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Abstract
Our aim was to quantify changes in the inflammatory and calcific components of atherosclerosis in 
the aortic wall using fluoro-18-2-fluoro-2-deoxy-D-glucose positron emission tomography 18F-FDG-
PET and contrast enhanced computerized tomography (CECT) with increasing age. Twelve subjects, 8 
men and 4 women aged from 21-80 years who had both 18F-FDG-PET and CECT of the chest and ab-
domen were included in this study. Subjects were grouped into three according to age. 18F-FDG up-
take in four segments of the aorta was measured. Using CECT images, aortic segmental wall volumes 
were measured. Wall calcification volume in each aortic segment was also measured via adaptation 
of a coronary artery calcium-scoring program to the aorta. Calcification volumes were then subtract-
ed from aortic wall volumes. Each net segmental aortic wall volume was then multiplied by the ac-
companying mean SUV of the segment to calculate global metabolic activity (GMA) for each aortic 
segment. Our results showed that in each aortic wall segment, mean SUV, wall volumes, wall calcifica-
tion volumes, and GMA statistically significantly increased with age. In conclusion, 18F-FDG uptake, 
wall volume, wall calcification volume, and GMA in the aorta increase with aging. The 18F-FDG up-
take represents the early inflammatory component of the atherosclerotic process, whereas calcifica-
tion generally represents a later and irreversible stage of the disease. Measurement and combination 
of PET and CECT parameters to calculate GMA may allow for optimal morphologic and functional 
noninvasive quantitative assessment of global aortic atherosclerotic disease. 
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Introduction

I n the United States and other Western countries, atherosclerosis is the leading cause of 
illness and death [1, 2]. By 2020, it is predicted to be the number one cause of death 
worldwide [3]. It is a slow progressive process that may start in childhood [4-7]. Athero-

sclerosis is a systemic chronic, inflammatory disease characterized by over-recruitment of 
leukocytes (monocytes and T-cells) to sites of inflammation [8, 9]. From the initial phases of 
disease, through to its phase of slow progression, and finally to the phase of clinical compli-
cations, inflammation has fundamental importance in all phases of atherosclerosis [10]. 
Atherosclerosis begins when monocytes migrate from the bloodstream into the wall of the 
artery and become macrophages that accumulate fatty materials. In time, these fat-laden 
macrophages accumulate, leading to a patchy thickening in the inner lining of the artery. 
Each area of thickening (the atherosclerotic plaque or atheroma) is filled with a combination 
of triglycerides, cholesterol, inflammatory cells and connective tissue cells [11]. Plaques gen-
erally continue to change and progressively enlarge through cell death and degeneration. 
Calcification, which is a late and generally irreversible component of the atherosclerotic 
process, tends to be observed in advanced atherosclerosis. 
 The ideal clinical modality for imaging and quantifying atherosclerosis should be safe, 
noninvasive, accurate, and reproducible, thus allowing for longitudinal studies in patients. 
Fluorine-18-2-fluoro-2-deoxy-D-glucose positron emission tomography (18F-FDG-PET) is an 
ideal imaging modality to non-invasively quantify the early inflammatory component of 
atherosclerosis. It is possible to image whole segments of the aorta with a whole body 18F-
FDG-PET scan. The uptake of 18F-FDG is a measure of metabolic activity of atherosclerotic le-
sions [12]. The severity of the inflammatory process in the arterial wall can be semi-quantita-
tively measured by using standardized uptake values (SUV).  
 As a functional imaging modality, 18F-FDG-PET alone may have limitations in quantify-
ing the extent and composition of atherosclerosis particularly in advanced stages, since it 
does not give any morphological information about the arterial wall such as thickness, vol-
ume, or presence and volume of calcification. However, contrast enhanced computed tom-
ography (CECT), an anatomical imaging modality, can be used to assess arterial wall thick-
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tions for each segment were summed, and the arithmetical 
mean of these values for that segment was calculated. No at-
tempt was made to correct for partial volume effects.

CECT imaging and analysis 

Pre- and post- CECT angiographic examinations of the chest 
and abdomen performed within 6 months of 18F-FDG-PET 
scans for this subject sample were independently analyzed on 
a dedicated 3D workstation (Advantage Workstation 4.0; GE 
Medical Systems, Milwaukee, Wisconsin, USA). On each CECT 
image, inner and outer surfaces of the aortic wall were visually 
identified, and manual tracings along the contours of these 
surfaces were created with a mouse and an electronic curve-
drawing tool (Fig. 3). Quantitative values of the areas contained 
within the inner and outer tracings were automatically gener-
ated by the software and recorded. Tracings were performed 
from the aortic root through the ascending aorta, aortic arch, 
descending thoracic aorta to the level of the celiac artery, and 

ness and volume, as well as calcification volume. Use of the 
combination of the quantitative functional and anatomical 
data obtained from these imaging modalities is therefore the 
logical approach to assess the atherosclerotic activity -global 
metabolic activity (GMA) of an artery.
 Our objectives in conducting this research were to quanti-
fy changes in aortic wall 18F-FDG uptake, aortic wall volume, 
aortic wall calcification volume, and aortic GMA with increas-
ing age through use of 18F-FDG-PET and CECT.

Subjects and methods

This study was approved by our institutional review board as 
a retrospective study prior to study initiation.

Study population 

Subjects were retrospectively selected amongst those who 
had both whole body 18F-FDG-PET scans and routine con-
trast enhanced CECT scans of the chest and abdomen within 
a six month interval. PET and CECT studies were performed 
within a time interval of 0-180 days. These subjects were then 
divided into three groups according to their age 21-40 years, 
41-60 years, and 61-80 years. Two of the five subjects in the 
first group had diagnosis of cervical cancer, two had Hodg-
kin’s disease, and one had pulmonary thromboembolism. In 
the second group, one of four subjects had multiple myelo-
ma, one had esophageal cancer, one renal cell carcinoma, and 
one had colon cancer. In the last group of 3 subjects, 2 had 
lung cancer and 1 had a benign solitary pulmonary nodule. 
None of these patients had evidence for cardiovascular dis-
ease as based on clinical record review and electrocardio-
gram findings.

18F-FDG-PET imaging and analysis

PET imaging was performed on a dedicated whole body PET 
scanner (Allegro; Philips Medical Systems, Bothell WA, USA). 
At the time of 18F-FDG injection all subjects had fasted for at 
least 4h and had blood sugar levels of <150mg/dL. Image ac-
quisition for the whole body scan started at a mean time 
point of 60min after injection of 2.52MBq/kg of body weight. 
Scanning included the neck, thorax, abdomen, pelvis, and 
upper thighs. Images consisted of 4 or 5 emission frames of 
25.6cm length with an overlap of 12.8cm covering an axial 

length of 64-76.8cm. Image reconstruction was performed 
with an iterative ordered-subsets expectation maximization 
algorithm with 4 iterations and 8 subsets. Attenuation-cor-
rected images were obtained by applying transmission maps 
with a cesium-137 source interleaved with the emissions 
scans. 

 The degree of 18F-FDG uptake in 4 wall segments of the 
aorta (ascending, arch, descending thoracic, and abdominal) 
was measured by recording the mean SUV in each segment 
for each subject (Fig. 1). The mean SUV of each segment was 
determined by placing 4 to 6 regions of interest (ROI) in each 
transverse section (Fig. 2). After calculating the mean values 
for each particular section, mean SUV for all transverse sec-

Figure 1. Coronal (a), sagittal (b), and transverse (c) slices of 18F-FDG-
PET images. There is visible 18F-FDG uptake in walls of ascending, arch, 
and descending aorta (arrows) in this 32 years old subject. Mean SUV for 
ascending, arch, and descending aorta was 1.5.

Figure 3. Aortic wall volume measurement, methodology. a, On trans-
verse thoracic contrast enhanced CECT image arch of aorta is visible. b, 
On the same CECT image aortic arch walls are delineated with manually 
drawn ROI. Inner ROI was drawn around aortic lumen. Outer ROI was 
placed on outer aortic contour. Cross-sectional area values were then 
calculated by subtracting inner area from the outer area. This procedure 
was repeated for all transverse slices through entire aorta.

Figure 2. Transverse slice of 
18F-FDG-PET image. Note
18F-FDG uptake in ascending 
and descending aorta (arrows).
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for the aortic segments and for the entire aorta as the age of 
the group increased. There was a statistically significant dif-
ference for mean SUVs amongst the first and third age groups 
for all aortic segments. Newman-Keuls multiple comparison 
testing demonstrated statistically significant differences in 
mean SUVs between all age groups for the ascending aorta, 
between the 21-40 and 41-60 as well as between the 21-40 
and 61-80 age groups for the arch of the aorta, between the 
21-40 and 61-80 age groups for the abdominal aorta, and be-
tween the 21- 40 and 41-60 and between the 21-40 and 61-80 
age groups for the entire aorta. 
 Aortic wall volumes assessed from CECT images for differ-
ent age groups are given in Table 2. Mean aortic wall volumes 
increased for the groups as age increased. There were statisti-
cally significant differences for mean aortic wall volumes 
amongst the three age groups for all aortic segments. New-
man-Keuls multiple comparison testing demonstrated statis-
tically significant differences for aortic wall volumes between 
the 21-40 and 61-80 age groups as well as the 41-60 and 61-
80 age groups for the ascending aorta, between the 21-40 
and 41-80 age groups and between the 21-60 and 61-80 age 

abdominal aorta. Inner and outer tracing area values were then 
summed separately for each of the 4 arterial segments, and the 
total inner area sum for each segment was then subtracted 
from the total outer area sum for each segment. These area val-
ues for each arterial segment were then multiplied by the nom-
inal slice thickness of the CECT examination to lead to values of 
arterial wall volume for each aortic segment.
 The amount of aortic wall calcification was then calculat-
ed in each aortic segment by adaptation of a validated coro-
nary artery calcium scoring program (Syngo Calcium Scoring; 
Siemens Medical Systems, Malvern, Pennsylvania, USA) (Fig. 
4) to the aorta. This analysis was performed using the unen-
hanced CECT images that were part of the CECT angiograph-
ic studies. Subsequently, aortic segmental calcification vol-
umes were subtracted from associated aortic segmental wall 
volumes to calculate net segmental (non-calcified) aortic wall 
volumes corresponding to the likely site of 18F-FDG uptake.

Calculation of global metabolic activity of the aorta

After subtracting aortic wall calcification volume from aortic 
wall volume to obtain net aortic wall volume, we multiplied 
this by the mean SUV to obtain GMA with units of cm3-SUV 
for each aortic segment, and subsequently summed these 
over the 4 aortic segments to obtain the GMA for the entire 
aorta. Two different sets of anatomic and metabolic data 
were combined into a new single quantitative parameter, 
GMA, which summarizes information about the total athero-
sclerotic burden of the aorta.

Assessment of aortic wall, 18F-FDG uptake, volume, 
calcification volume, and GMA with aging

Means and standard deviations for aortic SUV, wall volumes, 
wall calcification volumes, and GMA values were subsequent-
ly calculated for each of the three age groups. All data ac-
quired from quantitative analysis were recorded into a com-
puterized spreadsheet (Microsoft Excel 2002; Microsoft Cor-
poration, Redmond, Washington, USA). These data were then 
compared amongst the three different age groups. Statistical 
analysis was performed using statistical software (InStat 2003; 
GraphPad Software Inc., San Diego, California, USA). An analy-
sis of variance appropriate for a non-repeated one-factor de-
sign was used to assess for significant differences between 
aortic mean SUV, wall volumes, wall calcification volumes, 
and GMA values amongst the different age groups using a P 
value of <0.05 as the threshold for statistical significance. 
Newman-Keuls multiple comparison testing was then used 
for the aortic segments and the entire aorta to assess for sig-
nificant differences in the parameters listed above between 
the three age groups. The correlation between mean aortic 
wall 18F-FDG SUV and age, total aortic wall calcification vol-
ume with age, and GMA with age were assessed by using 
Pearson correlation testing.

Results
Mean SUV of each aortic segment and for the entire aorta for 
different age groups are given in Table 1. Mean SUV increased 

Figure 4. Transverse 
thoracic unenhanced 
CECT image, with very 
high attenuation- calcifi-
cation in the wall of arch 
of aorta (arrows). Calci-
fication in walls of aortic 
segments was detected 
via adaptation of coro-
nary calcium scoring 
software.

Table 1. Mean SUV (and SD) for each aortic segment and the en-
tire aorta

 Age
Ascending 

aorta
Arch 

of aorta
Descending 

thoracic aorta
Abdominal 

aorta
Aorta

21-40
(n = 5)

1.5±0.2 1.5±0.3 1.7±0.3 1.6±0.1 1.5±0.2

41-60
(n =4)

1.9±0.1 1.9±0.2 2.1±0.5 1.9±0.2 1.9±0.2

61-80
(n = 3)

2.2±0.1 2.1±0.1 2.4 ± 0.3 2.0±0.1 2.2±0.1

P values 0.001 0.02 0.04 0.01 0.001

Table 2. Wall volumes in cm3 (mean and SD) for each aortic seg-
ment and the entire aorta

 Age
Ascending 

aorta
Arch 

of aorta
Descending 

thoracic aorta
Abdominal 

aorta
Aorta

21-40
(n = 5)

2.5±0.8 3.9±1.0 6.6±1.4 3.3±1.3 17.1±4.3

41-60
(n =4)

3.9±1.5 6.1±1.3 9.2±4.1 8.9±3.3 28.2±3.1

61-80
(n = 3)

7.1±0.2 7.6±1.5 16.5±7.3 14.4±5.9 45.7±11.7

P values 0.0005 0.01 0.03 0.001 0.001

125 C Y M B

 C Y M B

 C Y M B

 C Y M B



Hellenic Journal of Nuclear Medicine  •  May - August 2009 www.nuclmed.gr126

Original Short Communication

ing. The total wall calcification volume in the entire aorta also 
showed a positive correlation with age (r=0.67, P<0.05). The 
total aortic wall calcification volume for each subject is shown 
to vary with age in Figure 6. GMA of the entire aorta showed 
a positive correlation with age (r= 0.67, P<0.05), and is shown 
in Figure 7.

Discussion
Atherosclerosis is a chronic progressive disease that generally 
has a long asymptomatic phase. It begins early in life as an 
asymptomatic disease process, and is associated with cardio-
vascular risk factors [13].  After initial disruption of the intimal 

groups for the arch of the aorta, and between the 21-40 and 
61-80 age groups for descending thoracic and abdominal 
aorta. There was a statistically significant difference in entire 
aortic wall volume between all age groups.
 In Table 3, mean aortic wall calcification volumes and 
standard deviations for each aortic segment and for the en-
tire aorta are given. In the youngest group, no subject re-
vealed calcification in the aorta. In the middle aged group, 
the ascending aorta and arch of the aorta did not reveal calci-
fication, but descending and abdominal aortic segments did 
reveal calcification. In the oldest age group, all segments re-
vealed calcification. There were statistically significant differ-
ences for wall calcification volumes amongst three age 
groups for all aortic segments. Newman-Keuls multiple com-
parison testing demonstrated statistically significant differ-
ences between the 21-40 and 61-80 age groups and between 
the 41-60 and 61-80 age groups for the arch of the aorta, the 
descending thoracic aorta, and for the entire aorta. 
 GMA of the aortic segments (calculated by multiplication 
of the mean SUV of each aortic segment by net segmental 
aortic wall volume, i.e. wall volume minus wall calcification 
volume) with units of cm3-SUV are given in Table 4. Newman-
Keuls multiple comparison testing demonstrated statistically 
significant differences for GMA between the 21-40 and 61-80 
age groups and between the 41-60 and 61-80 age groups for 
the ascending aorta, and between the 21-40 and 61-80 age 
groups for the descending thoracic aorta.  
 The mean aortic wall 18F-FDG uptake, calculated by aver-
aging the mean SUV in all four aortic segments, showed a 
positive correlation with age (r=0.89, P<0.05). Figure 5 shows 
the relationship of 18F-FDG uptake in the aortic wall with ag-

Figure 5. Change in aortic wall 18F-FDG uptake with age. Note linear in-
crease of mean SUV in aorta with increasing age.

Figure 6. Total wall calcification volume in entire aorta for individual sub-
jects of varying age. Note presence of aortic calcification in subjects 
greater than 50 years old, and highest calcification volumes in subjects 
from oldest age group

Figure 7. Change in GMA of aorta with age. Note exponential increase of 
aortic GMA with increasing age.

Table 3. Calcification volumes in cm3 (mean and SD) for each 
aortic segment and the entire aorta 

 Age
Ascending 

aorta
Arch 

of aorta
Descending 

thoracic aorta
Abdominal 

aorta
Aorta

21-40
(n = 5)

0 0 0 0 0

41-60
(n =4)

0 0 0.23±0.30 0.19±0.28 0.42±0.23

61-80
(n = 3)

0.14±0.17 0.21±0.14 0.72±0.47 3.65±3.86 5.43±4.50

P values 0.07 0.01 0.02 0.03 0.01

Table 4. Global metabolic activity in cm3 - SUV (mean and SD) 
for each aortic segment and entire aorta 

 Age
Ascending 

aorta
Arch 

of aorta
Descending 

thoracic aorta
Abdominal 

aorta
Aorta

21-40
(n = 5)

4.0±1.6 6.0±1.6 10.5±3.5 9.6±4.0 30.2±10.5

41-60
(n =4)

7.5±2.8 11.7±2.4 17.7±9.3 22.6±5.9 59.6±10.5

61-80
(n = 3)

15.8±4.2 11.8±6.2 31.8±15.2 26.8±15 76.1±51.4

P values 0.0001 0.05 0.03 0.03 0.05
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combines two different sets of anatomic and metabolic data 
into a new single quantitative parameter, GMA, which sum-
marizes information about the total atherosclerotic burden of 
the aorta.
  In the present study, we observed an increase in 18F-FDG 
uptake in the wall of all aortic segments with increasing age, 
and the correlation between total aortic 18F-FDG uptake and 
age was high (r=0.88). This likely reflects a cumulative in-
crease in the severity of the ongoing inflammatory process 
within the aortic wall with increasing age. Interestingly, we 
noted that 18F-FDG uptake in the aortic wall is commonly 
seen in relatively young individuals, although this is not an 
unexpected observation as atherosclerosis often begins early 
in life [5] and 18F-FDG-PET is exquisitely sensitive to the pres-
ence of early disease [28].
 Atherosclerotic plaque usually undergoes calcification in 
later stages of the disease. A positive correlation has been re-
ported in the literature between abdominal aortic calcification 
and older age [29]. Our findings are in agreement with this re-
port. In our study, we found a positive correlation between to-
tal aortic wall calcification and increasing age. There was no vis-
ible aortic wall calcification on CECT images in the first group of 
subjects between the ages of 21 and 40 years, but the degree 
of visible calcification appeared to be most extensive in the 
oldest age group between the ages of 61 and 75 years.
 CECT can also detect the anatomic effects of plaque accu-
mulation and arterial wall remodeling. Arterial wall volume, 
which we have measured from CECT images, is an indicator 
of atherosclerotic positive remodeling [29]. In this study, we 
showed that aortic wall volume also increases with increasing 
age. Macroscopic structural changes of atherosclerosis involv-
ing the aorta assessed with CECT, such as increasing wall vol-
ume and wall calcification volume, generally occur in the later 
stages of the atherosclerotic process, whereas cellular and 
molecular changes in the aortic wall as seen on 18F-FDG-PET 
imaging are generally detected earlier in the disease process. 
  In our study, we found that GMA increased regionally in 
each aortic segment and in the entire aorta as age increased. 
GMA values also showed a positive correlation with increasing 
age. These findings are a manifestation of an increase in 
plaque accumulation and aortic wall remodeling over time, in 
keeping with age as a non-modifiable risk factor for athero-
sclerosis. As atherosclerosis is a systemic disease of the arterial 
tree, GMA of the aorta may therefore serve as an indirect indi-
cator of the overall atherosclerotic process affecting the entire 
arterial tree. Several studies support this hypothesis [30-34]. As 
there is a need for a noninvasive means of detecting subclini-
cal arterial disease [35], GMA quantification via 18F-FDG-PET 
and CECT imaging may potentially be useful as a screening 
test to predict for future clinically significant events, although 
further prospective research studies will be required to make 
this determination. GMA can also potentially be used to non-
invasively assess the effects of treatment targeted against 
atherosclerosis such as with lipid lowering agents.
 Our study has several limitations. One limitation was the 
small sample size. This was in part related to exclusion of sev-

layer, macrophages start to accumulate fatty materials. In 
time, accumulation of these fat-laden macrophages leads to a 
thickening of the intimal layer, which then develops into ma-
ture atherosclerotic plaque. As the plaque increases over 
time, the vessel may expand, so that luminal diameter and 
therefore blood flow are preserved, known as positive re-
modeling [14].   

 Usually, atherosclerosis does not produce clinical symp-
toms until it leads to arterial narrowing or obstruction. Angi-
ography may not detect atherosclerotic lesions that do not 
lead to luminal narrowing and provides minimal information 
about atherosclerotic plaque composition. Therefore, it is no 
longer been considered the gold standard imaging technique 
for detection or quantitation of atherosclerosis [14]. Several 
other noninvasive imaging modalities have been used to as-
sess atherosclerosis. Magnetic resonance imaging, ultrasonog-
raphy and CECT are recognized imaging modalities that have 
been used to evaluate atherosclerotic plaque composition 
and disease burden in different arteries [15-20]. These imaging 
modalities focus on structural alterations in the arterial wall 
and do not take into account the metabolic alterations that 
may also be present in earlier stages of disease.
 Other diagnostic modalities are therefore needed to eval-
uate the full degree and the extent of atherosclerosis. The in-
flammatory process plays a key role in all phases of athero-
sclerosis. Therefore, 18F-FDG-PET is a novel approach for 
quantitative measurement of disease activity in atherosclero-
sis [12]. Studies from laboratory data have shown that in the 
arterial wall, 18F-FDG is taken up by inflammatory cells, pre-
dominantly macrophages, in atherosclerotic plaque [21, 22]. 
This accumulation was initially reported to be due to athero-
sclerosis [23], and then reported as a manifestation of the in-
flammatory component of atherosclerosis [24-27]. 
 Calculation of the mean SUV on 18F-FDG-PET images of an 
aortic segment provides quantitative information about the 
severity of the inflammatory process in each aortic segment. 
In the present study, we calculated the mean SUV for each of 
four aortic segments, which can easily be assessed on 18F-
FDG-PET images. In each segment, continuous radiotracer up-
take was noted in the aortic wall, which made it possible to 
put several ROI over the aortic wall to calculate mean SUV. Cal-
culation of mean SUV separately for each arterial segment is 
important to provide regional information to assess the de-
gree of the inflammatory process in different aortic segments. 
 The non-calcified aortic wall is the potential space for the 
accumulation of 18F-FDG. In our analysis, we have assumed that 
the calcified areas within the aortic wall are no longer metabol-
ically active, and therefore, no longer have 18F-FDG uptake. 
Therefore the potential volume for 18F-FDG accumulation with-
in the aortic wall can be calculated by subtracting total aortic 
wall calcification volume from total aortic wall volume. 
 After subtracting aortic wall calcification volume from 
aortic wall volume to obtain net aortic wall volume, we multi-
plied this by the mean SUV to obtain GMA for each aortic seg-
ment, and subsequently summed these over the 4 aortic seg-
ments to obtain the GMA for the entire aorta. This approach 
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ing program was not able to completely segment the wall cal-
cification in the abdominal aorta, particularly when an ab-
dominal aneurysm was located adjacent to the lumbar spine, 
which has very high attenuation related to calcium content 
similar to calcification occurring in the aortic wall. Another lim-
itation of this study was its retrospective nature, which pre-
vented us from accumulating all pertinent data with regards 
to cardiovascular risk factors. Furthermore, no attempt was 
made to correct for partial volume effects upon SUV measure-
ments related to aortic wall thickness, although such effects 
can be addressed in future studies. Lastly, 18F-FDG-PET and 
CECT studies were performed with an intervening time inter-
val of up to 180 days, although the same day imaging would 
have been ideal, and can also be performed in future prospec-
tive studies through use of PET/CECT technology.
 In conclusion, the early inflammatory component of aortic 
atherosclerosis can be detected using 18F-FDG-PET imaging, 
and tends to increase with age. Aortic wall calcification due to 
atherosclerosis is also grossly detectable on CECT and also in-
creases in volume with age, although it is detected at a later 
age than the inflammatory component of atherosclerosis. As-
sessment of aortic GMA combines data regarding metabolic 
and anatomical changes of the atherosclerotic process into a 
single quantitative parameter. As such, aortic GMA may be a 
useful parameter to noninvasively assess a patient’s risk for 
future clinical events related to atherosclerosis, and to moni-
tor the effects of treatment directed toward atherosclerosis. 
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