on the phase of Paget’s disease. A proximal femur
shepherd’s crook deformity may be present. Paget’s disease tends to be localized
affecting adjacent bones. The cotton wool spots/patchy areas of sclerosis of Paget’s
disease are often mistaken for osteoblastic metastases, in particular metastases related
to prostate or breast cancer. While Paget’s disease is benign, Pagetic bone may rarely
undergo malignant degeneration into undifferentiated pleomorphic sarcoma,
fibrosarcoma, or osteosarcoma amongst other sarcomas!*!. Development of a soft
tissue mass with cortical destruction should be considered highly suspicious for
malignant degeneration of Paget’s disease.

Insufficiency fractures can occur in patients after radiation, after chemotherapy, or
after hormonal-altering therapy for some cancers including breast and prostate
cancer, or be related to diminished bone mineral density related to senescent changes.
Insufficiency fractures are more common in women. Acute sacral insufficiency
fractures appear as unilateral or bilateral para-median linear lucencies with adjacent
sclerosis oriented anterior-posterior along the sacral ala on CT (Figure 6A); however, a
transverse component may be present, resulting in a “Honda” or “H” sign on Tc99m-
MDP bone scans and PET/CT. Insufficiency fractures may also be noted involving the
iliac wing, medial ilium, supraacetabular region, parasymphyseal region, and
involving the pubic rami**. Proximal femoral insufficiency fractures are more
common along the compression than tension side of the hip; however, insufficiency
fractures related to bisphosphonate therapy are more common along the tension side
of the sub-trochanteric proximal femur.

Osteomyelitis is an infection of the intramedullary canal and cortex of the bone.
Signs of osteomyelitis may include elevated white blood cell counts (WBC),
erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP). Clinical history
and physical examination are often required because the yield for bone biopsies for
osteomyelitis is generally less than 50%. CT findings of osteomyelitis include
periosteal reaction, sclerosis, osseous erosion/destruction, surrounding soft tissue
inflammatory changes and reactive lymphadenopathy (Figure 6B). These areas of
destruction may show increased F-FDG uptake depending on chronicity on PET/CT.
Longstanding chronic ulcers (Marjolin’s ulcers) related to chronic infection, burns,
injuries, or venous stasis and chronic osteomyelitis may undergo malignant
degeneration into squamous cell or basal cell carcinoma "**1. Signs of malignant
degeneration include development of bone destruction, soft tissue mass and per-
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Figure 3 Computed tomography and fused positron emission tomography/computed tomography of two patients. A: Sagittal computed tomography (CT) and
sagittal fused positron emission tomography (PET)/CT of the spine in a 73-year-old male with history of lymphoma and a hemangioma in the T5 vertebral body
(arrows) [maximum standardized uptake value (SUV) 2.86]; B: Coronal CT and coronal fused PET/CT of the distal tibia in a 54-year-old female with history of a
neuroendocrine lung tumor demonstrating a bone infarct (arrows) in the distal tibia (maximum SUV 0.37).

iosteal reaction!***"l.

These findings are clinically important for radiologists and clinicians, because we
have described the key CT imaging features of these “do not touch” and benign
lesions, which can be gleaned from the CT component of the PET/CT. We anticipate
that this will decrease the number of times the PET/CT interpreting physician and the
bone biopsy proceduralist have differing opinions and reduce the number of un-
necessary bone biopsies.

This study has a few limitations. The data are obtained from a single center tertiary
care academic healthcare center, and therefore subject to ascertainment bias since our
institution primarily treats adult patients. Lesions that are more common in the
pediatric population including cortical desmoids and avulsion fractures were not
described. SUV measurements, while standardized by weight, acquisition time, and
injected dose, may be affected by body mass index, scanner calibration, and imaging
artifacts, among other factors”l. To address this limitation, blood pool mean SUV was
included as an internal control to better characterize the FDG uptake of the target
lesions. Several lesions were not histologically confirmed - this was because these
lesions had the classic imaging appearance of a benign lesion or a “do not touch”
lesion!"”, and biopsies of these lesions are generally thought to be unnecessary since
characterization by a trained musculoskeletal radiologist is pathognomic. The sample
size was limited, but these are rare lesions, and prior publications referencing these
lesions are almost all are restricted to case-reports. Nonetheless, this work clearly
shows the spectrum of *F-FDG uptake in several known “do not touch” and benign
osseous lesions, which can be used to help in clinical decision making.

In conclusion, among benign lesions for which CT imaging findings are diagnostic,
SUV values may vary, and these lesions may demonstrate *F-FDG uptake above that
of the blood pool. For this reason, ®F-FDG uptake above background should not be
misconstrued to indicate the presence of malignancy for all osseous lesions.
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Figure 4 Axial computed tomography and axial fused positron emission tomography/computed tomography of two patients. A: Axial computed tomography
(CT) and axial fused positron emission tomography (PET)/CT of the pelvis in a 76-year-old male with a history of a solitary pulmonary nodule and a bone island in his
left ilium (arrows); B: Axial CT and axial fused PET/CT of the chest in a 52-year-old female with a history of melanoma and an enchondroma in the left proximal
humerus (arrows) (maximum standardized uptake value 2.33).

Figure 5 Axial computed tomography and axial fused positron emission tomography/computed tomography of two patients. A: Axial computed tomography
(CT) and axial fused positron emission tomography (PET)/CT of the pelvis in a 51-year-old male with diffuse large B-cell lymphoma and a sessile osteochondroma
arising from the proximal left femur (arrows) [maximum standardized uptake value (SUV) 1.64]; B: Axial CT and axial fused PET/CT of the pelvis in a 61-year-old male
with a history of a follicular lymphoma and Paget's disease of the bone involving the right ilium (arrows) (maximum SUV 3.92).
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Figure 6 Axial computed tomography and axial fused positron emission tomography/computed tomography of two patients. A: Axial computed tomography
(CT) and axial fused positron emission tomography (PET)/CT of the pelvis in an 84-year-old female with a history of non-Hodgkin’s lymphoma and an insufficiency
fracture of the right sacral ala (arrows) [maximum standardized uptake value (SUV) 1.99]; B: Axial CT and axial fused PET/CT of the pelvis in an 82-year-old female
with a sacral decubitus ulcer and osteomyelitis (arrows).

ARTICLE HIGHLIGHTS

Research background

18-F-fluorodeoxyglucose (*®F-FDG) positron emission tomography/computed tomography
(PET/CT) is increasingly used for staging and monitoring of many common malignancies.
Classical “do not touch” and benign bone lesions are sometimes detected in ®F-FDG PET/CT
studies. These lesions may be referred for biopsy because the PET/CT interpreting physician
may be unfamiliar with the spectrum of the ®F-FDG PET/CT uptake pattern exhibited by these
lesions.

Research motivation
There is no descriptive analysis of "*F-FDG uptake of “do not touch” and benign osseous lesions.

Research objectives
This study evaluates the spectrum of ¥F-FDG PET/CT uptake patterns in several “do not touch”
and benign osseous lesions to provide a reference for physicians interpreting "*F-FDG PET/CTs .

Research methods

This study evaluated 287 independent patients, of whom 287 were classic “do not touch” (benign
cystic lesions, insufficiency fractures, bone islands, bone infarcts) or benign osseous lesions
(hemangiomas, enchondromas, osteochondromas, fibrous dysplasia, Paget’s disease,
osteomyelitis) 18F-FDG PET/CT from January 1, 2006 to December 1, 2018 at a single academic
institution. The maximum and mean standardized uptake values (SUV), and the ratio of the
maximum SUV to mean blood pool were calculated. Pearson’s correlations between lesion size
and maximum SUV were calculated.

Research results

The maximum SUV range was as follows: hemangiomas (0.95-2.99), bone infarcts (0.37-3.44),
bone islands (0.26-3.29), enchondromas (0.46-2.69), fibrous dysplasia (0.78-18.63),
osteochondromas (1.11-2.56), Paget’s disease of bone (0.93-5.65), insufficiency fractures (1.06-
12.97) and for osteomyelitis (2.57-12.64). The upper range of the maximum SUV was lowest for
Osteochondromas (maximum SUV 2.56). The upper range of the maximum SUV was highest for
fibrous dysplasia (maximum SUV of 18.63). In each lesion type, at least one lesion showed
greater ®F-FDG activity than the blood pool, with the highest maximum SUV up to 9.34 times
the blood pool average (osteomyelitis) to the blood pool average (hemangioma) 1.42 times.
Except for enchondromas, there was no correlation between the maximum SUV and the size of
the lesion. Larger enchondromas have a higher maximum SUV (r = 0.36, P = 0.02).

Research conclusions

“Do not touch” and benign osseous lesions may exhibit "*F-FDG uptake higher than in the blood
pool on PET/CT. Therefore, ®F-FDG uptake above blood pool should not be misunderstood to
indicate the presence of malignancy. The CT appearance, if pathognomic should be used to
guide management rather than the maximum SUV.

Raishidengs WIR | https://www.wjgnet.com 91 June 28, 2019 | Volume1l | Issue6 |



Elangovan SM et al. PET/CT imaging appearance of benign and classic “do not touch” osseous lesions

Research perspectives

The data comes from an academic tertiary health care center that primarily treats adult patients.
More common lesions in the pediatric population, including cortical desmoids and avulsion
fractures, were not described. Although SUV measurements were normalized by weight,
acquisition time and injection dose, they may be affected by factors such as body mass index,
scanner calibration and imaging artifacts.
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Abstract

BACKGROUND

Identification of the morphology of the genial tubercles (GTs) is valuable for
different dental applications. The morphological pattern of the GTs is still
controversial, and therefore, the study of its morphology using cone beam
computed tomography (CBCT) plays a valuable role in resolving the controversy.

AIM
To assess the morphological pattern, dimensions and position of the GTs using
CBCT among a selected Saudi population.

METHODS

CBCT records of 155 Saudi subjects (49 female and 106 male) were used to assess
the pattern and size of the GTs and to determine the distance from the apices of
the lower central incisors to the superior border of the incisors (I-SGT) and the
distance from the inferior border of the GTs to the menton (IGT-M).

RESULTS

The results of this study showed that the most common morphological pattern
was of two superior GTs and a rough impression below them (36.8%), followed
by two superior GTs and a median ridge representing fused inferior GTs below
them (22.6%) and a single median eminence or projection (20%). The classically
described pattern, of two superior and two inferior GTs placed one above the
other, was found in only 14.2% of cases, while 6.4% of the studied cases had no
GTs. The mean width and height were 6.23 + 1.93 mm and 6.67 + 3.04 mm,
respectively, while the mean I-SGT and IGT-M measurements were 8.26 + 2.7 mm
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and 8.13 £ 3.07 mm, respectively.

CONCLUSION

The GTs are a controversial anatomical landmark with wide variation in their
morphological pattern. The most common pattern among the studied Saudi
sample was of two superior GTs and a rough impression below them, and there
were no significant differences between males and females.

Key words: Genial tubercles; Cone beam computed tomography; Morphological analysis;
Mandible; Anatomical landmark

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: The morphological pattern of the genial tubercles (GTs) is controversial.
Classically, they are described as four elevations equidistant between the upper and
lower edges of the mandible that are arranged in pairs and surround the lingual foramina
bilaterally; however, several osteological and radiological studies proved that there is
wide variation in their morphology. This retrospective study was conducted to determine
the morphological pattern, size and position of the GTs using cone beam computed
tomography among a selected Saudi population.

Citation: Araby YA, Alhirabi AA, Santawy AH. Genial tubercles: Morphological study of the
controversial anatomical landmark using cone beam computed tomography. World J Radiol
2019; 11(7): 94-101

URL: https://www.wjgnet.com/1949-8470/full/v11/i7/94.htm

DOI: https://dx.doi.org/10.4329/wjr.v11.i7.94

INTRODUCTION

Genial tubercles (GTs), also known as spinae mentalis, genial apophysis and mental
spines GTs are small eminences of bone found on the lingual side of the mandible at
the midline and are important landmarks for maxillofacial surgeons, radiologists,
prosthodontists and general dentists!"..

The GTs serve as the insertion of the geniohyoid muscles in the lower and the
genioglossus muscles in the upper portions of the tubercles. The action of these
muscles is related to tongue mobility and swallowing, which are important for speech
and feeding®l.

Although the genial tubercles are classically described in different anatomy
textbooks as four mental spines on the lingual surface of the symphysis menti
arranged in two pairs placed one above the other, they show different patterns in
their positions and shapes!*”.

Cone beam computed tomography (CBCT) is an accurate method to evaluate the
morphology, size and position of the GTs!*’\.

Accurate identification of the GTs morphology, size and/or position using three-
dimensional (3D) imaging is valuable for different applications, such as preparation
for genioglossus advancement in the treatment of obstructive sleep apneal®’],
estimation of the safe zone before implant surgery in the interforaminal region of the
mandible”! and evaluation of mandibular asymmetry on CBCT images!"‘.

In cases of extreme atrophy of the aged edentulous mandibles, when the GTs
remain as bony projections in the floor of the mouth, they can pose a great
prosthodontic challengel"-"*1.

In this context, it is very important to identify the morphology of the GTs and their
relation to the mandibular anterior teeth and to the margins of the mandible.

In the literature, there is no study describing the morphology of the GTs among the
Saudi population; thus, the aim of this study is to determine the morphological
pattern, size and position of the GTs using CBCT among a selected Saudi population.

MATERIAL AND METHODS
Study design

July 28,2019 | Volumel1l | Issue7 |
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CBCT images used in this study were obtained from the Radiology Department
Archive of the Dental Clinics Center, Qassim University, and the study protocol was
approved by the Ethical Committee of the Dental Research Center, College of
Dentistry, Qassim University, Saudi Arabia.

The inclusion criteria included patients from both sexes, above the age of 17 years
and with full anterior dentition. The exclusion criteria included completely
edentulous patients; patients with missing anterior teeth or those with mandibular
asymmetry, congenital or developmental deformities; patients with traumatic injury
or pathologic changes in the mandible; and patients with blurred or distorted CBCT
images.

CBCT images were acquired using the Galileos® Comfort P'** System (Sirona 3D,
Germany) with settings as follows: X-ray generator, 98 kV and 3-6 mA. Focal spot size
according to IEC 60336 was 0.5 mm, and the total filtration according to IEC 60522
was > 2.5 mm. The detector was an Image Intensifier by Siemens with the following
settings: Pixels: 1000; FPS: 15-30; dynamics: 12 Bits; image volume: 15.4 cm, spherical
volume - collimated 15 cm x 8.5 cm; voxel size 0.25/0.125 mm; scan time/exposure
time 14 s/2-5 s. Galileos software was used, which allowed linear measurements of
images and detection of the GT pattern.

CBCT scans were oriented to standardize the measurements so that the bilateral
zygomatic structures were at the same level in the axial view. The infra orbital
foramina of the right and left sides were parallel to the horizontal line in the coronal
view. In the sagittal view, the Frankfort plane represented the true horizontal axis.

To reduce measurement error, all measurements were repeated on 2 separate
occasions in 1-wk intervals, and the average values were recorded. Differences
between the 2 readings were used to assess intra examiner variation with a paired -
test.

GTs pattern assessment

The morphological patterns of the GTs were studied and grouped into five patterns as
follows: The classic description of four spines, two superior and two inferior tubercles
(Type I); two superior GTs and a median ridge representing fused inferior GTs below
them (Type II); two superior GTs and a rough impression below them (Type III); a
single median eminence or projection (Type IV); and absence of the GTs (Type V). The
pattern of the GTs was evaluated in the axial view, together with the sagittal view.
(Figure 1).

GTs position and size assessment

The following parameters were measured in millimeters: GTs height (GTH), GTs
width (GTW), distance from the superior border of the GTs to the apex of the lower
central incisors (I-SGT) and the distance from the inferior border of the GTs to the
menton (IGT-M).

GTW was measured in the axial view at the level of the widest level of the GTs,
while GTH was measured in the sagittal view as the vertical distance between the
level of the most superior and the most inferior borders of the GTs.

I-SGT and IGT-M were measured by drawing tangential lines from the apex of the
lower central incisors to the superior border of the GTs and from the inferior border of
the GTs to the inferior border of the mandible (menton), respectively (Figure 2).

Statistical analysis

The collected data were tabulated and analyzed using SPSS 20.0 (Statistical Package
for Scientific Studies) for Windows. A paired t-test was used for intra examiner
calibration, and a chi square test was used for comparison between genial tubercle

patterns in both sexes. All statistical tests were adjusted at a significance level of P <
0.05.

RESULTS

The data were collected from 155 Saudi patients aged 17 to 63 years of both sexes,
who were treated at the Dental Clinics Center of Qassim University and fulfilled the
inclusion and exclusion criteria. The sex distribution was 106 (69.4%) males and 49
females (31.6%). The intraexaminer reliability showed no statistically significant
difference between the 2 image readings by using a paired t-test (P > 0.05) and had
almost perfect agreement (P = 0.92 for the measurements and P = 0.94 for the pattern
distribution).

Regarding the pattern distribution of the GTs among the selected sample (Table 1
and Figure 3), Type III (36.8%) was the most common pattern, followed by Type II
(22.6%), Type IV (20%) and Type I (14.2%), while Type V was the least common
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Figure 1 Detection of the genial tubercles pattern in the sagittal and axial views.

among the pattern types (6.4%). Regarding the correlation of the pattern of the GTs
with sex, there was no statistically significant difference between sexes at P < 0.05
using the chi-square test.

The GTH and GTW as well as the distance from the GTs superior border to the
apices of the I-SGT and the distance from the inferior border of the GTs to thelGT-M
are tabulated in Table 2.

The mean GTH measured was 6.67 + 3.04 mm, and the mean GTW was 6.23 +1.93
mm. The average I-SGT was 8.26 + 2.7 mm, and the average IGT-M was 8.13 + 3.07
mm.

DISCUSSION

The main advantages of CBCT are accessibility, ease of handling, and availability of
in-office imaging, and it offers a real-size dataset with multiplanar cross-sectional and
3-dimensional reconstructions from a single scan with a low radiation dose and
relatively low cost compared with conventional computed tomography!“l.

Several studies demonstrated an acceptable accuracy of linear measurements of
alveolar bone and mandibular anatomy in CBCT!""\. The results of a study conducted
by Hueman et al? showed the accuracy of CBCT in identifying the anatomic location
of the GTs. Therefore, we used CBCT to explore the morphological pattern,
dimensions and position of this important landmark.

The morphological pattern of the GTs is controversial and debated; classically, it is
described as four elevations equidistant between the upper and lower edges of the
mandible that are arranged in pairs and surround the lingual foramina bilaterally.
However, several osteological and radiological studies proved that there is wide
variation in their morphology.

Regarding the GTs pattern distribution among our selected sample, Type III was
the most common type, and type V was the least common type, indicating that type I
(the classic pattern) is not the most common type. This observation was also
previously described in 2 osteological studies, one conducted among the Indian
population by Singh et all"! and one conducted among the Brazilian population by Oda
et alll,

The results of the width and height measurements of our study were 6.23 + 1.93
mm and 6.67 + 3.04 mm, respectively, which is in line with the results of the
radiological study conducted by Wang et al”!, who examined the CBCT records of
ninety Taiwanese patients and stated that the ranges of GTH measurements were 6.5-
7.9 mm and the ranges of the GTW measurements were 7.1-8.2 mm. This is also in line
with the study conducted by Yin et al"), who studied the morphometry of GTs in the
Chinese population with both anatomical and imaging techniques and correlated
them. He concluded that the height and width of the GTs, which were measured by
spiral computed tomography, were 6.17 £ 0.71 mm and 7.01 + 1.13, respectively.

The IGT-M measurements in our study (8.13 £ 3.07 mm) were in line with the
measurements made by Hueman et al! (11.2 + 3.6 mm), who measured the distance
from the middle part of the tubercle to the menton.

The mean I-SGT measurement in our study was 8.26 £ 2.7 mm, and a similar result
was discussed by Kolsuz et all'”], who studied the anatomy of the genial tubercle using
CBCT among a Turkish sample population and found that the mean I-SGT was 8.1 +
1.7 mm in males and 7.7 + 1.8 in females with class I occlusion.

In conclusion, the morphological pattern of the GTs is controversial; the GTs are
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" I—SGTiv e
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Figure 2 Measurements of the genial tubercle height, distance from the superior border of the genial tubercles to the apex of the lower central incisors
and the distance from the inferior border of the genial tubercles to the mentonin the sagittal view and genial tubercles width in the axial view. GTH: Genial
tubercles height; GTW: Genial tubercles width; I-SGT: Lower central incisors; IGT-M: Genial tubercles to the menton.

classically described as four elevations equidistant between the upper and lower
edges of the mandible that are arranged in pairs, but this is not the most common
pattern. The most common pattern among the studied Saudi sample population is of
two superior GTs and a rough impression below them with no significant difference
between males and females. Further studies should be conducted with larger sample
sizes to obtain an accurate morphological analysis of the GTs among different ethnic
groups.
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Table 1 Genial tubercles pattern distribution as a function of sex

Gender
Total

Type Male (n = 106) (% = 32%) Female (n = 49) (% = 68%)

No % No % No %
I 14 13.20% 8 16.30% 22 14.20%
il 24 22.60% 11 22.40% 35 22.60%
11 39 36.80% 18 36.70% 57 36.80%
v 23 21.70% 8 16.30% 31 20%
v 6 5.70% 4 8.20% 10 6.40%

¥ =1.0391, P=0.9

Table 2 Dimensions of the genial tubercles

Dimensions Mean = SD Maximum Minimum
GTH (mm) 6.67 +3.04 16.08 234

GTW (mm) 6.23+1.93 11.77 18

[-SGT (mm) 826+27 15.82 157
IGT-M (mm) 8.13 +3.07 14.9 1.31

GTH: Genial tubercles height; GTW: Genial tubercles width; I-SGT: Lower central incisors; IGT-M: Genial tubercles to the menton.

40.00%
35.00%
30.00%
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15.00%
10.00%

5.00%

0.00%

1

1B

Type 2
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Figure 3 Genial tubercles pattern distribution.

ARTICLE HIGHLIGHTS

Research background

The genial tubercles (GTs) are an important anatomical landmark that is located in the midline of
the lingual side of the mandible and is important for multiple clinical and surgical interventions.
For years, it was described as four spines arranged in two pairs, one above the other, and few
osteological and radiological studies demonstrated the wide variation in its morphology. cone
beam computed tomography (CBCT) is an effective and simple method to use in the assessment
of GTs morphology among different ethnic groups.

Research motivation

To the best of our knowledge, no previous studies have assessed the pattern of GTs using CBCT,
and no previous studies have assessed the dimensions and position of the GTs among the Saudi
population or any other Arab population using either osteological or radiological methods.

Research objectives
The aim of this study was to assess the pattern, size and position of the GTs using CBCT among
a selected Saudi population.

Research methods
We used CBCT images of 155 male and female Saudi subjects who fulfilled the inclusion and
exclusion criteria for this study. Galileos software was used to assess the GTs pattern and to
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collect all the linear measurements required to determine its dimensions and position in relation
to the menton and the apices of the mandibular central incisors.

Research results

Of the 155 studied subjects, 106 were males, and 49 were females; ages ranged from 17 to 63
years. According to the analysis of the pattern of the GTs , we found that the prevalence of Type
III was 36.8%, followed by Type II (22.6%) and Type IV (20%), while the classically described
pattern (Type I) was 14.2%. Type V was the least common among the pattern types (6.4%). There
was no statistically significant difference between the sexes. Regarding its dimensions and
position, we found that the mean GTs height was 6.67 + 3.04 mm, the mean width was 6.23 +1.93
mm, and the average distance from the apices of the mandibular central incisors to its superior
border was 8.26 + 2.7 mm. the average distance between the GTs inferior border and the menton
was 8.13 + 3.07 mm.

Research conclusions

The morphological pattern of the GTs is controversial; the classically described GTs pattern of
four elevations, equidistant between the upper and lower edges of the mandible, that are
arranged in pairs, is not the most common pattern. The most common pattern among the studied
Saudi sample was of two superior GTs and a rough impression below them with no significant
difference between the sexes.

Research perspectives

Our results suggest that CBCT might be a simple, valuable and effective tool for conducting an
accurate morphological analysis of the GTs among different ethnic groups and resolving the
controversy about their morphology.
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Abstract

BACKGROUND

The hepatic arterial anatomy is highly variable, with the two most common
variants being a replaced right hepatic artery (RHA) originating from the
superior mesenteric artery (SMA) and a left hepatic artery (LHA) originating
from the left gastric artery (LGA). These anatomical variants could potentially
increase the risk for non-target embolization during Y90-Radioembolization due
to the close proximity between hepatic and enteric vessel branches.

AIM
To evaluate the safety of Yttrium-90 radioembolization (*"Y-RE) with resin
microspheres in patients with a variant hepatic arterial anatomy.

METHODS

In this retrospective single-center observational study, 11 patients who
underwent RE with *Y-resin microspheres via a LHA originating from the LGA,
and 13 patients via a RHA originating from the SMA were included. Patient and
treatment data were reviewed regarding clinical and imaging evidence of non-
target embolization of *Y-resin microspheres to the GI tract. Positioning of the tip
of the microcatheter in relationship to the last hepatoenteric side branch was
retrospectively analyzed using angiographic images, cone-beam CT and pre-
interventional CT-angiograms.

RESULTS
None of the 24 patients developed clinical symptoms indicating a potential non-
target embolization to the GI tract within the first month after *Y-RE. On the
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postinterventional *Y-bremsstrahlung images and/or *Y-positron emission
tomographies, no evidence of extrahepatic *Y-activity in the GI tract was noted in
any of the patients. The mean distance between the tip of the microcatheter and
the last enteric side branch during delivery of the Y microspheres was 3.2 cm
(range: 1.9-5 cm) in patients with an aberrant LHA originating from a LGA. This
was substantially shorter than the mean distance of 5.2 cm (range: 2.9-7.7 cm) in
patients with an aberrant right hepatic originating from the SMA.

CONCLUSION

*Y-RE via aberrant hepatic arteries appears to be safe; at least with positioning of
the microcatheter tip no less than 1.9 cm distal to the last hepatoenteric side
branch vessel.

Key words: Radioembolization; Yttrium 90; Aberrant hepatic arteries; Hepatic arterial
variants; Safety

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Anatomical variants of the hepatic arteries may complicate treatment with *°Y -
Radioembolization (**Y-RE) due to a close proximity of hepatic and enteric vessel
branches. Left hepatic arteries originating from the left gastric artery usually have a
substantially shorter main stem than right hepatic arteries originating from the superior
mesenteric artery. However, even a minimum distance of 1.9 cm between the tip of the
microcatheter and the last hepatoenteric side branch appears to be sufficient to avoid
reflux of Y microspheres. Therefore, °Y-RE should be feasible and safe in most
patients with aberrant hepatic arteries without a significantly increased risk for non-
target embolization.

Citation: Zimmermann M, Schulze-Hagen M, Pedersoli F, Isfort P, Heinzel A, Kuhl C,
Bruners P. Y90-radioembolization via variant hepatic arteries: Is there a relevant risk for non-
target embolization? World J Radiol 2019; 11(7): 102-109

URL: https://www.wjgnet.com/1949-8470/full/v11/i7/102.htm

DOI: https://dx.doi.org/10.4329/wjr.v11.i7.102

INTRODUCTION

Radioembolization with Yttrium-90 (*°Y) is a liver-directed cancer treatment which
has been shown to be effective and prolong overall survival in patients with
irresectable primary or metastatic liver cancer!l. *Y-Radioembolization (*"Y-RE) is
being increasingly used over the last couple of years, since studies have shown that it
significantly prolongs time-to-progression compared to transarterial chemo-
embolization in patients with hepatocellular cancer (HCC) for example, while
simultaneously resulting in less toxicity*l. In general, side effects after *°Y-RE are
uncommon and mostly include mild post-interventional symptoms such as fatigue,
abdominal pain, nausea and vomiting”'’l. A rare, but serious complication however is
non-target embolization of *°Y particles to the GI tract, which may lead to radiation-
induced gastrointestinal ulceration and is thus associated with significant morbidity
and mortality!'l.

Non-target embolization of the GI tract during *°Y-RE may result either from
hepatoenteric vessels distal to the position of the catheter tip during delivery of the Y
microspheres, or from reflux of particles into enteric branches proximal to the location
of the catheter tip. A pre-treatment mapping angiogram to assess the hepatic arterial
anatomy and embolization of any hepatoenteric vessels deemed to pose a risk for
non-target embolization using coils, plugs or glue is therefore routinely performed
before radioembolization!>""l. Additionally, the catheter is usually placed as distally as
possible during delivery of the Y microspheres to minimize the risk of reflux into
enteric branches.

However, patients with a variant arterial supply of the liver, such as hepatic
arteries originating from the left gastric artery (LGA) or the superior mesenteric artery
(SMA) for example, may have an increased risk of non-target embolization due to the
close proximity between hepatic and enteric vessel branches.
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Therefore, the purpose of this study is to evaluate whether *Y-RE with resin
microspheres can be safely performed via a replaced right or left hepatic artery (LHA)
originating from the SMA or LGA.

MATERIALS AND METHODS

This single-center retrospective study was approved by the institutional review board
(IRB, internal reference no. EK 308/18).

Patients

Computed tomography (CT) angiographies and fluoroscopic angiograms of all
patients that had undergone radioembolization with *°Y-resin microspheres
(SIRSpheres, Sirtex Medical Ltd, Lane Cove, Australia) between 2010 and 2018 at our
institution were retrospectively reviewed and screened for a variant hepatic arterial
anatomy. All patients in whom a *Y-RE was performed via a replaced right or LHA
and with a minimum follow-up of one month were included in this retrospective
analysis.

In general, the indication for *Y-RE included HCC (BCLC Stage C) and liver-only
or liver-dominant metastatic disease of different primary tumors (Table 1 for further
details on patient characteristics). All treatment decisions were established by
consensus in a multidisciplinary tumor board attended by hepatobiliary surgeons,
oncologists, radiotherapists, pathologists and interventional radiologists.

Pre-treatment mapping angiogram

Written informed consent was obtained from all patients before the procedure. All
procedures were performed by interventional radiologists with at least 5 years of
experience in transarterial oncologic procedures.

As part of the routine work-up before *Y-RE, a standard mapping angiogram of the
celiac axis, superior mesenteric and hepatic arterial vessels was obtained in all
patients several days prior to the actual *Y-RE to assess the hepatic vascular anatomy
and identify any hepatoenteric vessels deemed at risk for non-target embolization to
the GI tract. Wherever possible, these hepatoenteric vessels, e.g., a right phrenic artery
arising from an aberrant left hepatic artery, were subsequently embolized using coils.

The microcatheter was then advanced as distally as possible into the respective
hepatic artery to a location that was considered appropriate for subsequent delivery
of the Y particles. At this location, an arterial phase cone beam CT (Artis Zee or
ZeeGo, Siemens Healthcare, Forchheim, Germany) with undiluted contrast agent
(Ultravist®-300, Bayer, Leverkusen, Germany) an injection rate of 0.8-1 mL/s with a
total volume of 6.4-8 mL and an injection timing delay of 8 s was performed to screen
for possible extrahepatic contrast enhancement. If no extrahepatic enhancement was
seen, technetium-99m-labeled macroaggregated albumin (*"Tc MAA) was injected
and the patient was subsequently transferred to the Department of Nuclear Medicine
for a ®Tc MAA-singe-photon emission CT/CT (*"Tc-SPECT/CT) scan to determine
the lung shunt fraction and to screen for the presence of extrahepatic activity.

*Y-Radioembolization

For the eventual treatment, the tip of the microcatheter was placed at an identical
position as during the *"Tc MAA-test-injection and again a cone beam CT was
performed with injection of contrast material through the microcatheter to screen for
possible hepatoenteric arterial communications. In 23 out of the 24 patients, *Y-RE
was performed in a lobar fashion. One patient received three segmental treatments
(segments II, IIT and IV) via a replaced LHA at one-month intervals due to the fact that
he had previously undergone right hepatic lobectomy and was therefore considered
to have an increased risk of radiation-induced liver disease. Infusion of the *Y
microspheres was performed slowly, manually under intermittent fluoroscopy to
ensure antegrade blood flow at all times. Complete administration of all of the
calculated activity was achieved in all cases.

After completion of the procedure, each patient received post-interventional *°Y
bremsstrahlung images and/or a *Y positron emission tomography (PET) to evaluate
the Y distribution in the liver as well as to screen for any extrahepatic activity as a
result of a possible non-target embolization.

Follow-up

After radioembolization, all patients were routinely admitted to the nuclear medicine
ward at our institution for 48 h, where they were closely monitored for any signs of
acute toxicity by daily clinical examination and laboratory analysis of complete blood
count, liver function tests and metabolic panel. After discharge, all patients resumed a
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Table 1 Patient characteristics

Total n=24
Male/female 12/12
Mean age (yr) 60+10
Type of tumor
Hepatocellular carcinoma 10
Colorectal cancer 4
Breast cancer 3
Pancreatic cancer 2
Neuroendocrine tumor of the gastrointestinal tract 2
Endometrial carcinoma 1
Cholangiocellular carcinoma 1
Oropharyngeal cancer 1
Hepatic vascular anatomy
Left hepatic artery originating from left gastric artery 11
Right hepatic artery originating from superior mesenteric artery 13
Distance between microcatheter tip and last enteric side branch (cm)
Left hepatic artery originating from left gastric artery 32+1.0
Right hepatic artery originating from superior mesenteric artery 50+1.7
Mean administered activity (Mbq)
Treatment of left hepatic lobe 612 +190
Treatment of right hepatic lobe 1262 + 540

The values are expressed as means * standard deviation. Mbq: Megabecquerel

routine schedule for follow-up with clinical examination, laboratory analysis
(complete blood count, liver function tests, metabolic panel, tumor markers) and
cross-sectional imaging (contrast-enhanced MRI or PET/CT) one month after
treatment and then every 2-3 mo thereafter.

Data analysis and assessment of toxicity
The primary outcome variable of this study was presence or absence of clinical or
imaging evidence of non-target embolization of *Y-microspheres to the GI tract.

Therefore, electronic medical records of all patients were reviewed for presence of
nausea, vomiting, abdominal pain and fever as symptoms of potential gastrointestinal
complications on days 1-3 and 4 wk after “Y-RE. These data were graded according to
the common terminology criteria for adverse events (CTCAE version 5.0); toxicities of
level > 3 were defined as clinically relevant. Additionally, all post-interventional *°Y
bremsstrahlung images and *Y-PETs, as well as the *"Tc MAA- SPECT/CTs and
arterial cone beam CTs, were retrospectively reviewed for evidence of extra-
hepatic/ gastrointestinal activity or extrahepatic contrast enhancement.

Since catheter positioning is critical for target or non-target embolization, the
distance between the position of the microcatheter tip during the administration of
the *°Y particles and the last enteric side branch was determined using angiographic
images, cone-beam CT images and pre-interventional CT angiograms (including
maximum-intensity projections and curved multi-planar reconstructions whenever
necessary). Continuous variables were summarized using proportions, mean and
median.

RESULTS

Out of 158 patients who had been treated by means of *Y-RE between 2011 and 2018
at our institution, 24 patients (12 females, 12 males, mean age of 60 + 10 years) had
been treated via an aberrant hepatic artery and were therefore included in this
retrospective study. There were 11 patients with an LHA originating from the LGA
and 13 patients with a right hepatic artery (RHA) originating from the SMA.

Safety and toxicities
“Y-RE was successfully performed in all 24 patients. All patients were discharged as
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planned on the second post-interventional day and no clinically relevant toxicities
(grade = 3; nausea, vomiting, abdominal pain and fever) were detected during follow-
up. No imaging evidence of non-target-embolization of *Y -microspheres to the GI
tract and good tumoral Y -uptake was noted on all of the postinterventional *Y
bremsstrahlung images and/or *Y-PETs.

In one patient with a replaced LHA, extrahepatic activity was noted on the
preliminary *™Tc MAA- SPECT/CTs along the ventral abdominal wall due to a
falciforme artery arising from LHA. This falciforme artery could not be embolized due
to its very small caliber, however a previous study has shown that there seems to be
no absolute need for prophylactic embolization!'). *°Y-RE was subsequently
performed and resulted in non-target embolization of minor amounts of Y
microspheres along the ventral abdominal wall; the patient remained clinically
asymptomatic however.

Catheter positioning

The mean distance between the tip of the microcatheter and the last enteric side
branch during administration of the *Y-microspheres was 3.2 cm (range: 1.9-5 cm) in
patients with an aberrant LHA and 5.0 cm (range: 2.1-7.7 cm) in patients with an
aberrant RHA (Table 1 for a summary of patient demographics and treatment
characteristics). None of the arterial cone beam CTs that were performed through the
microcatheter in place for treatment showed extrahepatic, gastrointestinal contrast
enhancement (Figure 1A-D).

DISCUSSION

The hepatic arterial anatomy is highly variable; previous studies have shown that 39-
49% of all patients have some form of variant arterial blood supply to the liver!">'°l.
The two most common variants include a replaced RHA originating from the SMA
with a reported prevalence of 12%-15%, and a LHA originating from the LGA with a
prevalence between 4.5% and 8%!">'‘l. These anatomic variants may complicate
treatment by means of *Y-RE, because of the close proximity of hepatic and enteric
branches, which may increase the risk of non-target embolization of the GI tract
through reflux of Y microspheres. This is particularly true for patients with an LHA
originating from the LGA, since the distance between the origin of a replaced LHA at
the LGA and the first intrahepatic side branch of the LHA is often particularly short.

In our study, the mean distance between catheter position during delivery of the Y
particles and the last enteric side branch was shortest in patients with an LHA arising
from the LGA, with the minimum distance being 1.9 cm. However, none of the
patients developed clinically relevant signs and symptoms of gastrointestinal non-
target embolization during follow-up and there was no evidence of *Y activity in the
GI tract on the postinterventional *Y bremsstrahlung images or PET images in any of
the patients. The results of this case series therefore suggest, that “Y-RE with resin
microspheres can be safely performed via hepatic arteries originating from either the
SMA or the LGA.

Of course, the infusion rate of the *Y particles can also significantly impact the risk
of reflux and thus non-target embolization. Although administration of the *Y
particles was done manually without recording the infusion rate, we did not observe
any reflux of contrast agent on the arterial cone beam CTs during the interventions.
These were performed with mechanical infusion of contrast agent at a rate of 0.8-1
mL/s, and this rate could be therefore considered a safe starting point. However,
hemodynamics will usually change during the procedure due to an increasing
number of small vessels getting occluded by the microspheres and therefore
intermittent fluoroscopy to adjust the infusion rate and verify antegrade blood flow at
all times is strongly recommended. Alternatively, the use of glass microspheres
(Theraspheres, BTG International, Ottawa, Ontario, Canada) instead of resin
microspheres may decrease the risk for stasis and reflux of particles during treatment
due to the decreased embolic load of glass microspheres compared with resin
microspheres.

Several studies have explored the option of coil embolization of variant hepatic
arteries before *Y-RE as a method to redistribute and simplify the hepatic blood
flow!""""1. For example, coil embolization of an LHA arising from the LGA may be
used to induce redistribution of the intrahepatic arterial blood flow to the left hepatic
lobe via collaterals from the RHA and therefore facilitate whole liver treatment from a
single treatment position in the RHA. While this technique can be used to avoid a
potential non-target embolization to the LGA, it also eliminates the option of a
selective lobar treatment in patients with a predominantly left hepatic tumor load.
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Figure 1 Sample case. 52-year-old patient with an aberrant left hepatic artery originating from the left gastric artery and multifocal colorectal liver metastases in both
hepatic lobes. A: Preinterventional computed tomography (CT) angiogram (coronal maximum intensity projection) displaying the distance between the most distal
hepatoenteric side branch (white arrow) and the first intrahepatic branch of the aberrant left hepatic artery (LHA) (black arrow); B: Vascular anatomy on the preliminary
mapping angiogram. (white arrow: most distal hepatoenteric side branch; black arrow: first intrahepatic branch of the aberrant LHA); C: Catheter position during test
injection of technetium ™™ macro aggregated albumin (99mTc-MAA) (and subsequently also during delivery of the *°Y microspheres); D: Post- 99mTc-MAA
SPECT/CT showing good tumoral 99mTc-MAA uptake and no extrahepatic activity.

Additionally, due to the irreversibility of the coil embolization, it may limit future
selective transarterial treatment options as well as surgical options, should the patient
respond extremely well to the treatment and become a surgical candidate.

The main limitations of this study include its retrospective study design and the
small patient cohort. As mentioned before, the individual hepatic arterial anatomy is
highly variable and so are the number of hepatoenteric vessels and the distance
between hepatic and enteric branches, which significantly impacts the risk of non-
target embolization to the GI tract. Therefore, the results of this study may not be
applicable to all patients and careful evaluation of the individual arterial anatomy
before and during *Y-RE is still necessary in all patients. Lastly, gastrointestinal
complications after Y-RE are occasionally not diagnosed until several months after
treatment™!. However, this appears to be mostly attributable to misrecognition of the
rather unspecific abdominal symptoms, something that appears avoidable when
follow-up is performed by specialists who are familiar with these potential
postinterventional complications.

In conclusion, *Y-RE with resin microspheres via an RHA originating from the
SMA and/or a LHA replaced to the LGA appears to be feasible and safe. We did not
observe any evidence of non-target embolization in 24 patients with placement of the
tip of the microcatheter at least 1.9 cm distal of the last enteric side branch and slow
manual infusion of the *Y-particles.

ARTICLE HIGHLIGHTS

Research Background

Radioembolization with Yttrium-90 (*°Y) microspheres is commonly used for treatment of
primary or secondary liver tumors. It is generally a well-tolerated treatment with few side
effects, however non-target embolization of *’Y microspheres to the gastrointestinal tract is a
severe potential complication. The risk for non-target embolization is very low in patients with a
normal hepatic arterial anatomy. However, around 45% of patients have some form of variant
hepatic arterial anatomy and patients with aberrant hepatic arteries might have a higher risk for
reflux and non-target embolization of *°Y microspheres due to the close proximity between
hepatic and enteric vessel branches.
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Research motivation

So far, no study has specifically evaluated the safety of “’Y-Radioembolization in patients with a
variant hepatic arterial anatomy. Therefore, this study aimed to evaluate whether there is an
increased risk for non-target embolization during Y Radioembolization in this specific patient
population.

Research objectives

To evaluate the safety of *Y Radioembolization with resin microspheres in patients with one of
the two most common hepatic arterial variants: A right hepatic artery (RHA) originating from
the superior mesenteric artery (SMA) or a left hepatic artery (LHA) originating from the left
gastric artery (LGA).

Research methods

For this study, electronic medical records and imaging studies of 24 patients who had been
treated with Radioembolization via an aberrant hepatic artery were retrospectively reviewed
regarding clinical and imaging evidence of non-target embolization of *"Y-resin microspheres to
the GI tract. 11 patients who underwent *’Y Radioembolization via an LHA originating from the
LGA and 13 patients who underwent Y Radioembolization via an RHA originating from the
SMA were included. Positioning of the tip of the microcatheter in relationship to the last
hepatoenteric side branch was retrospectively analyzed using angiographic images, cone-beam
CT and pre-interventional CT-angiograms.

Research results

None of the 24 patients developed clinical symptoms indicating a potential non-target
embolization to the GI tract within the first month after °Y-RE and there was no imaging
evidence of non-target embolization on the postinterventional *’Y-bremsstrahlung images
and/or Y-PETs in any of the patients. The distance between the tip of the microcatheter and the
last enteric side branch was substantially shorter in patients with an aberrant LHA originating
from a LGA (mean distance of 3.2 cm (range: 1.9-5 cm) than in those patients with an aberrant
RHA originating from the SMA (mean distance of 5.2 cm (range: 2.9-7.7 cm). However even a
minimum distance of 1.9 cm was sufficient to avoid reflux and non-target embolization of *Y
microspheres.

Research conclusions

This study suggests that *°Y Radioembolization may be safely performed in patients with
aberrant hepatic arteries. A minimum distance of 1.9 cm between the tip of the microcatheter and
the last enteric side branch in combination with slow, manual infusion of the **Y microspheres
was sufficient to avoid reflux of microspheres and non-target embolization in this study.

Research perspectives

Although this study provides clinical evidence that patients with aberrant hepatic arteries can
generally be safely treated with *°Y Radioembolization, further studies with standardized
infusion rates and catheter positions would be desirable to systematically determine exact cut-off
values at which reflux and non-target embolization of Y microspheres occurs.
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Abstract

BACKGROUND

Duodenal variceal bleeding is a rare cause of gastrointestinal bleeding. The most
common site is the duodenal bulb. It is usually detected endoscopically but it can
be very challenging to diagnose if it is located distal to the second part od
duodenum. The pre- transjugular intrahepatic portosystemic shunt (TIPS)
presence of spontaneous portosystemic shunt (SPSS) was found to be associated
with an increased risk of early morbidity and mortality after TIPS placement.

CASE SUMMARY

A 43-year-old cirrhotic male presented with melena for three days. Upper
endoscopy was performed and showed active blood oozing from the distal
duodenum concerning for ectopic duodenal varix. A computed tomography (CT)
angiogram was performed and showed an enlarged cluster of venous collaterals
around the distal duodenum. He underwent TIPS placement. He had another
episode of melena three days later. Push enteroscopy with injection sclerotherapy
into the duodenal varices was performed with no success. A repeat CT
angiogram showed occluded TIPS shunt. Therefore, a TIPS revision was
performed and there was an extensive portal venous thrombosis with a large
shunt between the inferior mesenteric vein and left renal vein via the left gonadal
vein. Thrombectomy and TIPS shunt balloon angioplasty was performed,
followed by embolization of the portosystemic. The melena was resolved, and
patient was discharged with arranged hepatology follow up.

CONCLUSION
It importance to look and embolize the SPSS shunts in patients with early TIPS
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dysfunction and recurrent duodenal variceal bleeding.

Key words: Portasystemic shunt; Gastrointestinal hemorrhage; Liver cirrhosis;
Duodenum; Endoscopy; Angioplasty; Case report

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Portal hypertension leads to the formation of varices, which can be present at
the gastroesophageal region or ectopic locations. Bleeding ectopic varices are
challenging to manage, and in many cases, transjugular intrahepatic portosystemic shunt
(TIPS) is a safe and effective therapy. The pre-TIPS presence of spontaneous
portosystemic shunt (SPSS) was found to be associated with an increased risk of early
morbidity and mortality after TIPS placement. We have successfully treated a patient
with duodenal variceal bleeding with TIPS and embolization of SPSS after he failed
TIPS monotherapy.

Citation: Anand R, Ali SE, Raissi D, Frandah WM. Duodenal variceal bleeding with large
spontaneous portosystemic shunt treated with transjugular intrahepatic portosystemic shunt
and embolization: A case report. World J Radiol 2019; 11(8): 110-115

URL: https://www.wjgnet.com/1949-8470/full/v11/i8/110.htm

DOI: https://dx.doi.org/10.4329/wjr.v11.i8.110

INTRODUCTION

Duodenal variceal bleeding is a rare cause of gastrointestinal bleeding. It can be life-
threatening with a mortality rate of up to 40%!"!. Portal hypertension due to liver
cirrhosis is the most common cause of portosystemic shunts and duodenal varices!”.
The most common site is at the duodenal bulb, and it is usually detected
endoscopically’. However, it can be difficult to diagnose if it is located distal to the
second part of duodenum. The pre-transjugular intrahepatic portosystemic shunt
(TIPS) presence of spontaneous portosystemic shunt (SPSS) was found to be
associated with an increased risk of early morbidity and mortality after TIPS
placement . We have successfully treated a patient with duodenal variceal bleeding
with TIPS and embolization of SPSS after he failed TIPS monotherapy.

CASE PRESENTATION

Chief complaints
A 43-year-old male presented to the emergency department complaining of melena
for three days.

History of present illness
He had two loose bowel movements with black tarry stool every day for the last three
days with lightheadedness.

History of past ilness
He denies any hematemesis, abdominal pain, or similar episodes in the past.

Personal and family history
Past medical history was remarkable for liver cirrhosis due to untreated hepatitis C
and alcohol abuse. Family history was unremarkable.

Physical examination upon admission

On presentation, vitals revealed a blood pressure of 100/60 mmHg; pulse rate of 110
per minute, temperature of 98.5 Fahrenheit, and respiratory rate of 18 per minute.
Physical exam revealed an ill-looking patient with mild confusion, pale conjunctiva,
non-icterus sclera, mildly distended abdomen with no tenderness, and trace pitting
edema in both legs.

Laboratory examinations
August 28, 2019
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Laboratory findings displayed hemoglobin of 6.8 g/dL, leukocytes 10000/ mm? and
platelet 105000/ mm?®. Serum biochemistry revealed creatinine 0.6 mg/dL, blood urea
nitrogen 16 mg/dL, albumin 2.4 g/dL, total protein 4.8 g/dL, aspartate
aminotransferase 34 IU/L, alanine aminotransferase 60 IU/L, alkaline phosphatase 95
IU/L, international normalized ratio 1.1 and total bilirubin 1.5 mg/dL.

FINAL DIAGNOSIS

Duodenal variceal bleeding with large spontaneous portosystemic shunt.

TREATMENT

Emergency esophagogastroduodenoscopy (EGD) was performed on the day of
admission and showed grade B esophagitis and small esophageal varices with no
active bleeding.

OUTCOME AND FOLLOW-UP

He continued to have melena, and drop in hemoglobin concertation over the next 48
h. So, repeat EGD was performed and showed oozing of fresh blood in the distal
duodenum, concerning for a bleeding ectopic duodenal varix. A computed
tomography (CT) angiogram was performed and showed an enlarged cluster of
venous collaterals around the distal duodenum. He underwent TIPS via using
VIATORR® 10 mm X 6 cm stent-graft, which decreased the portosystemic gradient
from 21 mmHg to 5 mmHg with complete decompression of the intestinal varices
(Figure 1).

Seventy-two hours later, the patient had a recurrence of melena with worsening
anemia. A push enteroscopy was performed and showed fresh blood oozing from
ectopic varix in the fourth portion of the duodenum (Figure 2). One ml of glue (n-
Butyl Cyanoacrylate) was injected into varix. Despite all of that, he continued to have
gastrointestinal bleeding that requires a blood transfusion. A repeat CT angiogram
showed a nearly occluded TIPS shunt. Therefore, a TIPS revision was preceded, and
TIPS was occluded with extensive portal venous thrombosis (Figure 3).

Interestingly, there was a large, competing, non-physiological shunt between the
inferior mesenteric vein and left renal vein via the left gonadal vein (Figure 4).
Maceration thrombectomy and TIPS shunt balloon angioplasty was performed,
followed by embolization of the portosystemic (Figure 5). The patient remained stable
for the rest of the hospital course with no signs of recurrent bleeding. He was
discharged with arranged hepatology follow up.

DISCUSSION

Patients with portal hypertension develop SPSS with hepatofugal flow that serve as
non-physiologic communications between branches of the systemic and portal venous
systems which allow excess flow to bypass the liver. One of these SPSS is the
splenorenal shunt (SRS), which is associated with boosted occurrence of
hepatocellular carcinoma in an obese patient!”.. SPSS when dilating form varices,
which they can be present at numerous regions of the body. Since duodenal varices
were initially defined by Alberti! in 1931 and envisioned via the scope by Kunisaki et
al”l in 1973, there have been hundreds of cases published. In a study reviewing 169
cases of bleeding ectopic varices, 17% were in the duodenum!'l. Bleeding ectopic
varices account for up to 5% of all variceal bleeding noted in cirrhotic patients. They
can be very challenging to diagnose and manage, and as a result, in some cases, can
have mortality rates as high as 40%!"*"). Currently, there are no set guidelines for the
treatment of ectopic variceal bleeding. Management varies based on the location and
size of these ectopic varices. Endoscopic band ligation (EBL) and endoscopic injection
sclerotherapy (EIS) has been tried in multiple studies for bleeding ectopic varices with
some degree of success!''"l. However, as in our case, EBL or EIS can fail to control the
bleeding, and TIPS can be used as second-line therapy!"*'"l. A combined therapeutic
technique such as a balloon-occluded retrograde transvenous obliteration (BRTO)
with embolization or sclerotherapy has been investigated by Copelan et all'*! and
showed a bleeding control rate of 90% and it suggested to be a safe treatment option
when TIPS is contraindicated.
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Figure 1 Portal vein angiography image showing hepatopetal flow through transjugular intrahepatic
portosystemic shunt (blue arrow) with no filling of varices.

TIPS reduce the hepatic venous pressure gradient (HVPG), which results in portal
venous decompression and variceal bleeding control. Studies have shown that
bleeding risk from varices decreases significantly once the HVPG falls below 12
mmHg!""*l. TIPS dysfunction is a complication with TIPS placement. It is defined as a
loss of portal vein system decompression, due to thrombosis or stenosis (> 50%) of the
TIPS. The pre-TIPS presence of SPSS was found to be associated with an increased
risk of early morbidity and mortality after TIPS placement!.

Our patient had an infrequent and unusual cause for TIPS thrombosis. He was
noted to have a large non-physiological spontaneous portosystemic shunt between
the inferior mesenteric vein and left renal vein via the left gonadal vein. The shunt
promoted hepatofugal flow that was competing with the TIPS. As a result, it
decreased the flow across the shunt and led to early thrombosis and TIPS dysfunction,
which led to recurrent variceal bleeding. Once the shunt was embolized, TIPS revision
was successful, and the patient’s variceal bleeding resolved.

CONCLUSION

This case illustrates the importance to look for these competing shunts in patients
with early TIPS dysfunction and recurrent bleeding when other causes have been
ruled out. Also, as noted in our case, portosystemic pressure gradient measurements
are unreliable in patients with large competing SPSS. Embolization of these shunts is
crucial to control the duodenal variceal bleeding and prevent early thrombosis of
TIPS.
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Figure 3 Angiographic image showing filling defect in the transjugular intrahepatic portosystemic shunt and the portal vein (yellow arrow) with
portosystemic shunting to left renal vein (blue arrow).

Figure 4 Angiographic image showing a large mesenterico-gonadal venous shunt (blue arrow) draining into the inferior vena cava (yellow arrow) via the
left renal vein (orange arrow).
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Figure 5 Angiographic image of the portal vein showing the restoration of hepatopetal flow through the transjugular intrahepatic portosystemic shunt
after the portosystemic shunt was embolized (yellow arrow).
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Abstract

BACKGROUND

Primary appendiceal cancers are rare, and they generally present with liver

and/ or peritoneal metastases. Currently there are no guidelines to treat
metastatic appendiceal cancer, and hence they are treated as metastatic colorectal
cancer. Combining Yttrium 90 (Y-90) radioembolization (RE) with systemic
chemotherapy early in the treatment of right sided colon cancers has been shown
to improve survival. Based on this data, a combination of systemic chemotherapy
and Y-90 RE was used to treat a case of metastatic appendiceal cancer.

CASE SUMMARY

A 76-year-old male presented to the emergency room with progressive right
lower quadrant pain. A Computed Tomography of the abdomen and pelvis was
performed which showed acute appendicitis and contained perforation. Urgent
laparoscopic appendectomy was then followed by histological analysis, which
was significant for appendiceal adenocarcinoma. After complete workup he
underwent right hemicolectomy and lymph node dissection. He received
adjuvant chemotherapy as the local lymph nodes were positive. Follow-up
imaging was significant for liver metastasis. Due to rapid growth of the liver
lesions and new peritoneal nodules, the patient was treated with a combination
of Y-90 RE and folinic acid, fluorouracil, and irinotecan with bevacizumab and
not microwave ablation as previously planned. Follow up imaging demonstrated
complete response of the liver lesions. At 12-mo follow-up, the patient continued
to enjoy good quality of life with no recurrent disease.

CONCLUSION
Utilization of Y-90 RE concomitantly with systemic chemotherapy early in the
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treatment of appendiceal cancer may provide improved control of this otherwise
aggressive cancer.

Key words: Colorectal cancer; Liver metastases; Radioembolization; Yttrium 90
microspheres; Appendix cancer with peritoneal metastasis; Hyperthermic intraperitoneal

chemotherapy; Case report
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Core tip: Primary appendiceal cancers are rare and there are no current guidelines for
treatment of metastatic appendiceal cancer. We describe an unusual case of appendiceal
cancer metastatic to the liver and peritoneum that was successfully treated with a
combination of systemic chemotherapy and Yttrium 90 radioembolization. This
complete and sustained response may support a role for combination therapy in the more
aggressive right sided colon cancers.

Citation: Bhat AP, Schuchardt PA, Bhat R, Davis RM, Singh S. Metastatic appendiceal cancer
treated with Yttrium 90 radioembolization and systemic chemotherapy: A case report. World
J Radiol 2019; 11(9): 116-125

URL: https://www.wjgnet.com/1949-8470/full/v11/i9/116.htm

DOI: https://dx.doi.org/10.4329/wjr.v11.i9.116

INTRODUCTION

Primary cancers of the appendix are rare and often aggressive. There are no evidence
based guidelines to deal with patients who present with aggressive metastatic
appendiceal cancers. Surgical cytoreduction and hyperthermic intraoperative
chemotherapy (HIPEC) have shown survival benefit in some patients!l. However, it is
a rather extensive and major operation and not suitable for all patients. In patients
who are not suitable candidates, there are very limited options and hence, they have a
dismal prognosis. In the past decade, the role of Yttrium 90 (Y-90) radioembolization
(RE) in chemorefractory metastatic colorectal cancer (CRC) has been extensively
studied and has produced promising results®**. Due to its proven synergistic role with
systemic chemotherapy, a combination of Y-90 RE and chemotherapy was used to
successfully treat a patient with metastatic appendiceal cancer.

CASE PRESENTATION

Chief complaints
A 76-year-old male initially presented to the emergency room with progressive pain
in the right lower quadrant.

History of present illness

The pain was localized to the right lower quadrant without any radiation. The pain
was associated with anorexia, without nausea or vomiting. Low grade fever was
present.

History of past illness
Significant for hypertension controlled with medications and benign prostatic
hyperplasia.

Personal and family history
No history of alcohol, or drug abuse.

Physical exam upon admission
Vital signs: Heart rate 108/ min, respiratory rate 23/min, BP 130/82 mmHg.
Temperature: 37.1 °C.

Cardiovascular: Tachycardia with normal heart sounds.

Respiratory: Normal breath sounds.

Abdomen: Moderate tenderness in the right lower quadrant. No abdominal
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distension. Normal bowel sounds. Neurological: Alert, oriented, without neurological
deficits.

Laboratory examinations
The blood work showed leukocytosis, with white blood cell: 12 x 10° L. The rest of the
labs were normal.

Imaging examinations

Contrast-enhanced computed tomography (CT) of the abdomen and pelvis
demonstrated a markedly dilated appendix with surrounding inflammatory changes
(Figure 1) and regional lymphadenopathy. This was originally interpreted as acute
appendicitis with contained perforation.

TREATMENT

The patient then underwent urgent laparoscopic appendectomy and drainage of the
intra-abdominal abscess. Pathology of the surgical specimen revealed a moderately
differentiated appendiceal adenocarcinoma, measuring 1.7 cm, with tumor invading
the mesoappendix. Extensive transmural inflammatory changes were noted, though
the base of the appendix was not involved. The patient underwent colonoscopy to
excluded synchronous lesions. As the colonoscopy was negative for additional
lesions, the patient subsequently underwent laparoscopic right hemicolectomy with
primary anastomosis and lymph node dissection. During the operation the rest of the
abdomen was thoroughly inspected for metastatic disease. After performing
laparoscopic right hemicolectomy with primary anastomosis and lymph node
dissection, histopathology demonstrated 6/18 lymph nodes positive for metastatic
adenocarcinoma with extra-nodal extension present in the largest lymph node. The
distal ileum and cecum were free of malignancy. The staging was completed by
obtaining a CT of the chest (as it had not been obtained in the initial presentation),
and it showed no evidence of metastatic disease.

The patient then received 12 cycles of adjuvant folinic acid, fluorouracil, and
oxaliplatin (FOLFOX) chemotherapy for a duration of 7 mo from the initial diagnosis.
Follow-up CT 10 mo after the last cycle of chemotherapy demonstrated three
hypodense hypovascular lesions in the right lobe of the liver (two in segment 7 and
one in segment 2) (Figure 2) with concurrent rise in serum carcinoembryonic antigen
level. Ultrasound guided biopsy of the liver lesions revealed metastatic
adenocarcinoma, consistent with an appendiceal primary.

FINAL DIAGNOSIS

Final diagnosis was stage IIIC (T3, N2, Mx) moderately differentiated appendiceal
adenocarcinoma.

MULTIDISCIPLINARY EXPERT CONSULTATION

Due to the complexity of the case. It was presented at the multidisciplinary tumor
board and a decision was made to proceed with microwave ablation of the liver
lesions. Fluorodeoxyglucose (FDG) positron emission tomography (PET) CT obtained
prior to microwave ablation demonstrated an increase in the size of the liver lesions
(FDG avid) and new sub-centimeter FDG avid lesions in the peritoneum, suggestive
of metastatic implants (Figure 3). Two of the three lesions, now measured more than 3
cm, prompting us to hold off on the microwave ablation. The patient was again
presented to the multidisciplinary tumor board and was not considered a surgical
candidate for hepatic metastasectomy or HIPEC due to general deconditioning,
including severe weight loss. In light of the progressive hepatic and limited
extrahepatic disease burden, the patient was offered selective internal radiation
treatment or RE with Y90 and initiation of folinic acid, fluorouracil, and irinotecan
(FOLFIRI) with bevacizumab, as a palliative measure. FOLFIRI was initiated prior to
the Y-90 RE procedure; however, the bevaxizumab was not started until after the RE
procedure.

A mapping angiogram was performed one week prior to the Y-90 RE treatment to
evaluate the vascular anatomy and estimate the lung shunt fraction (LSF). As a part of
the mapping angiogram, the gastroduodenal artery was embolized using 4 and 5 mm
0.018” Azur® CX coils (Terumo Interventional Systems). Based on the planar images
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Figure 1 Axial and coronal abdominal contrast enhanced computed tomography images depict a fluid filled
and dilated appendix (gray arrows) and adenopathy (white arrow). Surrounding inflammatory changes present.

obtained after injection of **“technetium-labeled macroaggregated albumin
(*"TcMAA) into the right hepatic artery, the shunt fraction toward the lung was
calculated at approximately 2.5%.

Calculations of liver and tumor volumes were performed on a 3D segmentation
application (TeraRecon Inc Foster City, CA, United States). The whole liver volume
was 1325 mL. The right lobe measured 875 mL, the tumor volume was 150 mL, and
the tumor to normal liver ratio (T:N) based off the *"TcMAA injection during the
mapping angiogram was 3:1. The prescribed activity was calculated using the DAVYR
application (Dose and activity visualizer for Y-90 RE) (Figure 4) and the SIR sphere
microsphere activity calculator (SMAC) chart provided by the manufacturer and a 1.0
Gigabecquerel (Gbq) activity of Y90 was prescribed for treatment of the right lobe
metastatic lesions. Based on the body surface area (BSA) method recommended by the
manufacturer, the dose to the tumor was estimated as 126 Gray (Gy) and dose to the
healthy liver was estimated at 40.9 Gray (Gy) (Figure 4). The prescribed activity was
successfully administered by positioning a Progreat 2.8 F 130 cm catheter (Terumo
Interventional Systems) in the right hepatic artery distal to the origin of the cystic
artery (Figure 5). Post procedure Bremsstrahlung planar and single photon emission
computed tomography (SPECT) demonstrated appropriate distribution of Y90
spheres in the hepatic lobe without evidence of non-target embolization (Figure 6).

OUTCOME AND FOLLOW-UP

Post RE FDG PET/CT performed two months after treatment (Figure 7) showed
complete response, with no residual FDG-avid lesions in the liver or peritoneum. No
new lesions were identified. At this point, based on the good response to treatment,
the oncologist switched him to a combination of oral capecitabine and bevacizumab.
The patient has been followed for 12 mo after the Y-90 treatment and continues to
demonstrate good quality of life with no recurrent disease. There were no significant
changes to his liver functions after treatment, except slight elevation of his alkaline
phosphatase. The only toxicity was hyperpigmentation of the fingers and oral ulcers
(hand foot mouth disease) which started 10 mo into the treatment and resolved with
reduction of the capecitabine dose.

DISCUSSION

The incidence of appendiceal cancer is 1.2 per 100000 people per year in the United
States. Potentially due in part to this rarity, there are no accepted American Joint
Commission on Cancer staging system or National Comprehensive Cancer Network
evidence-based guidelines recommended for appendiceal cancer!”. Colon cancer
workup, staging, and treatment is commonly applied to appendiceal carcinoma.

Appendiceal cancers can either present with or progress to peritoneal
dissemination and the optimal therapy is complete surgical cytoreduction in
combination with HIPEC!. For patients not eligible for complete cytoreduction and
HIPEC, as in this case, systemic chemotherapy with regimens utilized for metastatic
CRC are generally considered the mainstay therapy. We embarked on a literature
review to find potential treatment options for our patient.

A systematic review of the literature was performed using Pubmed for articles from
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Figure 2 Axial sequential abdominal contrast enhanced computed tomography images (A-C) depict 3 new hepatic lesions in the right lobe (white arrows).

inception to January 2019 using the key words “Y90”, “metastatic Appendix cancer”
and “systemic chemotherapy”. We did not find any studies in which Y-90 RE was
used to treat liver metastasis form appendix cancer. However we found several
studies using Y 90 in the salvage setting following failure of chemotherapy with
improved overall survival numbers?. Data was extracted by two extractors.

Interventional oncology treatments for liver dominant CRC metastasis include, RE,
drug eluting beads irinotecan (DEBIRI) transarterial chemoemboization (TACE) and
thermal ablation.

RE with Y-90 microspheres is based on the same principle as that of TACE, in that
the hepatic artery provides the primary vascular supply to the tumor, while the portal
vein provides the majority of blood flow to normal hepatic parenchymal’.
Furthermore, the microvascular density of hepatic tumors is much higher than the
hepatic parenchymal®!, resulting in a proportionately higher exposure to
microspheres. CRC cells are highly radiosensitive and even chemo-refractive lesions
do not generally demonstrate any cross-resistance to radiation. Additionally,
radiation works synergistically when used with radiation-sensitizing
chemotherapeutic drugs.

The two commercial manufacturers of Y-90 microspheres are TheraSpheres (BTG
International, ON, Canada) and SIR-spheres (Sirtex Medical Inc., Sydney, Australia).
These microspheres, that have been specifically developed to deliver Y-90, measure
20-60 pm in size. Y-90 primarily emits beta radiation, with a half-life of 64.1 h and an
average energy of 0.94 MeV. The beta particles have a range of 1.1 cm (average 2.5
mm in vivo) from the source, with 94% of the dose being deposited within the first 11
d of administration”). Hence, RE works from “inside out” and inflicts minimal
damage to the normal liver. This is in contrast to external beam radiation which
exposes the normal liver parenchyma to excessive amounts of radiation, in the process
of killing multifocal tumors, thus increasing collateral damage. One of the most
critical components of the RE procedure is the dosimetry. There is one activity
calculation method for Y-90 glass microspheres!"’], however three alternatives exist for
resin microspheres!''-"l.

Both liver and tumor volumes, calculated based on CT or magnetic resonance
imaging are used to determine resin microsphere activity. The empiric model
recommends administration of 2.0 GBq for < 25% involvement, 2.5 GBq for 25%-50%
involvement, and 3.0 GBq for > 50% involvement!”l. This method has low safety
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Figure 3 Coronal and axial fluorodeoxyglucose positron emission tomography images show
fluorodexoyglucose avid liver (white arrows) and peritoneal (black arrows) metastases.

margins'l and is generally not recommended. The empiric method adjusted for
patient BSA has been more widely utilized to calculate the activity needed to treat
liver tumors!'?. This model assumes that the patient’s BSA is proportional to liver
volume, thus leading to a method of dose adjustment. Activity in GBq = (BSA - 0.2) +
[Viumor / Viwmor T Viwer)]- Where Vo is the tumor volume and V.., is liver volumel"”.

Lastly, the partition model is the only calculation method predicated on Medical
Internal Radiation Dose principles (MIRD)!"'"l. The partition model identifies the
lungs, tumor, and uninvolved liver parenchyma as three distinct vascular
compartments that can be partitioned during RE"” and the dose to the individual
components can be estimated for optimization and safety of the procedure. A slightly
simplified MIRD based equation calculates the dose to the liver as follows: D liver
(Gy) = Injected activity (GBq) x 50 x fractional uptake liver x [m liver (kg)] - 1.

With fractional uptake (FU) of the liver defined as: FU ., = (1-LSF) [m .,/ TLR x m
wmorT M jiver], Where m . is the liver mass, TLR is tumor to liver ratio and LSF is LSF.

This model usually works well with discrete tumor that can be separated from the
surrounding parenchyma (generally hepatocellular cancer). The BSA activity
planning is suited for small lesions with diffuse or infiltrative margins, which cannot
be separated from the uninvolved liver parenchyma (generally metastasis).

A tumoricidal dose for SIR spheres is considered to be 120 Gy, so little benefit is
gained when exceeding this dose, while parenchymal damage continues to increase
with larger radiation doses!"*""l. The dose for uninvolved, normal parenchyma should
preferably be at 50 Gy and should never exceed 70 Gy.

For TheraSphere® noncompartmental MIRD macrodosimetry proposed for by
Salem et all''l is used. It uses the following equation for computation of the activity
and assumes Y 90 distributes uniformly within the liver and decays completely in situ.
Activity required (GBq) = [desired dose (Gy)] * [target liver mass (kg)]/50.

Of note, Therasphere dosimetry is independent of the tumor volume and depends
solely on the infused tissue mass. For Therasphere, the recommended mean absorbed
is between 80 and 150 Gy per lobe!"l. The recommended tumoricidal doses is 120 Gy
for HCC (due to the underlying cirrhosis) and 150 Gy for metastases!'l. Maximum
exposure to the lungs should be less than 30 Gy per session and 50 Gy
cumulatively!”. Both manufacturers recommend prescribed activity reductions for
patients with lung shunts higher than 10%!""",

Several investigators have studied the application of Y-90 RE in the salvage setting
for liver dominant metastatic CRCF?l. Van Hazel et all"! reported results of combined
Y-90 RE with systemic irinotecan therapy in patients who failed initial 5-FU
chemotherapy. In a group of 25 patients, 11 (48%) had partial response (PR) and 9
(39%) had stable disease. Median survival was 12.2 mo.

DEBIRI TACE has been proposed by some as a possible alternative to RE, however
evidence within the literature is currently limited. In our institute we consider it in
cases where Y-90 RE is contraindicated or in the setting of failed RE therapy. TACE

Liver

liver
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Activity

Tumour 66.7 G 0.8 GBc
Liver 86.0 G 5Bq
Lung 3.0 )1 GBq
Total
Activity
Tumour € G 4 GBq
Liver
Lung
Total
RTITION Activity
Tumour ( 4 GBq
Liver

Lung

Total

Parameters:

Height: 158 cm

Weight: 59 kg

Total Liver Volume: 1325 mL

Total Treatment Area Volume: 875 mL

Total Tumour Volume in Treatment Area: 150 mL
Lung Shunt %: 2.5 %

Lung Parameter: 3000 mL

T:N Ratio: 3.1

Target Dose (MIRD): 120 Gy

Target Tumour Dose (Partition): 120 Gy

Estimated Liver/Tumor MIRD dose assuming uniform distribution:

MIRD 117.0 Gy
BSA 55.6 Gy
Partition 52.6 Gy

Figure 4 Dose and activity visualizer for Yttrium-90 radioembolization (DAVYR) application chart obtained
after inputting the necessary fields, displaying the medical internal radiation dose, body surface area and
partition models with prescribed activity Gigabecquerel, estimated dose to the tumor, liver and lungs Gray.

with DEBIRI involves two separate treatment sessions for each lobe, with each session
occurring 4 wk apart?®l. Based on this, patients with bilobar disease, may need four
procedures. During each treatment session, as much as one vial of 100- to 300-pm LC
Beads (Biocompatibles, Oxford, CT) loaded with 100-mg irinotecan is selectively
delivered to treat the hepatic lesions. Furthermore, post-embolization syndrome is
more severe after DEBERI as compared to Y-90, with moderate to severe abdominal
pain observed in up to 30% of treatment sessions™*'l.

Thermal ablation has been successfully used in treatment of non rescectable CRC
liver metastasis, with best outcomes for isolated liver lesions less than 3 cm without
systemic spread”’. Although our patient initially appeared to be a good candidate for
thermal ablation, his staging PET showed increased in size of the hepatic lesions and
new lesions in the peritoneum, making him a less suitable candidate for liver ablation
alone and prompted us to use systemic therapy and more aggressive liver directed
therapy in the form of Y-90 RE to the right lobe.

Several studies in the past 2 years have reported that patients have worse survival
outcomes with right sided colon cancer, and they may benefit less from standard
therapies®*!. The subset of patients with right sided tumors in the SIRFLOX,
FOXFIRE and SIRFLOX global trials had a better overall survival from addition of RE
in combination with first line chemotherapy™!. Gene expression analyses have
identified 4 consensus molecular subtypes (CMSs) which are different with right and
left-sided CRCs, with greater proportions of the “microsatellite unstable/immune”
CMSI1 and the “metabolic” CMS3 subtypes found in right-sided colon cancers],
which may explain their different behavior and natural history.

CONCLUSION

To the best of our knowledge, this is the first report of Y-90 RE used with systemic
chemotherapy to treat hepatic metastatic disease from appendiceal cancer. The
aggressive disease progression demonstrated in this case appears to mirror the
aggressiveness one might see from typical right sided colonic malignancies. Most
studies using Y90 RE in the salvage setting report PR of liver lesions. The patient in
this case report had a complete response of both liver and peritoneal metastases
presumably form a combination of Y-90 RE and systemic chemotherapy. The relative
contribution of the two individual treatments or any possible synergy between the
treatments is unknown, however initiating Y-90 RE early in the treatment may have
contributed to the excellent control of what was otherwise a rapidly progressive
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Figure 5 Hepatic angiogram. Yttrium 90 administration to the right lobe. The tip of the catheter (purple arrow) is at
the bifurcation of the sectoral branches of the right hepatic artery. Coils in the gastro-duodenal artery (yellow arrow).

cancer. More studies are needed to assess the benefit of adding Y-90 RE to
chemotherapy treatments early in the course of appendiceal/right sided colon
cancers.
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Figure 6 Axial post procedure single photon emission tomography image shows appropriate distribution of Yttrium 90 particles in the right hepatic lobe
with increased focal uptake in one of the right lobe lesions (white arrow).
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Figure 7 A restaging skull base to mid-thigh fluorodeoxyglucose positron emission tomography/computed tomography scan was performed after
injection of 4.9 mCi of flurodexoyglucose 2 mo following Yttrium 90 radioembolization. The post Yttrium 90 treatment positron emission tomography (PET)
maximum intensity projection (MIP) coronal (A), attenuation corrected axial (B) and fused axial (C) PET images show complete resolution of all lesions with focal
photopenia in the right hepatic lobe (white arrowheads). Incidentally, there is chemotherapy induced diffuse skeletal uptake and a small urinary bladder diverticulum
(purple straight arrow A). The pre-therapy Positron emission tomography images are provided for comparison. Coronal MIP image (D) axial attenuation correction (E),
and fused axial (F). Pretreatment PET images show multiple flurodexoyglucose avid right lobe hepatic (white arrows) and peritoneal (black arrows) lesions. PET:
Positron emission tomography; MIP: Maximum intensity projection.
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