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Abstract: Large lipid core (extended into arterial lumen) and high density of macrophages (associated with 8F-
fluorodeoxyglucose “8F-FDG” uptake) in atherosclerotic plaque were shown to be an overt feature of plaque rupture.
Nineteen participants were imaged with computed tomography (CT) and positron emission tomography (PET) with
18F-FDG in a dynamic mode. The mean lumen density in Hounsfield unit (HU) was measured per region of interest
(ROI) on CT images and classified as non-calcified and calcified classifications. Calcified group was divided into
partially calcified and calcified groups. Metabolic rate of glucose (MRG) was computed per ROl on PET dynamic im-
ages using modified 2-tissue compartmental model that is independent of partial volume effect. Data is clustered
using Automatic Hierarchical K-means algorithm (AKH) with silhouette-coefficient. Arterial segments of 1180 ROIs
for Aorta and iliac arteries were classified as non-calcified and calcified segments and clustered using AHK with
respect to the mean of intravascular attenuation (in HU). There was a statistical difference in MRG corresponded to
low intravascular attenuation cluster compared to higher intravascular attenuation clusters (P<0.05), but not within
higher clusters (P>0.05), for both non-calcified and calcified classes. In partially calcified segments, same pattern
was observed as the low intravascular attenuation cluster was accompanied with significant metabolic activity but
not for calcified segments. Low intravascular attenuation is associated with high MRG measured on *¥F-FDG PET
images, which may reflect the instability of atherosclerotic plaque. Partially calcified plague is metabolically active
compared to calcified plaque.
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Introduction cap [2]. Lumenographic imaging techniques
and particularly digital subtraction angiography

Atherosclerosis is the main complication factor provide an excellent spatial resolution for the

for cardiovascular disease and stroke, and the
leading cause of mortality and morbidity world-
wide. Itis started through the buildup of athero-
sclerotic plaque within the vessel wall. Athero-
sclerotic plaque is composed of fatty substanc-
es, inflammatory cells, and matrix elements in
addition to calcification [1]. Atherosclerotic pla-
que goes through initiation stage, progression
stage and vulnerable stage, this stage depicts
the highest severity and causes acute clinical
complication of atherosclerosis including dis-
ability and sudden death. Therefore, vulnerable
plaque is now known to be characterized by
large lipid core encapsulated by thin fibrous

detection of plaque stenosis; however, stenosis
is not per se a representative of vulnerable
plaque but the inflammation represented by the
accumulation of activated macrophages [3, 4].
Another imaging modality used in atherosclero-
sis settings is intravascular ultrasound, in addi-
tion to its invasive nature, intrinsic and extrinsic
artifacts may interfere with image interpreta-
tion [5]. Computed tomography (CT) scan is
plentifully used in atherosclerosis for calcifica-
tion burden in the utilization of Agatston meth-
od or other calcification score methods. It has
been recently demonstrated that the lumen
density in large plague would decreased rapidly
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[6, 7]. Additionally, plaque burden has been
adjusted as a function of lumen density in so-
me studies [8]. Molecular imaging with positron
emission tomography/computed tomography
(PET/CT) has the ability in detecting different
stages of atherosclerotic plaque in addition to
different progression phases [9], thus, PET/CT
could accurately identify the vulnerable plaque.
BF-fluorodeoxyglucose (*8F-FDG) is a glucose
analog tracer that is directly proportional to the
density of macrophages within the plaque [9].
Density of macrophages is a potential biomark-
er of vulnerable plaque [10].

A major challenge of *®F-FDG-PET/CT is the
quantification of *8F-FDG uptake in the setting
of atherosclerosis. Pharmacokinetic features
of dynamic *8F-FDG-PET/CT are more accurate-
ly reflect the metabolic rate of *8F-FDG in com-
parison to other semi-quantitative measure-
ments. Other challenge that has not to be over-
looked in atherosclerosis imaging and quanti-
fication protocols due to small area of arterial
walls is partial volume effect. We have recently
proposed a mathematical modeling of pharma-
cokinetics independent of partial volume effect
[11].

Data of oncological patients is utilized in a tre-
mendous analytical studies in the regard of
atherosclerosis, where the influence of antican-
cer medical therapies in tracer uptake cannot
be excluded, as a result, the accuracy and
reproducibility of the analysis is questionable
[12]. The aim of this work is to see whether a
lumen density could reveal a correlation with
metabolic rate of 8F-FDG in cross sectional
analysis for atherosclerotic (non-oncological)
patients.

Materials and methods

Current retrospective study has been approved
by the research ethics committee of the Faculty
of Medicine and Health Sciences, University of
Sherbrooke, Canada.

All participants gave a written informed con-
sent for scanning with *®F-FDG-PET/CT.

Study design

The dynamic PET data were acquired in 10 sec-
onds per time frame continuously from O to
2-min, in 30 seconds per time frame continu-
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ously from 2-min to 6-min and in 4 min per time
frame continuously from 6-min to 30-min. The
acquired data were obtained of 19 participants
(69.2 + 3.65 years old). The images were
acquired on Philips Gemini TF 16 scanner
immediately after *®F-FDG bolus injection of
140 to 400 MBq that is normalized to partici-
pant’s weight and the data were reconstructed
into 26 frames using 3D row action maximum
likelihood reconstruction algorithm in an image
array of 144x144x45 voxels with a voxel size of
1x1x4 mm?3 and data were attenuation correct-
ed using CT images. Participants have under-
gone an overnight fasting period of at least 8
hours prior to *8F-FDG PET/CT scans. Glycemia
was measured at the beginning of the protocol
for each participant, and the average glycemia
was 5.00 + 0.70 mmol/lI (mean * standard
deviation “STD”) with maximum and minimum
glycemia of 6.10 and 3.90 mmol/I that is well
below 7.00 mmol/l, based on the guidelines of
atherosclerosis imaging with *8F-FDG PET [13].

PET image segmentation was performed on the
first 2 minutes and a region of interest (ROI)
was constructed as a binary image automati-
cally using edge-based active contours algo-
rithm [14]. Arteries on CT images were first
identified per slice, and the arterial boundary is
determined using edge-based active contours
algorithm as in PET image. The calcification
was computed as areas greater than 2 con-
tiguous pixels with intensity greater than 130
Hounsfield units (HU) on the segmented artery
[15].

Metabolic rate of glucose (MRG) on dynamic
PET image was computed per ROl using a mo-
dified 2-tissue compartmental model that is
independent of partial volume effect and it is
explained in detail elsewhere [11].

The ROI of lumen was made by prior knowledge
of arterial diameter, where the lumen diameter
is computed as % (mm) [16] and constructed
using lumen diameter obtained from the previ-
ous equation with respect to the center of grav-
ity of arterial ROl using MATLAB R2016b. The
mean lumen density (in HU) was measured per
ROl and clustered using Automatic Hierarchical
K-means algorithm (AHK) [17] and its perfor-
mance was enhanced by applying silhouette-
coefficient [18]. The mean lumen density of all
segments was divided into two groups: non-
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Lumen attenuation: 48.60 + 18.63 HU 45.43 + 20.20 HU 45.44 + 17.48 HU
Lumen area: 168.33 mm? 259.50 mm? 195.25 mm?
Average lumen diameter: 14.80 mm 18.46 mm 15.77 mm

Figure 1. Representative cross-sectional images showing three types of arterial segments, calcified, partially calci-
fied and non-calcified. The contours of the arteries indicated by dotted ROIs were delineated automatically using
edge-based active contours (fitted with circle shape) and solid line on the center of the cross-sectional for the mea-
surement of luminal attenuation values.

the analysis for PET and CT imag-
es of 19 participants averaging
about 62 segments per partici-
pant. Total attenuation value was
39.90 HU + 9.91 (mean + STD),
40.26 HU, 11.68 (median and

Table 1. Summary of the attenuation values of clustered
groups for non-calcified segments measured on CT images and
metabolic rate of glucose (MRG) obtained from modified 2-tis-
sue compartmental model

Cluster =~ MEASURES ATTENUATION (HU) MRG (umole/100 g/min)

Group-1 Mean £ STD 23.98 + 743 1.20 + 0.66
Median 26.05 1.09 'QfB)('j Thegre Wte e 93022((;”'06;'
cified segments, an seg-
uartiles 29.38-20.99 1.54-0.69 IR
Q ( ) ( ) ments were with calcification. The
IQR 8.39 0.85 .
overview of the lumen attenua-
Group-2 Mean i STD 38.84 + 3.99 1.01 + 0.60 tion analysis is shown in Figure 1.
Median 38.82 0.93 If a slice included a large diffused
IQR 6.65 0.88 especially in bifurcation regions.
Group-3 Mean £ STD 52.54 +5.96 1.00 + 0.58
Median 51.00 0.95 The mean attenuation of the
Quartiles  (55.20-48.27) (1.30-0.47) lumen in non-calcified segments
IOR 6.93 0.85 that were automatically clustered

using AKH algorithm with silhou-
ette-coefficient is shown in Table

calcified and calcified groups. The calcified
group was further divided into 2 groups as cal-
cified and partially calcified (spotty of calcifica-
tion) groups.

Statistical analysis

Continuous data were tested for normality in
the utilization of D’Agostino-Pearson omnibus
test. Continuous variables were expressed in
mean = STD for normally distributed data and
in median with interquartile range (IQR) for
skewed distributions. Statistical significance
was assumed for P-values <0.05.

Results
A total of 1180 segments of Aorta in addition

to left and right iliac arteries were included in
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1. While the data of calcified segments are
summarized in Table 2.

In Figure 2, group-1 represents MRG values for
lowest attenuation cluster, group-2 represents
MRG values for midst attenuation cluster and
group-3 represents MRG values for highest
attenuation clusters.

By comparing the metabolic activity corre-
sponded to the 3 clusters of lumen attenuation
in non-calcified segments, there was a statisti-
cal difference in MRG measured on F-FDG
PET images between group-1 compared to both
higher attenuation groups with P-values of 0.02
and 0.04 for group-2 and group-3 respectively.
However, those groups (group-2 and group-3)
when compared to each other, they did not
show a statistical significance in metabolic
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Table 2. Summary of the attenuation values of clustered
groups for calcified segments measured on CT images and
metabolic rate of glucose (MRG) obtained from modified 2-tis-

sue compartmental model

among each other (P-values
>0.05), while the group of calci-
fied segments statistically signifi-
cantly lower in terms of metabolic

Cluster ~ MEASURES ATTENUATION (HU) MRG (umole/100 g/min)

rate of activity compared to non-

Group-1 Mean = STD 3274+ 791
Median 35.13

Quartiles (38.23-30.00)
IQR 8.23

Group-2 Mean = STD 48.11 + 4.50
Median 38.82

Quartiles (51.40-44.35)
IQR 7.05

Group-3 Mean + STD 68.65 + 9.90
Median 65.92

Quartiles (73.00-61.75)
IQR 11.25

1.35+0.52

(1.55-0.93)

0.91+0.63

(1.21-0.46)

0.70£0.54

(0.90-0.42)

calcified and partially calcified
segments (P-values <0.05). The
mean HU was 51.53 + 5.90
(median and IQR, 51, 6.92), 43.1
+ 3.20 (median and IQR, 42.05,
3.67) and 65.35 + 10.80 (median
and IQR, 62.22, 11.36) for the
group of non-calcified, partially
calcified, and calcified segments
respectively, where both first two
groups with respect to the first
cluster class where statistically
significantly different in attenua-

activity (P-value = 0.72). The results are shown
in aka box and whisker plot in Figure 2A.

Similarly, calcified segments were evaluated in
the same way. The same pattern was observ-
ed, where the lowest attenuation group (group-
1) was statistically significantly greater in MRG
compared to other higher groups with P-values
of 0.004 and 0.001 for group-2 and group-3
respectively. Yet, those groups did not vary sig-
nificantly among each other (P-value = 0.35).
The results are depicted by aka box and whis-
ker plot in Figure 2B.

When the calcified segments were distributed
into two groups as partially calcified group and
calcified group by histogram thresholding, and
applying automatic AKH algorithm on each
group and clustered into 3 clusters each, a sta-
tistical difference was observed in a cluster of
lowest attenuation (group-1) compared to other
higher clusters (group-2 and group-3) of par-
tially calcified clusters, P-values with respect to
group-1 where 0.02 and 0.03 for group-2 and
group-3 respectively, and there was no statisti-
cal difference between group-2 and group-3
(P-value = 0.93). However, all three clusters in
the calcified group were not statistically signifi-
cant among each other (P-values >0.05).

Lastly, by comparing non-calcified, partially cal-
cified, and calcified segments, group of non-
calcified and group of partially calcified seg-
ments did not show a statistical significance
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tion compared with the later
(P-values were 0.002 and 0.001
for non-calcified and partially calcified seg-
ments respectively), but they did not statisti-
cally vary among each other (P-value = 0.58).

Discussion

The presented approach seemingly the first
attempt to investigate the possibility of corre-
lating lumen attenuation measured on CT imag-
es with metabolic activity measured on ¥F-FDG
PET images that has a potential in examining
different biological markers of the plaque.

18F-FDG is the best-studied, validated, and rou-
tinely used PET tracer for atherosclerosis imag-
ing. Nevertheless, other Functional PET imag-
ing radiotracers have been utilized in targeting
molecular elements of atherosclerosis. 8F-NaF
is a tracer targeting the formation of microcalci-
fication [19], the presence of microcalcification
is thought to identify vulnerable plaques [20,
21], thus it gives new insight of atherosclerosis
as an alternative approach to the glucose
metabolism in monitoring and assessing the
atherosclerosis disease state [22]. DOTATATE
([1,4,7,10-tetraazacyclododecane-N,N’,N"",N"""-
tetraacetic acid]-d-Phel,Tyr3-octrotate) is an-
other radiopharmaceutical utilized for athero-
sclerosis and good correlation between its up-
take with calcification burden and cardiovascu-
lar risk factors, such as age and hypertension,
had been demonstrated [23]. Yet, it is compa-
rable with 8F-FDG [24]. Recently, CXCR4-%8Ga-
Pentixafor tracer has been shown to identify
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Figure 2. Box and whisker plot shows the relations of metabolic activity corresponded to 3 groups of clusters for lu-
men attenuation in non-calcified segments (A) and the same for calcified segments in (B). Group-1 represents MRG
values for lowest attenuation cluster, group-2 represents MRG values for midst attenuation cluster and group-3

represents MRG values for highest attenuation clusters.

atherosclerosis in early stage. However, the
complexity of the dynamics of CXCR4 expres-
sion in atherosclerosis and its specificity mak-
ing the meaning of its uptake more challenging
compared to 8F-FDG [25].

Because of the limited spatial resolution of CT
scanner which hinder the ability to classify ath-
erosclerotic plaque that is not calcified as a
function of its morphologic features rather than
the presence of calcification, thus, most stud-
ies in this domain classified non-calcified pla-
que into two categories, low X-ray attenuation
atherosclerotic plaque to reflect lipid-rich pla-
que and high X-ray attenuation atherosclerotic
plaque to reflect fibroatheromas plaque, within
a specified attenuation window to avoid the
effect of attenuation overlapping. Such a way
shows good accuracy with a correlation coeffi-
cient of 81% to 83% and 94% for lipid-rich
plaque and fibroatheromas plaque respectively
[26, 27]. However, the presence of hemorrhage
and other factors could limit its reliability lead-
ing to float those two kinds into a single type
named non-calcified plaque [28].

Lumen attenuation may give new insight into
atherosclerotic plaque. Plaque attenuation has
been shown to be significantly affected by
lumen contrast in both ex-vivo and in-vivo [29].
Additionally, plaques of larger lipid cores that
may incorporated into lumen attenuation was
shown to be one of vulnerability markers by a
study of 88 sudden cardiac death cases in
addition to the presence of high density of mac-
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rophages in those cardiac death cases [30].
Moreover, high density of macrophages is
strongly correlated with *¥F-FDG uptake [31].
Therefore, the lumen attenuation could be
affected accordingly in the presence of large
lipid core of the plaque. This may explain the
statistical significance of low attenuation clus-
ter as a function of MRG in non-calcified seg-
ments. Although a study of by M Kidoh et al.
[32], indicated that the plaque attenuation on
nonenhanced coronary artery images is inde-
pendent of lumen attenuation, however, the
misregistration from enhanced into nonen-
hanced CT images and motion could apparent-
ly affect the accurate placement of ROI and
therefore the analysis. Such an issue that may
lead to a reduction in the accuracy has been
demonstrated by them in their recently pub-
lished work for a phantom study [33].

Interestingly, in addition to non-calcified plaque,
partially calcified (spotty of calcification) plaque
has been demonstrated in several studies to
be a marker of high-risk morphology plaque
that causes the instability of atherosclerotic
plague due to several factors including the
sheer stress and may lead to plaque rupture.
This is in the agreement with the findings of
the presented work, where the partially calci-
fied but not calcified segments were statisti-
cally correlated with high MRG [34-37].

Although, this initial study was performed on
non-oncological patients, as a result, the effect
of anticancer medical therapies on F-FDG
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uptake [12] is unlikely, which increases the
accuracy of metabolic activity measurements
in this study. However, the method has some
limitations. First, CT digital subtraction angiog-
raphy is more accurate in identifying the arteri-
al lumen, and if avoiding misregistration, the
outcomes would be more precise to highlight
the feasibility of the current methodology.
Second, the presented results may be depen-
dent upon the CT unit used, reconstruction
algorithm, adaptive filter (kernel), pixel size,
slice thickness, and other scanning parame-
ters. Lastly, a limited number of participants
that have been included in this initial explor-
atory study. Additional large-scale prospective
studies are needed to confirm the observations
in this initial study.

Conclusion

The low intravascular attenuation computed on
CT scan is accompanied with high metabolic
activity measured on *¥F-FDG PET scan, which
may reflect the instability of atherosclerotic
plaque. Therefore, large lipid rich plaque that is
non-calcified could be identified on CT images
with intravascular attenuation that was shown
to be statistically correlated with the density of
macrophages represented by ‘8F-FDG uptake.
Partially calcified plaque is metabolically active
compared to calcified plaque.
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