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Abstract

Glucose metabolism in atherosclerotic arteries has been shown to be an indicator of inflammation, which might be a pre-
cursor of plaque rupture. In this prospective study, we assessed the correlation between artery calcification and glucose
metabolism by means of 18F-FDG PET/CT imaging in elderly subjects. Nineteen elderly subjects, with age ranging from 65
to 85 years, underwent CT and dynamic 18F-FDG-PET imaging. The artery calcification was determined with a threshold
of 130 Hounsfield units. Intensity of calcification and ratio of calcification area to total artery area were classified in four
sequential classes from CT images. The CT artery images were also classified as having single or multi-spot calcifications.
Their respective glucose metabolism was assessed with fractional uptake rate (FUR). Factor analysis was used in this study
to separate blood images from tissue to extract the blood time activity curves for FUR calculations. The artery images in PET
data were corrected for partial volume effect. The total arterial segments analyzed were 1332, with 1085 without calcifica-
tion (81%), 247 (19%) with calcification, and 94 segments were having multi-spot of calcifications. There was a statistically
significant difference in FUR values between non-calcified to calcified segments and between subjects under medication to
non-medication when comparing the subjects based on calcification area. No statistically significant differences of FUR were
found between single spot as a function of intensity, while in the multi-spots, there was a statistically significant difference
for all artery segments. Metabolism activity varies for non-calcified to calcified segments. Based on the metabolic activity
represented by FUR, calcifications in multi-spots have different effects than in single spots.
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Introduction

Atherosclerosis is a vascular inflammatory disorder and is
considered a major cause of cardiovascular diseases and
severe events including sudden death [1]. It is character-
ized by the accumulation of inflammatory cells and oxidized
lipids within the vessel wall, causing the construction of the
plaque [2—4].
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The plaque development is a long and dynamic slow pro-
cess, which might complicate the effort for early diagnosis.
Therefore, there is neither standardized approach for early
diagnosis nor for plaque stability level [5]. Identifying the
vulnerable plaque would reduce atherosclerosis-associated
disability and mortality, however this is yet remaining a
major ongoing challenge.

Pharmacological lipid lowering therapy by means of
statins and other preventives are available, however, residual
risk remains even in patients treated with preventive drug
therapies [6-8].

Lumenographic techniques, like intravascular ultrasound,
digital subtraction angiography and magnetic resonance
angiography allow for absolute quantification of the plaque
and its components, but they are still unable to detect vulner-
able plaque [5, 8, 9].

In the hematological point of view, there are several
systemic inflammatory biomarkers being established for
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atherosclerosis inflammation, among them the C-reactive
protein (CRP) which is correlated with increased risk of car-
diac events [10, 11]. Unfortunately, the biomarkers together
with CRP suffer poorness of information in terms of the
plaque localization, level of stabilization and specificity to
atherosclerotic inflammation.

Framingham is one example of diagnostic criteria avail-
able for identifying population at risk, with low reliability
for an individual patient and lack of differentiability of acute
cardiovascular risk and chronic stable risk [11, 12].

Most of the analytical studies in regard of atherosclerosis
disease are for oncology patients, while the impact of anti-
cancer medical therapies in tracer uptake could influence the
accuracy and reproducibility of the analysis [13]. Moreover,
neglecting the effect of partial volume might cause notice-
able influence on the accuracy of quantitative PET analysis,
especially for artery size less than two times the scanner
spatial resolution at full width at half maximum [14].

In the present work, we report the correlation between
18F-FDG uptake in the arteries as a function of plaque
intensity and calcification area with single and multi-spots
of calcifications. These parameters were also evaluated as
a function of medication with Rosuvastatin and medication
for chest angina.

Materials and methods
Subjects’ measurements

We recruited 10 subjects with age ranging from 65 to
85 years (69.15+3.7). These subjects were imaged twice
at 12 months apart for a total of 19 PET/CT scans (one sub-
ject was measured only once). In the rest of this paper, the
returning subjects were considered as new subjects resulting
in a total of 19 subjects as we do not report the changes in
atherosclerosis during the 12-month period. The subjects
were classified as with non-medication and under-medica-
tion groups. 4 subjects were under medication for 1 year
and they were taking Rosuvastatin 20 mg/day. 5 subjects
were having chest angina and they were taking their own
prescribed anti-inflammatory drugs. In total, at the PET/CT
scans, 10 subjects were non-medicated and 9 were under-
medication. All the subjects were non-smokers and not hav-
ing excessive alcohol consumption, not taking antioxidants,
vitamin supplements or hormonal replacement for women.

The measurement of glucose, total cholesterol, low den-
sity lipoprotein, high density lipoprotein, triglyceride and
CRP were performed in each subject after overnight fast-
ing. Subjects were injected intravenously with an 18F-FDG
bolus at an activity of 140 to 400 MBq depending on the
subject’s weight. PET and CT were performed with a PET/
CT system (Philips Gemini TF 16). Imaging started with
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non-enhanced low-dose CT (120 kV) which was used for
PET attenuation correction and artery calcification detec-
tion. CT images were reconstructed in sets of transaxial
512 x 512 matrices with a pixel size of 1 mm X 1 mm X
5 mm. The PET scans were initiated in dynamic mode for
30 min and were divided into 26 consecutive time frames of
12x10 s; 8xX30 s; 6 X240 s. In dynamic mode means the
subjects were injected with a bolus of 18F-FDG simultane-
ously with the initiation of PET scanning. PET slices were
reconstructed into a 144 X 144 matrix, and the voxel size
was 4 mm X4 mm X4 mm. The arteries scanned were the
aorta and left and right iliacs. In total, 118 image slices were
acquired with CT and 45 slices, i.e. one bed position, with
PET in dynamic mode. The aorta and iliacs were identified
on each CT and PET image slice and their correspondence
on CT and PET was established based on their location in
mm as read from CT and PET image file header.

Image analysis

CT images were evaluated visually for the presence of vas-
cular calcification defined according to a threshold of 130
Hounsfield units (HU) for the disclosure of calcification
[15]. Thereafter, each lesion was classified within intensity
intervals in HU based on the Agatston scale [15].

The classes of intensities (CI) in the CT artery image
were defined as: CIO, with no calcification, i.e. pixel inten-
sities below 130 HU; CI1, intensities between 130 and 199
HU; CI2, 200-299 HU; CI3, 300-399 HU; and CI4, inten-
sity >400 HU.

The area of calcification was measured for each artery
segment as a ratio of calcification area (RCA), defined
as an area of at least 2 adjacent pixels > 130 HU to total
arterial area and expressed as a percentage (%) [16, 17].
Subsequently, the RCAs were subdivided in four classes as
for CI with the help of the Ward’s clustering method [18]:
RCAO =absence of calcification; RCA1: < 10%; RCA2:
11-20%; RCA3: 21-30%; RCA4: > 30%.

Fractional uptake rate (FUR) was used in this study to
quantify 18F-FDG uptake in PET images. It is an approxi-
mated value to Patlak slope and is independent of the body
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size and gender [19]. FUR was evaluated as FUR = e

with T the time at the mid-frame time, C(T’) and C () are the
PET artery image count and input function, respectively
[20]. The FUR calculations were done on PET images of the
last 3 data points of the time activity curve, i.e. from frame
times corresponding to the last 12 min of the scan (from 18
to 30 min).

Since most published works reported the values of tissue-
to-blood ratio (TBR) for static PET imaging, we calculated
TBR and included its values as an indication together with
FUR values. TBR was assessed as the ratio of the standard
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uptake value (SUV) of tissue ROI to SUV of artery blood
pool ROI [21, 22] extracted from factor analysis of blood
image component [23].

Notwithstanding that the circulation time is short, FUR
is recognized as an approximation to the Patlak slope (Ki)
estimated from dynamic measurements [24, 25], the later
showed an excellent agreement between 30 min and the
standard 60-min imaging protocol, while SUV may vary
widely with the time of measurement after the intravenous
injection of 18F-FDG (and therefore TBR) [26]. Reference
[24] reported a 98% correlation between FUR and Patlak
Ki while only 61% between SUV and Ki, and suggested a
time of 15-20 min post-injection sufficient to calculate FUR
in tumors with PET dynamic acquisitions. From the afore-
mentioned studies, we assumed the time would not affect
the FUR calculations.

Factor analysis (FA) was used to derive the input function
from the sagittal view of the aorta (Fig. 1) [27].

For partial volume correction purposes, artery diameter
were extracted from CT transaxial images of pixel size
1 mm X 1 mm. For PET images, the artery diameter was
assessed from the first 60 s of the dynamic transaxial PET
images where the images were mainly made of blood, and
also from the FA blood images. In this case, the images of
the arteries were fitted with 2D Gaussians and the full-width
at half maximum (FWHM) averaged in the two orthogonal
directions were assumed as artery diameter [28]. The artery
transaxial images in PET measurements were corrected for
partial volume effect based on the study in [29] made in our
center using 18F-FDG and the same PET/CT scanner.

The measurement of the mean in the region of interest
(ROI) was made over the pixels in the ROI having intensity
above 70% of ROI maximum to avoid the influence of image
noise for single pixel measurement as well as background
contribution [30].

We have corresponded the CT and PET slices by match-
ing their slice positions to avoid interpolation uncertainties
during image co-registration. The analyses were then per-
formed on the 512 X 512 CT images and on the 144 X 144
PET images.

Fig. 1 a Sagittal view of the
blood FA image with aorta
indicated with the white arrow.
b Blood and tissue time activity
curves extracted from aorta FA
images

Statistical analysis

The statistical analyses were performed with the aid of anal-
ysis of variance ANOVA for unpaired multi-groups and with
the Student t-test for the comparison of unpaired two groups.
A p value < 5% was considered statistically significant.

Results

The subject characteristics are reported in Table 1 as a func-
tion of non-medication and under-medication. CRP was the
indicator of inflammation commonly used in the clinic. Its
high value confirmed the presence of inflammation in sub-
jects under-medication. FUR and TBR in last rows are dis-
cussed in the next paragraphs.

The total arterial segments analyzed in this study were 1332,
with 1085 segments were not calcified (81%) and 247 (19%)
were having calcification. 153 (62%) of the calcified segments
were occupied with a single-spot (SS) calcification (Table 2),
and 94 (38%) with multi-spot calcifications (MS) (Table 3).
The 94 artery segments with MS had a total of 231 calcification

Table 1 Subjects’ characteristics averaged for non-medication and
under-medication

Non-medication Under-medication

Age (years) 69.58+3.93 69.92+2.32
Weight (kg) 71.0+5.62 84.1+18.62
Total cholesterol (mmol/L) 5.90+0.48 3.75+0.56
HDL (mmol/L) 1.35+0.21 1.24+0.21
LDL (mmol/L) 3.87+0.51 1.96+0.44
Triglycerides (mmol/L) 1.45+0.48 1.22+0.21
Glucose (mmol/L) 4.58+0.36 5.06+0.29
CRP (mg/L) 3.03+0.045 6.27+3.28
FUR* 0.0842+0.0348  0.0672+0.0209
TBR* 2.4343+0.8736  2.1516+0.7773

The values are expressed as mean + standard deviation, and the sym-
bol * means p-value <5%
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Table 2 Distribution of ratio of artery calcification (RCA) versus
classes of intensities (CI) for single-spot (SS) artery calcification

RCA1 RCA2 RCA3 RCA4 Total
CI1 or SS1 30 3 2 0 35
CI2 or SS2 22 27 1 0 50
CI3 or SS3 1 13 9 8 31
CI4 or SS4 0 6 18 13 37
Total segments 53 49 30 21 153

Table 3 Distribution of ratio of artery calcification (RCA) versus
classes of intensities (CI) for multi-spot (MS) artery calcifications

RCA1 RCA2 RCA3 RCA4 Total
CI1 or MS1 75 2 0 78
CI2 or MS2 52 13 2 0 67
CI3 or MS3 12 17 12 3 44
CI4 or MS4 10 17 10 5 42
Total segments 149 49 25 8 231

spots. From Table 2 for SS, it appears that most calcifications
with smaller area have low intensity, and those with larger area
have high intensity. In the case of MS artery calcifications, the
calcifications were found made mostly of smaller areas. The
largest area (RCA4) was found in only 8 segments with MS
calcifications, independently of their intensity.

Figure 1 depicts an example of the decomposition with
FA into blood and tissue of a PET artery image. The blood
curve in Fig. 1b was used as the input function in FUR cal-
culation. Figure 2 shows an example of CT image of the
aorta having two spots of calcification and its corresponding
PET image. The CT and PET images were matched based
on their scanning slice positions. Figure 3 shows an artery
with 4 calcification spots segmented with active contours
and classified from 1 to 4 based on their mean intensities.

The statistical comparison between non-calcified and cal-
cified arteries showed a statistically significant difference
in their FUR values (FUR mean of non-calcified =0.0827
and 0.0727 of calcified, p<0.05; TBR mean of non-calci-
fied=2.434 and 2.152 of calcified, p < 0.05) (Fig. 4a). In this
figure, the calcified data included the single-spot and multi-
spot calcifications and the artery segments of subjects under
medication and non-medication. Figure 4b was obtained in
the same manner as in Fig. 4a but without inclusion of arter-
ies of subjects under medication, and still the two sets of
data were found statistically significantly different (FUR
mean of non-calcified =0.0829 and 0.0762 of calcified,
p <5%; TBR mean of non-calcified =2.434 and 2.024 of cal-
cified, p<5%). Figure 4c was obtained in all calcified artery
segments but classified as having calcifications with single
spots (SS) versus those having multi-spots (MS) (FUR mean
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Fig.2 a CT image with calcified aorta (white arrow). b Segmented
calcification spots. ¢ Corresponding PET image slice with the aorta
indicated with the white arrow. d Fused PET/CT for display only,
with overlapping FDG signal and calcification (black arc) (white
arrow). € FUR image resembling to image in ¢ but with low inten-
sity. All displayed images were differently zoomed

for calcified SS=0.0752 and for calcified MS =0.0838,
p=0.017). However, for TBR, the difference between SS and
MS was not significant (p>5%). We also compared SS FUR
versus MS FUR in artery segments from non-medicated sub-
jects and in subjects under medication and found that the
statistical difference between SS FUR and MS FUR in artery
segments from non-medicated subjects was not significant
(p=0.39; mean SS FUR =0.0808; mean MS FUR =0.0854),
while the difference was statistically significant between SS
FUR and MS FUR in artery segments from subjects under
medication (p=0.018; mean SS FUR =0.0708; mean MS
FUR =0.0824). Finally, by comparing all artery segments
of subjects not under medication to those a long time under
medication, excluding the subjects who took Rosuvastatin
for 12 months, the difference was found statistically sig-
nificant (FUR mean non-medication=0.0842 and for under
medication 0.0672, p<5%). From these data, it can be con-
cluded that: (1) medication lowers uptake of 18F-FDG in the
arteries; (2) in the absence of medication, the calcification
lowers 18F-FDG uptake; and (3) artery segments with multi-
spot calcifications accumulates more 18F-FDG than those
with single spot calcification.

Figure 5a shows FUR values for the four intensity classes
(CI) of arteries having single-spot calcification in the medi-
cated and non-medicated subjects. Figure 5b depicts the
FUR values as a function of the four classes of area ratios
(RCA) still in the arteries with a single spot calcification.
From these figures, and apart from the values in Fig. 5a for
CI3, the results show a decline of glucose metabolism in
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Fig.3 a CT artery image with multi-spot calcifications extracted by utilizing active contour. b The numbers on each spot represent its class cor-

responding to their mean CT HU numbers

Fig.4 a FUR for non-calcified

(a)

0.15

to calcified segments (p <0.05;
mean non-calcified =0.0827;
mean calcified =0.0727). All
artery segments were included.
The circle near the line of the 0.1
median indicates the mean. The
dots above and below the quan-
tiles represent outliers. b Same
as in a but with excluding artery
segments of subjects under L

S B

UR

F

[
0.05 :

(b)

0.15

- = = | e

0.1

F =] e

FUR

[}
i 1 0.05 ! !
' [}

L + +

medication (p <0.05; mean non-
calcified=0.0829; mean calci-
fied=0.0762). ¢ Comparison

of all calcified artery segments
as having single calcification
spot SS versus those having
multi-spot calcifications MS
(p<0.05; mean SS=0.0752;
mean MS =0.0838)

Non-calcified

high intensity calcification and in large area calcification for
single-spot calcifications. The statistical difference between
non-medication to under-medication was not significantly
different based on intensity (p=0.24, Fig. 5a), while it was
different based on the area ratios (p=0.0089, Fig. 5b).

By grouping artery segments for SS and MS calcifica-
tions, and by plotting FUR as a function of intensity classes
CI and area classes RCA, the medication were still shown
to lower FUR (Fig. 6). FUR values appeared with a slight
increase as a function of the extent of the calcification.

The difference between the two groups under medica-
tion, i.e. subjects using Rosuvastatin (20 mg/day) (N=4 with
189 artery segments) and subjects using their prescribed
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anti-inflammatory drugs (N=35 with 386 artery segments),
and considering the total arterial segments, were found sig-
nificantly different for FUR and for TBR (FUR mean=0.077
+ 0.041 versus 0.083 + 0.035, p=0.032; TBR mean 3.67 +
1.64 versus 4.46 + 1.22, p<0.05, for Rosuvastatin and anti-
inflammatory groups respectively).

Discussion
The present study aims were to show how 18F-FDG var-

ies with calcification intensity and volume in subjects
under medication and non-medication. We identified each
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Cci1 Cl2 CI3 Cl4

Fig.5 a FUR values in the four intensity classes of arteries identified
with single-spot (SS) calcification. b Same in the four area classes. In
both figures, the curves were shown in groups of subjects with and
without medication. The differences of the means between non-medi-

Fig.6 a FUR values for mixed

b), s

(b) -&—Non-medication
-2 Under-medication

FUR

0
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cation and under-medication were not statistically significantly differ-
ent for calcification intensity in a (p=0.24), but they were different in
b (p=0.0089)

(@) 0.15

(b) 0.15

SS and MS versus the four
intensity classes (CI). b Same in
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-* Under-medication
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the four area classes. In overall,
medication lowers FUR, and

0.1

high intensity calcifications
show decreased FUR while
large area calcifications tend to
increase FUR

Ci1 Cl2

calcification with its intensity and volume without the
recourse to image coregistration. There was a confirma-
tion of the clear statistical difference provided by the effect
of medication as demonstrated in the literature [8, 31].
The difference between artery segments having single
spot or multi-spot calcifications, and between those having
small or large volume, have to be considered at the same
level as calcification scores [12, 15]. We demonstrated in this
work that calcifications with high intensity and/or with large
volume in a single spot calcification behave differently from
arteries with multi-spot calcifications. The rise of 18F-FDG
uptake in multi-spot calcification arteries, i.e. with larger
volume, might be due to its exposure to high level of shear
stress which can result in plaque instability [6]. In the same
point of view, it has been reported that microcalcifications
within the plaque would produce an increase in peak circum-
ferential stress, transforming the plaque into a vulnerable
plaque [32, 33]. Finally, the calcification was suggested to be
associated with remodeling and plaque expansion, but with-
out inflammation [34], translating a low uptake of 18F-FDG.
The present data showed that uptake of 18F-FDG is lower
in calcified than in non-calcified arteries as was also reported
in the literature [13, 35, 36]. However, artery segments with
multi-spot calcifications were found to have higher 18F-FDG
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uptake than in artery segments with single-spot calcifica-
tion, suggesting more metabolically active plaques reflecting
plaques rich in macrophages [9].

Despite the modest number of subjects involved in this
prospective study with dynamic PET imaging (10 without
medication and 9 under medication for artery inflammation),
the artery calcifications classified as single spot (153 artery
segments) and multi-spots (94 artery segments), in addition
to 1085 artery segments without calcification, were sepa-
rately analysed for their 18F-FDG uptake. One of the find-
ings in this work suggests that in order to detect an active
artery plaque (vulnerable plaque), it is recommended to con-
sider the plaques individually in the same artery segment
concurrently using CT and PET images. The other findings
were related to 18F-FDG uptake versus artery calcifications/
non-calcification and calcification intensity and volume
independently in each artery segment.

Conclusion

Metabolism activity varies for non-calcified to calcified seg-
ments and with medication. FUR for multi-spot calcification
correlated with larger calcification area. Under the point of
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view of metabolic activity represented by FUR, calcifica-
tions with multi-spots may have different effect than single
spot.
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