IBE.FDG PET/CT Identifies Patients at Risk
for Future Vascular Events in an Otherwise
Asymptomatic Cohort with Neoplastic Disease
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Our objective was to evaluate the association of arterial '8F-FDG
uptake and calcifications in large arteries as detected by
18F-FDG PET/CT with the subsequent occurrence of vascular
events in otherwise asymptomatic cancer patients. Methods:
Clinical follow-up information was obtained for 932 cancer
patients examined with whole-body '8F-FDG PET/CT (median
follow-up time, 29 mo). Among this cohort, 279 patients had
died from their oncologic disease. In 15 of 932 patients (1.6%), a
vascular event, defined as ischemic stroke, myocardial infarction,
or revascularization, was registered. The maximal standardized
uptake value (SUV) was divided by the blood-pool SUV, yielding
a target-to-background ratio (TBR) for each arterial segment.
The mean TBR as well as a calcified plaque sum score per patient
were calculated in the major vessels: ascending, descending,
and abdominal aorta, aortic arch, as well as iliac and carotid ar-
teries. Results: A significant correlation was observed between
mean TBR and calcified plague sum (P < 0.001). Although calci-
fied plague sum significantly correlated with all conventional risk
factors for vascular events, mean TBR correlated only with age,
the male sex, and hypertension. The Cox regression hazard
model identified a mean TBR = 1.7 and a calcified plaque sum =
15 as independent predictors for the occurrence of a vascular
event. Patients with both mean TBR and calcified plaque sum
above these thresholds were identified as having the highest
risk for a future vascular event. However, a mean TBR = 1.7
had greater prognostic value than did a calcified plaque sum =
15. Conclusion: In a large cohort of cancer patients, increased
18F-FDG uptake in major arteries emerged as the strongest
predictor of a subsequent vascular event. Concomitant severe
vascular calcifications seemed to impart a particularly high risk.
Given the small event rate in the present study, larger, prospec-
tive trials of patients without cancer are required to substantiate
these promising results.
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Complications of cardiovascular disease continue to be
the leading cause of death in the Western world, despite
significant advances over the past 20 years in treating
cardiovascular disease (/). Although the incidence of
cardiovascular disease declined somewhat in the interval
1994-2004 (2), there remains an excessively high rate of
sudden death due to vascular events in apparently healthy
individuals without prior symptoms (3). Vascular events are
most frequently caused by sudden rupture of a vulnerable
atherosclerotic plaque, resulting in either thrombotic
occlusion at the site of rupture or distal embolization (4).
In recent years, atherosclerotic disease has come to be
recognized as a generalized inflammatory process of the
arterial wall (5), thus giving rise to the concept of the
“vulnerable cardiovascular patient” (3). Early atheroscle-
rotic lesions are colonized by blood-borne inflammatory
and immune cells, which release effector molecules that
accelerate and exacerbate progression of the lesions. There
then follows a complex cascade of mechanisms finally
transforming the stable plaque into a vulnerable, unstable
structure, which can rupture and give rise to sudden
vascular events (6). It remains a major challenge for
preventative medicine to identify asymptomatic high-risk
patients who would benefit from intervention before rupture
of the nascent plaques.

Historically, atherosclerosis-imaging modalities have
been used to assess the cross-sectional diameter of the
arterial lumen. Although the extent of luminal stenosis is
certainly an indicator of plaque burden, the likelihood of
plaque rupture is more especially related to the extent
of inflammatory activity within the plaque and consequent
changes in the plaque morphology (4). Therefore, knowl-
edge of plaque composition and morphology seems crucial
to determine the vulnerability of a particular plaque.

A reliable and well-established method to image and
quantify plaque inflammation is provided by whole-body
IBE.FDG PET (7). '8F-FDG is entrapped within plaque
macrophages more avidly than within other plaque ele-
ments and may thus be used as a biologic marker of vessel
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wall inflammation (8-17). The advent of combined '8F-
FDG PET and CT in a single instrument enables the exact
anatomic assignment of focally increased '8F-FDG uptake
to specific arterial vessel segments (/2) and furthermore
allows the detection and quantification of vascular calcifi-
cations, which are revealed by the CT modality alone.
Although it is well documented that calcified coronary
atherosclerotic plaque burden is an independent risk factor
for future vascular events (/3), a recent publication has also
described an association between aortal calcifications and
vascular events (/4).

The purpose of this study was to evaluate the association
of both arterial '8F-FDG uptake and atherosclerotic calci-
fied plaque burden in large arteries as detected by '*F-FDG
PET/CT dual-mode imaging with the occurrence of future
cardio- and cerebrovascular events. Given the low inci-
dence of vascular events in an asymptomatic population, it
would scarcely be possible to conduct a prospective study
of the sensitivity of metabolically active intravascular
plaques as a predictor of subsequent events. However,
I8F-FDG PET/CT is now routinely performed in the course
of clinical investigations for neoplastic disease; we have
access to a series of more than 1,000 such patients. In
the present study, we investigated this population, in whom
the occurrence of vascular events was known during several
years of follow-up after the PET/CT examination. We used
this population as a surrogate for an—in practical terms—
unattainable large population of healthy subjects with-
out a history of cardiovascular disease. We contend that
vascular imaging in our patient population should provide
the basis for establishing methods to identify and treat
asymptomatic patients with a particular risk for future
vascular events. Furthermore, we hope to establish the
utility of vascular examination in the course of oncologic
investigations as a clinically important incidental finding,
worthy of routine attention by nuclear medicine physicians
and radiologists.

MATERIALS AND METHODS

Patient Selection and Follow-up

Patients were referred to our institution for a PET/CT scan
between August 2004 and August 2007. Patients with prior or
ongoing steroid medication, inflammation of unknown origin,
sepsis, or vasculitis, as well as patients known to have coronary
artery disease or patients with prior cardio- or cerebrovascular
events, were excluded from our study. For the remaining patients,
cardiovascular risk factors and relevant medications were recorded
during their first PET/CT scan in our institution. The study
protocol was approved by the local clinical institutional review
board and complied with the declaration of Helsinki.

We assumed that an otherwise asymptomatic cohort of oncol-
ogy patients without known coronary artery disease should likely
experience cardiovascular events at a rate of about 1% per year,
based on observations of the population at large. Therefore,
inclusion of 1,000 patients was considered to be sufficient for
statistical outcome analyses.
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Clinical follow-up information, including the occurrence of a
cardio- or cerebrovascular event after the PET/CT scan or the
occurrence of noncardiac death related to oncologic disease, was
obtained during regular follow-up visits or by telephone inter-
views for 932 patients or their relatives (68 could not be reached
by telephone). When an event was registered during follow-up, the
type of event was double-checked by consultation with the
patient’s referring physician. Of the 932 patients, 282 died from
their oncologic disease during follow-up. Fifteen of the 932
patients (1.6%) did not succumb to their oncologic disease but
did experience nonfatal cardio- or cerebrovascular events during
the interval of follow-up after the PET/CT scan (“event group”).
We defined these vascular events as including ischemic stroke,
myocardial infarction, or cardiac revascularization after acute
coronary syndrome. For the remaining 638 surviving patients
(“control group”), we performed a sample-size calculation, which
justified the random selection of every second PET/CT subject
(i.e., 319 patients) for further evaluation of plaque and calcium
load in the PET/CT scans.

Imaging Technique

All patients underwent '8F-FDG PET/CT on a Gemini PET/CT
scanner (Philips), consisting of a germanium oxyorthosilicate full-
ring PET scanner and a 2-detector-row CT scanner. Before being
scanned, the patients fasted for at least 6 h to ensure a serum
glucose level below 130 mg/mL. The patients received 20 mg of
furosemide and 20 mg of butylscopolamine bromide at the same
time as intravenous injection of 200-480 MBq of '8F-FDG
(5 MBg/kg of body weight; mean dose, 230 MBq). The patients
rested for 45 min in a comfortable sitting position and then were
brought to the scanning suite. At 60 min after '8F-FDG admin-
istration, transmission data were acquired by means of a low-dose
CT scan (20 mA-s, 140 kV, a 512 X 512 matrix, a 6-mm slice
thickness, an increment of 5 mm/s, a rotation time of 0.5 s, and a
pitch index of 1.5) extending from the base of the skull to the
proximal thighs. When clinically indicated, a contrast agent was
applied for diagnostic CT. PET emission scans were acquired
afterward in a caudocephalad direction in 3-dimensional mode
with a 144 x 144 matrix. After scatter and decay correction, PET
data were reconstructed iteratively with and without attenuation
correction and then reoriented in axial, sagittal, and coronal slices.
A fully 3-dimensional reconstruction algorithm based on the row-
action maximum-likelihood algorithm was applied with PET-View
software (Philips).

Image Analysis

PET/CT scans were read by an experienced reviewer, who was
unaware of any subject information or clinical information.
Maximal standardized uptake values (SUVs) for '8F-FDG were
measured in the following arterial segments: both common carotid
arteries, ascending aorta, aortic arch, descending aorta, abdominal
aorta, and both iliac arteries. On axial, coronal, or sagittal
coregistered PET/CT slices, simple circular regions of interest
(ROIs) were placed so as to cover the carotid and iliac arterial
walls and lumen. For those vessels of greater diameter, 1-cm-
diameter ROIs were placed along the arterial walls and were slid
along the arterial segments to locate the highest maximal SUV
within the tubular arterial segment.

For blood-pool SUV measurements, three 1-cm-diameter ROIs
were placed in the mid lumen of the inferior vena cava and
superior vena cava, and the mean of the 6 measurements was
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taken as a representation of blood-pool activity. Within each ROI,
the maximal SUV was divided by the blood-pool SUYV, yielding a
target-to-background ratio (TBR) for each arterial segment (Fig.
1B). For further statistical analyses, we used the mean of all TBRs
for each patient, as previously recommended (7,15); the mean
TBR was calculated as the mean value of TBRs from the right and
left common carotid arteries, ascending aorta, aortic arch, de-
scending aorta, abdominal aorta, and both iliac arteries.

The CT scans were examined for the presence of calcified
plaque in the walls of the same arterial segments investigated by
I8F-FDG PET. The amount of calcification was semiquantitatively
ranked according to a scale modified from a previous report (/6): a
score of 0 was assigned when calcified plaque was absent; 1, when
a small calcified plaque covering less than 10% of the vessel
circumference was found; 2, when the calcified plaque involved
10% —25% of the vessel circumference; 3, when 25% —50% of the
circumference was involved; and 4, when more than 50% of the
vessel circumference was involved. The calcified plaque scores
were summed for the 8 areas, that is, both common carotid
arteries, ascending aorta, aortic arch, descending aorta, abdominal
aorta, and both iliac arteries (Fig. 1A).

Eighty arterial sites of 10 individual, randomly selected sub-
jects were reevaluated 8 wk after the initial review by the same
reviewer and by a second reviewer to assess intra- and interreader
reproducibility.

Patterns of Inflammation and Calcification

A TBR = 1.7 and a calcified plaque score = 3 were the
thresholds used to identify arterial segments with increased '8F-
FDG uptake or heavy calcifications. Segmental patterns showing
both values consistently below or above these thresholds were
defined as proportional, whereas high TBRs with low calcified
plaque values or vice versa were defined as disproportional.

Statistical Analysis

Categoric variables are presented with absolute and relative
frequencies, whereas continuous variables are presented with
mean and SD (except age and follow-up time, which are presented
as median [Q1, Q3], where Q1 is the median of the first quartile

A
CP score 0 CP score 1

and Q3 is the median of the third quartile). For between-group
comparisons, unpaired Student ¢ tests were used for parametric
data, and Mann-Whitney U rank sum tests were used for
nonparametric data. The Pearson x> or Fisher exact test was
performed, where appropriate, to determine the significance of
differences in proportions. For each individual, the date of the
PET/CT scan was defined as entry into follow-up (“baseline”).
The end of follow-up was defined as either the date of a cardio- or
cerebrovascular event or the date of the telephone interview.

The sample size for the control group was calculated with the
assumptions that the difference in mean TBR between the event
group and the control group was 0.3, the SD was 0.4, and the
statistical power was 0.80, leading to a group size of 293. To
prevent any overestimation of hazard ratios due to a reduction of
the control group but not the event group, we used a weighting
factor of 2 in the Cox model. The multivariate Cox proportional
hazard model was used to obtain hazard ratio estimates and 95%
confidence intervals for mean TBR, calcified plaque sum, and
presence of established risk factors. Based on multiple threshold
estimations, the following values were selected: mean TBR, <1.7
and =1.7; calcified plaque sum, <15 and =15. For univariate
analysis of time-to-event data, Kaplan—Meier survival curves were
constructed including log-rank tests.

The SAS statistical package (version 9.1 for PC; SAS Institute
Inc.) was used to conduct the analyses. P values below 0.05 were
considered to be significant.

Intraclass correlation coefficients (ICCs) with 95% confidence
intervals were calculated to test the intra- and interreader agree-
ment for the mean TBR and the calcified plaque sum. An ICC
value of unity indicates perfect agreement, with random or
systematic differences between the 2 measurements decreasing
the value of the ICC. Generally, ICC values greater than 0.8 are
accepted as a measure of excellent reproducibility (17).

RESULTS

Patient Population
Relevant baseline characteristics of the patients are
reported in Table 1. Patients who had a vascular event

CP score 2 CP score 3 CP score 4
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FIGURE 1. PET/CT image analysis. (A)
Example of modified calcified plaque
scoring system (76). Images from left
to right show scores of 0 (no calcified
plaque), 1 (calcified plaque involving
<10% of vessel circumference), 2 (cal-
cified plaque involving 10%—25%), 3
(calcified plaque involving 25% —50%),
and 4 (calcified plaque involving >50%).
(B) Example of TBR calculation method.
ROls were drawn in center of vena cava
inferior (red) and in arterial wall of
abdominal aorta (black). ABA = abdom-
inal aorta; CP = calcified plaque.
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TABLE 1. Baseline Characteristics of Study Population

Parameter Control group (n = 319) Event group (n = 15) =

Median age (y) 59.0 (48.0, 66.0) 66.0 (55.0, 71.5) <0.05
Men (n) 123 (38.6%) 10 (66.7%) <0.05
Body mass index 25.2 = 4.6 (15.0, 48.0) 25.8 = 5.6 (17.0, 35.0) NS
Median follow-up time (mo) 30.0 (20.0, 36.0) 27.0 (21.0, 33.0) NS
Events (n) 15

Cardiac 10

Cerebral 5
Cardiovascular risk factors (n)

Hypercholesterolemia 57 (17.9%) 3 (20%) NS

Hypertension 60 (18.8%) 11 (73.3%) <0.05

Smoker 30 (9.4%) 4 (26.7%) NS

Diabetes mellitus 15 (4.7%) 1(6.7%) NS

Family history of cardiovascular disease 76 (25.2%) 5 (33.3%) NS

Mean calcified plaque sum 4.6 = 5.6 (0, 30 10.9 = 8.3 (0, 23) <0.05

Mean TBR 1.3 £ 0.2 (0.8, 2.0) 1.9 = 0.6 (1.4, 3.9) <0.05
Therapy (n)

Current statin medication 14 (4.4%) 1(6.7%) NS

Ongoing chemotherapy 43 (13.5%) 2 (13.3%) NS

NS = not statistically significant.

Values are mean = SD followed by range, median followed by (Q1, Q83), or number followed by percentage.

during follow-up were older, included a higher proportion
of men, and had a higher prevalence of hypertension than
did the control group. The prevalence of active smokers
was higher in the vascular event group than in the control
group, although this difference did not reach statistical
significance (P = 0.054).

The frequency of statin medication use and the other
cardiovascular risk factors did not significantly differ
between the 2 groups.

PET/CT

In the entire group of 334 patients (15 vascular events
and 319 controls), a total of 2,672 arterial segments were
evaluated and statistically analyzed. Of the 334 patients,
319 underwent CT with an intravenous contrast agent. In
the remaining 15 patients, low-dose CT was performed for
attenuation correction. When the SUVs from the blood-
pool ROIs were compared, no significant difference was
found between the group that had CT with a contrast agent
and the group that had CT without (mean SUYV, 1.15 * 0.27
vs. 1.18 = 0.20). Furthermore, when mean TBRs were
compared, there was no difference between patients who
had low-dose CT and patients who had diagnostic CT.

Twenty-eight of 334 patients (8.4%) showed a mean
TBR = 1.7, and 28 patients (8.4%) showed a calcified
plaque sum = 15. Seven patients had both a mean TBR =
1.7 and a calcified plaque sum = 15. The highest TBRs
were documented in the descending and abdominal aorta as
well as the aortic arch (1.51 £ 0.44 [0.43, 3.67], 1.57 £
0.35 [1.00, 6.33], and 1.50 = 0.44 [0.47, 3.67], respec-
tively), whereas lowest TBRs were seen in the iliac arteries
(1.21 £ 0.31 [0.67, 5.00]) and common carotid arteries
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(1.23 = 0.27 [0.57, 2.33]). Calcified plaque scores were
highest in the abdominal aorta (1.6 %= 1.6) and the iliac
arteries (0.9 = 1.4), and the lowest values were found in the
ascending aorta (0.1 £ 0.5). Calcified plaque and TBRs
showed a highly significant correlation in the aortic arch
(r = 0.127, P < 0.05), in the descending and abdominal
aorta (r = 0.144, P < 0.01, and r = 0.112, P < 0.05), and
in the common carotid arteries (»r = 0.153, P < 0.01) (Fig.
2A). No significant correlation was found between calcified
plaque and TBR in the iliac arteries.

Intrareader reproducibility was 0.84 (95% confidence
interval, 0.48-0.96) for ICC and 0.80 (0.38-0.95) for TBR,
whereas interreader reproducibility was 0.99 (0.96-0.99)
for ICC and 0.98 (0.94-0.99) for calcified plaque.

Correlation of Baseline Parameters

Within the 334 subjects, a significant correlation was
observed between calcified plaque sum and mean TBR
(r = 0.187, P < 0.001). Although calcified plaque sum
correlated significantly with age, the male sex, and all
conventional cardiovascular risk factors except hypercho-
lesterolemia, mean TBR correlated significantly with the
male sex, age, and hypertension. Both mean TBR and
calcified plaque sum correlated significantly with the oc-
currence of vascular events during follow-up (Table 2).

Five patients had a stroke during follow-up. TBRs in the
carotid arteries were higher in these patients than in
controls without events during follow-up (stroke patients
vs. controls: 1.60 *£ 0.32 vs. 1.18 = 0.25 for the right
common carotid artery and 1.64 £ 0.17 vs. 1.21 = 0.25
for the left), indicating a trend toward higher TBRs before
stroke.
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Outcome Events and Survival Analysis

During a median follow-up of 29.0 (21.0, 33.0) months,
15 patients with a vascular event were registered (5 ischemic
strokes, 7 coronary stent implantations after acute coronary
syndrome, and 3 myocardial infarctions). The mean post-
scanning time to the event was 12.5 = 8.8 (1, 29) months.

For the following calculations, the 15 vascular event
patients and the 319 control subjects were considered as a
single population of 334 patients with respect to mean TBR
and calcified plaque sum as predictive factors. Nine of 28
patients (32%) with a mean TBR = 1.7, and 6 of the 306
patients (2%) with a mean TBR < 1.7, had a vascular event
during follow-up. Kaplan—-Meier curves for mean TBR
(cutoff, 1.7) showed a significantly inferior outcome for
patients with a mean TBR = 1.7 (P < 0.001; Fig. 3A).
Figure 3B shows corresponding Kaplan—Meier curves for
patients with calcified plaque sums = 15 and < 15, where
patients with a calcified plaque sum = 15 also showed

o)

FIGURE 2. Arterial '8F-FDG uptake
and calcifications in relation to patient
outcome. From left to right are repre-
sentative transaxial CT, '8F-FDG PET,
and fused PET/CT images. (A) 81-y-old
man with significantly increased uptake
in region of aortic arch (TBR, 1.78; mean
TBR, 1.62). Calcified plaque in aortic
arch was 3, and calcified plaque sum
was 21. Patient experienced myocardial
infarction 14 mo later. (B) 45-y-old man
with calcified plaque score of 0 in aortic
arch (calcified plaque sum, 2) but aortic
arch TBR of 1.90 (mean TBR, 1.74), who
experienced vascular event 14 mo after
PET/CT. (C) 64-y-old woman with calci-
fied plaque score of 4 in abdominal
aorta (calcified plague sum, 14) and
TBR of 1.49 in abdominal aorta (mean
TBR, 1.56), who experienced no vascu-
lar event during follow-up.

significantly decreased cumulative event-free survival (P <
0.001). Six of the 28 patients (21%) with a calcified plaque
sum = 15, but only 9 of the 306 patients with a calcified
plaque sum < 15 (3%), had a cardiovascular event during
follow-up. The combination of a calcified plaque sum = 15
and a mean TBR = 1.7 identified patients at highest risk for
a future vascular event (P < 0.001; Fig. 3C).

Cox regression hazard models identified mean TBR
(hazard ratio, 14.144; P < 0.001) and calcified plaque
sum (hazard ratio, 3.560; P = 0.025) as independent
predictors for the occurrence of cardio- or cerebrovascular
events (Table 3). Additionally, the presence of cardiovas-
cular risk factors was a significant factor in the multivariate
model (hazard ratio, 8.711; P = 0.038). In addition to the
PET/CT findings listed above, univariate analysis identified
the male sex (hazard ratio, 3.355; P = 0.027) as a predictor
for vascular events, whereas patient age did not reach
significance (hazard ratio, 2.181; P = 0.132).

TABLE 2. Correlation of Baseline Characteristics with Mean TBR and Calcified Plaque Sum

Future Male Mean  Calcified
Parameter Age event sex Hypertension Smoking Diabetes Hypercholesterolemia TBR plaque sum
Mean TBR 0.234* 0.393* 0.109f 0.190* NS NS NS 1.000
Calcified plague sum 0.496* 0.224* 0.226* 0.288* 0.166* 0.213* NS 0.187* 1.000
*P < 0.01.
P < 0.05.

NS = not statistically significant.
Data are Pearson correlation coefficients.

PET/CT VascuLar Risk EstiMaTiON * Rominger et al.

1615



A 10 -
0.8 .
©
2
5
7 064
-4
[
<
=
g 04 4
w Mean TBR
02 4 | <17 (n=306, 916%)
217 (n =28 84%)
04

0 10 20 30 40
Time (mo)
B 10 -
0.8 ‘I—I_'—I_ -
®
=
————————
; 0.6 4
w
@@
@
g
5 044
>
w
Calcified plaque sum
029 | <15 (n=306916%)
215 (n=28;84%)
0 -
0 10 20 30 40
Time (mo)
(109 —
.
hescsmacaat
s
- 4
08 4 e et
® FI——
=
§ 0 -
w E—
3 Mean TBR / Calcified plaque sum 1
g
E 0.4 4 [177<15(n=285853%)
w - .
<17/215 (n=21,63%)
024 |77 0=2153%)
217/215 (n=7.2.1%)
04

0 10 20 30 40
Time (mo)

FIGURE 3. Kaplan-Meier cumulative event-free survival
curves: mean TBR using mean TBR cutoff of =1.7 (A),
calcified plaque sum using calcified plague sum cutoff of
=15 (B), and combined subgroups of mean TBR and
calcified plaque sum (C). *P < 0.01. **P < 0.001.
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Incremental Prognostic Value of Mean TBR

Six of 28 patients with a calcified plaque sum = 15 had a
vascular event during follow-up. These patients showed
significantly higher TBRs (1.78) than did patients with a
calcified plaque sum = 15 without events during follow-up
(mean TBR, 1.43; P = 0.014). Furthermore, 9 of 28
patients with a mean TBR = 1.7 had a cardio- or cerebro-
vascular event during follow-up. These patients showed no
significant difference in calcified plaque sum scores, albeit
with a trend toward higher values (a mean calcified plaque
sum of 10.7 in patients with events, vs. 5.7 in patients
without events; Figs. 2B and 2C).

Interestingly, 5 of 21 patients (24%) with a calcified
plaque sum < 15 had a vascular event during follow-up
when the mean TBR was = 1.7. On the other hand, only 2
of 21 patients (9.5%) with a calcified plaque sum = 15
showed a vascular event during follow-up when mean TBR
was < 1.7, whereas 4 of 7 patients (57.1%) with a calcified
plaque sum = 15 and a mean TBR = 1.7 had a vascular
event. Patients with a mean TBR = 1.7 showed signifi-
cantly increased event rates, compared with patients with a
mean TBR < 1.7, independent of the calcified plaque sum
scores (Fig. 3C).

Discrimination of High-Risk Patients

When the TBRs of a high-risk population, defined as 3 or
more cardiovascular risk factors at baseline, were compared
between those with and those without a cardiovascular
event during follow-up, there was still a significant differ-
ence for both groups (mean TBR, 1.86 = 0.56 vs. 1.40 =
0.26; P < 0.05). Interestingly, no significant difference in
calcified plaque sum was found between high-risk patients
with and without cardiovascular events during follow-up
(calcified plaque sum, 11.1 = 7.0 vs. 9 = 1.9).

Patterns of Inflammation and Calcification

As indicated in Figure 4A, there was a clearly higher rate
of disproportional distribution patterns for '®F-FDG uptake
and calcified plaque scores in the small group of patients
who had a vascular event during follow-up than in those
without events (62% vs. 22%). Additionally, focusing on
segments with disproportional distribution patterns, we
found that patients with a vascular event during follow-up
showed a higher rate of increased TBR and low calcified
plaque values than did the control group (81% vs. 62%).

DISCUSSION

The need to establish a rational screening procedure for
detecting preclinical atherosclerosis has become a topic of
intense discussion in the medical imaging community.
More than half of all first acute myocardial infarctions,
and more than half of sudden cardiac deaths, occur in
previously asymptomatic individuals (/8). It seems likely
that many of these events are preceded by undetected
vascular changes, such as calcification or inflammatory
infiltration of the large vessels. Verification of this claim in
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TABLE 3. Cox Proportional Hazards Model

Future cerebrovascular or cardiovascular event

Univariate analysis

Multivariate analysis

Parameter HR 95% ClI
Age (=65 y) 2.181 0.790-6.023
Sex (M) BI855 1.144-9.804
Cardiovascular risk factor (+)* 12.130 1.595-92.238
Calcified plaque sum (=15) 9.200 3.232-26.192
Mean TBR (=1.7) 20.291 7.214-57.071

i2 HR 95% Cl 2
0.132 NS
0.027 NS
0.016 8.711 1.126-67.386 0.038

<0.0001 3.560 1.171-10.821 0.025
<0.0001 14.144 4.823-41.482 <0.0001

*Minimum of 1 cardiovascular risk factor present, such as family history, hypercholesterolemia, diabetes, hypertension, or smoking.
HR = hazard ratio; Cl = confidence interval; NS = not statistically significant.

an asymptomatic cohort would require a PET/CT study in a
large population, which would entail certain ethical and
financial considerations. Therefore, we used cancer patients
without a history of cardiovascular disease as a surrogate
for the ideal, but practicably unattainable, nondiseased
group. Multimodal vascular examination of PET/CT results
in our large cohort, which was unselected for vascular event
risk profile, enabled the evaluation of vascular changes in
hundreds of subjects during several years of follow-up,
such that risk factors for vascular events might be identified
prospectively.

The results of this longitudinal multimodal imaging
study suggest that increased '8F-FDG uptake in the walls

A No event

O proportional

MW disproportional

62%

B No event Wincreased FDG-uptake

without heavy calcification 19%
O heavy calcification without
increased FDG-uptake

38%

62%

PET/CT VascuLar Risk EstiMaTiON * Rominger et al.

Event

Event

of major arteries and increased calcium burden of the same
vessels were both independent predictors for the subsequent
occurrence of cardio- and cerebrovascular events in cancer
patients. Insofar as these findings can be generalized to a
healthy, asymptomatic population, the utility of '8F-FDG
PET/CT for identifying asymptomatic patients with an
increased risk for future vascular events is substantiated.

I8F-FDG PET/CT has rapidly emerged as a noninvasive
imaging technique that is eminently suited for staging and
therapy monitoring of tumor patients (/9), diagnosing
inflammatory vascular disease (20), and performing cardiac

38%

FIGURE 4. Distribution of arterial seg-
ments with different patterns of '8F-FDG
uptake and calcifications in patients
with and without vascular event during
follow-up: proportional and dispropor-
tional distribution patterns in event
group vs. control group (A); arterial
segments with high TBR and low calci-
fied plaque values vs. segments with
low TBR and high calcified plaque
values (B).
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imaging (27). "8F-FDG PET in conjunction with CT
enables the combined functional and anatomic examina-
tion of the entire body; this approach has shown distinct
advantages over either imaging modality alone in the
diagnosis of many diseases. In particular, '8F-FDG PET/
CT is of proven reliability for detecting inflamed plaques in
the walls of large arteries while also providing the means
for counting calcified plaques. These combined methods
show excellent intra- and interreader reproducibility (7), as
was confirmed by the present study.

Correlation of Baseline Parameters

Several previous studies reported significant correlations
between focally increased '3F-FDG uptake in the walls of
large arteries and the presence of conventional cardiovas-
cular risk factors (22-26), as if risk factors predispose to
inflammatory changes resulting in formation of plaques at
risk for rupture. In all these studies, increased vascular wall
I8F_.FDG uptake was most strongly correlated with patient
age. In addition, Ben Haim et al. also found significant
correlations with the male sex and hypertension (22), which
were confirmed in the present study. Interestingly, we found
no significant correlation between hypercholesterolemia
and the arterial '8F-FDG uptake score. It may be that those
patients with hypercholesterolemia have already benefited
from optimized antiinflammatory therapy, resulting in sta-
bilization of their atherosclerotic plaques (27,28), espe-
cially given that all these variables were strongly covariant
with increased number of arterial calcifications. The corre-
lation between calcified plaque sum and increased choles-
terol level indeed was not significant, but there was a trend
toward higher calcified plaque scores in those patients (P =
0.12). In addition, the magnitude of calcified plaque sum
correlated with all other vascular event risk factors, under-
lining its inherent association with the presence of ather-
osclerosis. Indeed, such an association has already been
documented in several studies regarding coronary (29,30)
and peripheral vascular calcifications (/4).

Outcome Events and Survival Analysis

To our knowledge, only a single study to date has
systematically investigated the covariance of increased
I8F-FDG uptake and calcifications of the arterial wall with
the occurrence of vascular events (24). In that study, on a
series of 101 stable cancer patients, most of the registered
vascular events occurred before the PET/CT scan. The
study demonstrated that those patients with a recent history
of vascular events, occurring within the 6 mo preceding the
IBF-FDG PET/CT scans, showed significantly higher arte-
rial wall '8F-FDG uptake scores than did patients without
previous vascular events. In contrast, those patients whose
vascular event had occurred more than 6 mo before
PET/CT did not show significantly increased '8F-FDG
uptake (24). In that study, vascular events were broadly
defined to include cases of ischemic stroke, symptomatic
chronic peripheral artery disease, acute peripheral ische-
mia, chronic coronary artery disease, acute coronary syn-
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drome, any revascularization procedure, and aortic or
peripheral aneurysm.

In our prospective study, increased '8F-FDG uptake and
distinct arterial calcium burden were both highly associated
with the occurrence of a vascular event during follow-up.
Cox regression analysis, however, showed a 4-fold-higher
hazard ratio for subsequent events with the mean TBR than
with the calcified plaque sum score, and an incremental
prognostic value over the calcified plaque sum score
alone. Indeed, those patients in whom both mean TBR
and calcified plaque sum score were increased were iden-
tified as being at highest risk for a vascular event during
follow-up.

In accordance with findings published previously by
other groups (/4,15,23), we found that the highest scores
for both calcified plaque and TBR were detected in the
aortal region. Additionally, a significant correlation was
found between calcified plaque sum and mean TBR within
individual patients (r = 0.187, P < 0.01). Just as reported
in the recent study by Paulmier et al. (24), those tumor
patients with the greatest increase in arterial wall inflam-
matory activity, as revealed by '8F-FDG PET, also tended
to have the largest number of calcified plaques. However,
also as reported by several groups (15,22,31-33), zones of
elevated vascular metabolic activity and vascular calcifica-
tion were rarely found to overlap with such precision that
they could be assignable to the same arterial lesion.

In general, '8F-FDG-avid vascular lesions are the pro-
duct of a dynamic process such as transient inflammation
(11,34), such that reduction of inflammation by medical
therapy can frequently be visualized using '8F-FDG PET
(27,28). On the other hand, the occurrence of arterial
calcifications may indicate a stable and potentially late
stage of atherosclerosis (35), unresponsive to medical
treatment. Indeed, calcified plaques are rarely associated
with an acute vascular event (36), even though the abun-
dance of coronary artery calcifications is inherently related
to the extent of coronary atherosclerosis (37). This seeming
paradox is resolved if one considers that both TBR and
calcified plaque represent different stages in the progression
of atheroma, figuratively representing 2 sides of the same
coin: TBR is a biomarker for unstable, vulnerable plaques
likely to give rise to a vascular event, whereas calcified
plaque is a surrogate marker for the presence of athero-
sclerosis, irrespective or independent of the plaque vulner-
ability. Further to the observations in the present study
pertaining to the segmental distribution of lesions, we
found that those patients who had a vascular event during
follow-up showed a higher incidence of disproportionate
patterns. These patients typically presented with foci of
high '8F-FDG uptake in association with low calcifications,
whereas the patients without severe events during follow-up
tended to have more concordant findings.

Interestingly, both mean TBR and calcified plaque sum
scores correlated with vascular events during follow-up
independently of the conventional cardiovascular risk fac-
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tors, such as family history of cardiovascular disease,
hypercholesterolemia, diabetes, hypertension, and smoking.
This observation is perhaps not surprising, as increased
coronary and aortal calcium burden (/4,38) has already
been shown to have incremental value compared with
conventional risk factors in the prediction of mortality
from all causes. Our results have important implications
for the comprehensive treatment of patients scheduled for
diagnosis or staging of their cancer, who may not be
regularly assessed for conventional atherogenic risk strat-
ification; more widespread exploitation of the vascular !8F-
FDG PET/CT results, although incidental with respect to
the main oncologic findings, seems justified by the greater
prognostic value imparted by conventional atherogenic risk
factors for vascular events.

Limitations

The present study had several limitations. Obviously,
PET/CT was performed on cancer patients, in whom cancer
type and chemotherapies may have been a confounding
factor in the expression of vascular pathology. Be that as it
may, there emerged no significant relationship between the
main tumor types (breast, ovarian, lung, and colorectal) and
either the vascular findings or concurrent vascular event
risk factors (results not presented in detail). Furthermore,
the overall rate of vascular events was similar to the rate
expected for an asymptomatic screening population, sug-
gesting that treatment with antineoplastic agents or radio-
therapy did not itself precipitate vascular changes leading
to vascular events in our population. Cases of frank vascu-
litis were excluded from our study and in any event would
scarcely have been identified as presenting focal intravas-
cular '8F-FDG anomalies. The stringent national guidelines
for recruitment of healthy control subjects (related to the
radiation exposure of about 8 mSv per PET/CT examina-
tion using low-dose CT (39)) necessitated the present use of
an ill cohort. Nonetheless, the present findings constitute a
compelling rationale for conducting prospective PET/CT
vascular examinations on patients without cancer and at
risk for vascular events, with the aim of defining robust
thresholds for mean TBR and calcified plaque sum as
prognostic indicators.

Unfortunately, blood sampling for obtaining serum cho-
lesterol levels was not routinely obtained in the present
cohort, such that Framingham or similar risk scores could
not be calculated. Instead, cardiovascular risk factors were
systematically noted during the patients’ first PET/CT visit
at our institution. To obtain an optimally sensitive marker
for the prediction of future cardiovascular events, we
defined the presence of one or more cardiovascular risk
factors as the threshold and implemented it as a variable in
our multivariate Cox model.

The small number of vascular events registered during
follow-up must be considered another limitation of this
study. Although our observed percentage (1.6%) fell within
the range expected for an asymptomatic screening popula-

PET/CT VascuLar Risk EstiMaTiON * Rominger et al.

tion of this age composition, the much higher mortality due
to oncologic disease (29%) in our cohort would have
tended to reduce the number of vascular event cases.
Because of the small number of vascular events, no more
than 5 variables in the multivariate Cox model could be
included. Consequently, we used a combined variable with
a sensitive threshold with the existence of at least one risk
factor.

Acquisition of the PET/CT images began approximately
60 min after '8F-FDG injection, as required for optimal
detection of neoplastic tumors. However, somewhat longer
BE-FDG circulation times were recommended by Rudd
et al. (7) for the detection of inflammatory plaques. None-
theless, our use of the 60-min protocol seemed adequate for
the purpose of the present study, although one might
speculate that our findings would have been even stronger
had we used a more specific PET protocol.

ACKNOWLEDGMENTS

A substantial part of this work originated from the
doctoral thesis of Sarah Wolpers. We thank Prof. Paul
Cumming for critical revisions of the manuscript.

REFERENCES

. Weintraub HS. Identifying the vulnerable patient with rupture-prone plaque. Am

J Cardiol. 2008;101:3F-10F.

2. Rosamond W, Flegal K, Furie K, et al. Heart disease and stroke statistics: 2008
update—a report from the American Heart Association Statistics Committee and
Stroke Statistics Subcommittee. Circulation. 2008;117:e25-e146.

3. Naghavi M, Libby P, Falk E, et al. From vulnerable plaque to vulnerable patient:
a call for new definitions and risk assessment strategies: part II. Circulation.
2003;108:1772-1778.

4. Izquierdo-Garcia D, Davies JR, Graves MJ, et al. Comparison of methods for
magnetic resonance-guided [18-F]fluorodeoxyglucose positron emission tomog-
raphy in human carotid arteries: reproducibility, partial volume correction, and
correlation between methods. Stroke. 2009;40:18-93.

5. Rudd JH, Myers KS, Bansilal S, et al. (18)Fluorodeoxyglucose positron emission
tomography imaging of atherosclerotic plaque inflammation is highly reproduc-
ible: implications for atherosclerosis therapy trials. J Am Coll Cardiol.
2007;50:892-896.

6. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N Engl
J Med. 2005;352:1685-1695.

7. Rudd JH, Myers KS, Bansilal S, et al. Atherosclerosis inflammation imaging
with '8F-FDG PET: carotid, iliac, and femoral uptake reproducibility, quanti-
fication methods, and recommendations. J Nucl Med. 2008;49:871-878.

8. Ogawa M, Ishino S, Mukai T, et al. '8F-FDG accumulation in atherosclerotic
plaques: immunohistochemical and PET imaging study. J Nucl Med. 2004;45:
1245-1250.

9. Rudd JH, Warburton EA, Fryer TD, et al. Imaging atherosclerotic plaque
inflammation with ['8F]-fluorodeoxyglucose positron emission tomography.
Circulation. 2002;105:2708-2711.

10. Davies JR, Rudd JH, Fryer TD, et al. Identification of culprit lesions after
transient ischemic attack by combined '8F fluorodeoxyglucose positron-emission
tomography and high-resolution magnetic resonance imaging. Stroke. 2005;36:
2642-2647.

11. Tawakol A, Migrino RQ, Bashian GG, et al. In vivo '8F-fluorodeoxyglucose
positron emission tomography imaging provides a noninvasive measure of
carotid plaque inflammation in patients. J Am Coll Cardiol. 2006;48:1818-1824.

12. Virmani R, Burke AP, Farb A, Kolodgie FD. Pathology of the unstable plaque.
Prog Cardiovasc Dis. 2002;44:349-356.

13. Folsom AR, Kronmal RA, Detrano RC, et al. Coronary artery calcification

compared with carotid intima-media thickness in the prediction of cardiovascular

disease incidence: the Multi-Ethnic Study of Atherosclerosis (MESA). Arch

Intern Med. 2008;168:1333-1339.

1619



20.

21.

22.

23.

24.

25.

1620

. Eisen A, Tenenbaum A, Koren-Morag N, et al. Calcification of the thoracic aorta

as detected by spiral computed tomography among stable angina pectoris
patients: association with cardiovascular events and death. Circulation. 2008;
118:1328-1334.

. Rudd JHF, Myers KS, Bansilal S, et al. The relationships between regional

arterial inflammation, calcification, risk factors and biomarkers: a prospective
FDG PET/CT imaging study. Circ Cardiovasc Imaging. 2009;2:107-115.

. Brown ER, Kronmal RA, Bluemke DA, et al. Coronary calcium coverage score:

determination, correlates, and predictive accuracy in the Multi-Ethnic Study of
Atherosclerosis. Radiology. 2008;247:669-675.

. Bland JM, Altman DG. Statistical methods for assessing agreement between two

methods of clinical measurement. Lancet. 1986;1:307-310.

. O’Rourke RA, Brundage BH, Froelicher VF, et al. American College of

Cardiology/American Heart Association Expert Consensus Document on
electron-beam computed tomography for the diagnosis and prognosis of
coronary artery disease. J Am Coll Cardiol. 2000;36:326-340.

. Weber WA, Grosu AL, Czernin J. Technology insight: advances in molecular

imaging and an appraisal of PET/CT scanning. Nat Clin Pract Oncol.
2008;5:160-170.

Belhocine T, Blockmans D, Hustinx R, Vandevivere J, Mortelmans L. Imaging of
large vessel vasculitis with '8FDG PET: illusion or reality? A critical review of
the literature data. Eur J Nucl Med Mol Imaging. 2003;30:1305-1313.

Di Carli MF, Dorbala S, Meserve J, El Fakhri G, Sitek A, Moore SC. Clinical
myocardial perfusion PET/CT. J Nucl Med. 2007;48:783-793.

Ben-Haim S, Kupzov E, Tamir A, Israel O. Evaluation of '8F-FDG uptake and
arterial wall calcifications using 'SF-FDG PET/CT. J Nucl Med. 2004;45:
1816-1821.

Bural GG, Torigian DA, Chamroonrat W, et al. FDG-PET is an effective imaging
modality to detect and quantify age-related atherosclerosis in large arteries. Eur J
Nucl Med Mol Imaging. 2008;35:562-569.

Paulmier B, Duet M, Khayat R, et al. Arterial wall uptake of fluorodeoxyglucose
on PET imaging in stable cancer disease patients indicates higher risk for
cardiovascular events. J Nucl Cardiol. 2008;15:209-217.

Yun M, Jang S, Cucchiara A, Newberg AB, Alavi A. '8F FDG uptake in the large
arteries: a correlation study with the atherogenic risk factors. Semin Nucl Med.
2002;32:70-76.

26.

27.

28.

30.

31.

33.

34.
35.

36.

37.

38.

39.

Yun M, Yeh D, Araujo LI, Jang S, Newberg A, Alavi A. F-18 FDG uptake in the
large arteries: a new observation. Clin Nucl Med. 2001;26:314-319.

Ogawa M, Magata Y, Kato T, et al. Application of '8F-FDG PET for monitoring
the therapeutic effect of antiinflammatory drugs on stabilization of vulnerable
atherosclerotic plaques. J Nucl Med. 2006;47:1845-1850.

Tahara N, Kai H, Ishibashi M, et al. Simvastatin attenuates plaque inflammation:
evaluation by fluorodeoxyglucose positron emission tomography. J Am Coll
Cardiol. 2006;48:1825-1831.

. Abbott RD, Ueshima H, Masaki KH, et al. Coronary artery calcification and total

mortality in elderly men. J Am Geriatr Soc. 2007;55:1948-1954.

Budoff MJ, Shaw LJ, Liu ST, et al. Long-term prognosis associated with
coronary calcification: observations from a registry of 25,253 patients. J Am Coll
Cardiol. 2007;49:1860-1870.

Ben-Haim S, Israel O. PET/CT for atherosclerotic plaque imaging. Q J Nucl Med
Mol Imaging. 2006;50:53-60.

. Dunphy MP, Freiman A, Larson SM, Strauss HW. Association of vascular

I8F-FDG uptake with vascular calcification. J Nucl Med. 2005;46:1278-1284.
Tatsumi M, Cohade C, Nakamoto Y, Wahl RL. Fluorodeoxyglucose uptake in the
aortic wall at PET/CT: possible finding for active atherosclerosis. Radiology.
2003;229:831-837.

Libby P. Inflammation in atherosclerosis. Nature. 2002;420:868-874.

Detrano RC, Wong ND, Doherty TM, et al. Coronary calcium does not
accurately predict near-term future coronary events in high-risk adults.
Circulation. 1999;99:2633-2638.

Schmermund A, Erbel R. Unstable coronary plaque and its relation to coronary
calcium. Circulation. 2001;104:1682-1687.

Rumberger JA, Simons DB, Fitzpatrick LA, Sheedy PF, Schwartz RS. Coronary
artery calcium area by electron-beam computed tomography and coronary
atherosclerotic plaque area: a histopathologic correlative study. Circulation.
1995;92:2157-2162.

Shaw LJ, Raggi P, Schisterman E, Berman DS, Callister TQ. Prognostic value of
cardiac risk factors and coronary artery calcium screening for all-cause mortality.
Radiology. 2003;228:826-833.

Brix G, Lechel U, Glatting G, et al. Radiation exposure of patients undergoing
whole-body dual-modality '*F-FDG PET/CT examinations. J Nucl Med. 2005;
46:608-613.

THE JoURNAL OF NUCLEAR MEDICINE ¢ Vol. 50 ¢ No. 10 ¢ October 2009



