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High tissue matrix metalloproteinase (MMP) activity has been
associated with advanced atherosclerosis and plaque rupture.
18F-FDG uptake has been reported to detect inflammation. This
investigation examined the vascular 18F-FDG uptake by PET/CT
and its correlation with circulating MMP-1 levels. Methods: We
examined 25 consecutive patients with significant carotid stenosis
and 22 healthy control subjects using 18F-FDG PET/CT. The leu-
kocyte counts, C-reactive protein (CRP), and MMP-1 were mea-
sured. Results: 18F-FDG arterial uptake, as well as calcifications,
was significantly higher in extensive distributions in patients with
established carotid stenosis. However, their distribution was not
consistently overlapping. The values of circulating MMP-1 and leu-
kocyte counts were significantly higher in patients with carotid ste-
nosis (all P , 0.05). In addition, subjects with higher 18F-FDG
uptake (maximum SUV . 2.0) in target lesions had higher baseline
and poststenting MMP-1 levels (all P , 0.05). Conclusion: We
provide a link between 18F-FDG uptake and circulating MMP-1.
18F-FDG PET/CT could be used as an adjunct to the clinical man-
agement of high-risk atherosclerosis and an in vivo tool to study
plaque biology.
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Cardiovascular events are the leading cause of death in
developed countries worldwide. The disruption of athero-
sclerotic plaques and the subsequent formation of thrombi
are currently recognized as the major cause of morbidity
and mortality in cardiovascular diseases, including acute
ischemic stroke (1). The detection of vulnerable plaques is
clinically important for risk stratification and treatment.

Several imaging approaches have been adapted to detect
vulnerable plaques, including conventional x-ray contrast
angiography, ultrasonography, high-resolution CT, and MRI.
However, most of these techniques are based on morpho-
logic characteristics of atheroma (2–6) and do not provide
biologic information, such as inflammation.

Inflammation plays a significant role in the pathogenesis,
progression, and subsequent plaque rupture in atheroscle-
rosis (7,8). Many inflammatory biomarkers have been
reported to provide information about the risk of develop-
ing cardiovascular disease (9). The macrophages are im-
portant cellular components of vulnerable plaques. They
are also the target of 18F-FDG and the source of matrix
metalloproteinase (MMP) production (7,10). Detection of
atherosclerotic lesions has been reported using 18F-FDG
taken up by macrophages and vascular smooth muscle cells.
This might contribute to the identification of a subgroup of
patients at high risk for complications (11–13).

However, little is known about the relationship between
these circulating inflammatory biomarkers and arterial
vascular 18F-FDG uptake. PET/CT is now emerging as a
promising modality in providing better localization and,
concurrently, detecting calcification of plaques (14–18). In
this study, we investigated the clinical relationship between
18F-FDG PET/CT of carotid atherosclerotic plaques and
circulating inflammatory biomarkers in subjects with or
without carotid stenosis.

MATERIALS AND METHODS

Subjects
We studied 25 consecutive symptomatic subjects with ultra-

sonographically documented carotid stenosis $ 70% who were
scheduled for elective angiography between March 2004 and July
2005 (19,20). Patients with a history of ischemic cerebral stroke,
transient ischemic attack (TIA), or amaurosis fugax were classi-
fied as symptomatic. Symptoms that developed or progressed
within 6 wk were classified as recent onset. The exclusion criteria
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included acute cerebral infarction within 1 mo, cerebral hemor-
rhage within 6 mo, major surgery or bleeding within 6 mo, and
fasting plasma glucose level . 120 mg/dL. At the time of enroll-
ment, the patients were allowed to take aspirin and medications
including statin, antidiabetic, or antihypertension drugs with stable
doses for at least 1 mo.

Twenty-two apparently healthy subjects referred from the
Health Management Center of National Taiwan University Hospital
to receive 18F-FDG PET/CT studies for cancer screening during the
same period were used as the control subjects. None had cardio-
vascular diseases or diabetes mellitus. All control subjects had
normal carotid and vertebral arteries documented by ultrasound ex-
amination within 1 wk of PET/CT studies. The study was approved
by the institutional review board, and written informed consent was
obtained from each patient before enrollment.

Patient Management
Selective cerebral digital subtraction angiography was per-

formed via the femoral artery, starting with imaging of the aortic
arch; this was followed by selective injections in the common
carotid, subclavian, and vertebral arteries. The severity of extra-
cranial carotid stenosis was measured using the North American
Symptomatic Carotid Endarterectomy Trial criteria, as the diam-
eter of the most severe stenosis divided by the diameter of the
distal cervical internal carotid artery beyond the stenosis (21). The
indication for stenting was $50% stenosis in diameter for symp-
tomatic lesions and $80% in asymptomatic lesions (19–21). Any
event occurring during admission was recorded as periprocedural.
New neurologic deficits or death occurring during the follow-up
was documented as a late event. A neck ultrasound study was
performed at 1 wk, at 1, 3, and 6 mo, and then annually after the
procedure (19,20).

PET/CT Technique
Subjects were asked to fast at least 4 h before 18F-FDG (333–

407 MBq) PET/CT was performed at 45 and 150 min after the 18F-
FDG injection. The whole blood glucose level was measured before
18F-FDG injection and all subjects had a level # 115 mg/dL.

The scan was performed using an integrated PET/CT device
(Discovery LS; GE Healthcare) composed of a dedicated PET
scanner with a full-ring bismuth germinate detector and a 16-slice
CT scanner. Nonenhanced low-dose CT data were acquired with
the following parameters: tube rotation time, 0.5 s per revolution;
140 kV; 80 mA; 22.5 mm per rotation; slice pitch of 6; and
slice thickness of 5 mm. PET emission data were acquired in
2-dimensional mode, using a matrix of 128 · 128, followed by
reconstruction using ordered-subset expectation maximization.
Emission counts were collected over 4 min per table position.
Adjacent fields of view shared 1 overlapping slice. A regional scan
of the neck was performed immediately after whole-body scan-
ning in 15-cm fields of view with an emission duration of 15 min.

All CT images were reconstructed onto a 512 · 512 matrix, and
these data were converted into 511-keV equivalent attenuation
factors for attenuation correction. Matched CT and PET image
were reconstructed with a field of 500 mm and 4.25-mm slice thick-
ness. An iterative reconstruction and CT-based attenuation correc-
tion were used for the PET images.

Image Analysis
The PET and CT datasets were transferred to a personal

computer–based workstation (Xeleris; GE Healthcare) by DICOM
(Digital Imaging and Communications in Medicine) transfer. All

images were reviewed with dedicated software (eNTEGRA; GE
Healthcare) in axial, coronal, and sagittal planes. Two experienced
readers reviewed the images without knowledge of the subject’s
identity.

Vascular calcification was assessed with nonenhanced CT. The
greatest protrusion into the lumen was measured on transaxial
images and graded as follows: 0, no calcification; 1, thickness , 4
mm; 2, 4–8 mm; and 3, . 8 mm (14).

For each subject, early and delayed PET images were evaluated
side by side. 18F-FDG uptake was assessed visually by non-
corrected, attenuation-corrected, as well as rotating maximum-
intensity projection images. The pattern of 18F-FDG uptake was
recorded as focal, linear, or bandlike on coronal PET images (14–
16). A standardized uptake value (SUV) normalized for lean body
mass was calculated from the 45- and 150-min images. A region
of interest (ROI) of 3 · 3 pixels was manually placed on the
vascular wall in the transaxial image surrounding the most intense
area of 18F-FDG uptake. The maximum SUV (SUVmax) was
recorded using the maximum pixel activity within the ROI. The
delayed images provided better lesion-to-background contrast
during visual assessment. However, the pattern and locations of
18F-FDG uptake could be identified in early and in delayed images
in all patients with significant carotid stenosis. Because the 18F-
FDG uptake on delayed images greatly decreased in the control
subjects, making it difficult for ROI placement along the arterial
wall, we used the SUV on 45-min images for comparison. If no
definite positive 18F-FDG uptake was identified within a segment,
the SUVmax values were measured along randomly chosen vessel
walls.

Biomarker Measurements
Blood sampling was done with $12-h fasting. Peripheral

venous blood samples before the diagnostic angiography and im-
mediately after the stenting procedure were collected in patients
with carotid artery stenosis. In control subjects, venous blood
samples were taken on the day of the ultrasound examinations of
the neck. The samples were collected with potassium ethylenedia-
minetetraacetic acid tubes, and serum was stored at 280�C until
assayed. Serum high-sensitivity C-reactive protein (hs-CRP) was
measured by a chemiluminescent enzyme-labeled immunometric
assay (Immulite C-Reactive Protein; Diagnostic Products Co.).
The lowest detectable level of the hs-CRP assay was 0.01 mg/dL.
MMP-1 was determined with a commercially available enzyme-
linked immunosorbent assay, using the Biotrak Assay System
(Amersham).

Statistical Analysis
Data are expressed as mean 6 SD. Comparisons between

groups were made using the Student t test and x2 analysis or the
Mann–Whitney U test for continuous and categoric variables,
respectively. The strength of associations was estimated by the
Pearson correlation coefficient (R). For patients undergoing inter-
vention, biomarkers before and after intervention were compared
by a paired t test. A P value , 0.05 was predetermined to be
statistically significant. All analyses were conducted using Stata 8
software packages (Stata).

RESULTS

Clinical Information

The study population was composed of 25 carotid
stenotic subjects and 22 control subjects. The demographic
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characteristics of patients and control subjects are listed in
Table 1. The patients with carotid artery stenosis were older
and predominantly male. Four patients (16%) had well-
controlled diabetes mellitus, 22 (88%) had hypertension,
and 7 (28%) were on statin therapy. In contrast, only 4
(18%) of the control group received antihypertensive treat-
ment. The clinical presentations of carotid stenosis among
the patient group were amaurosis fugax in 2 (8%) and
ischemic stroke or TIA in 18 (72%). Thirteen (52%) patients
had symptoms of recent onset or progression within 6 wk.
Ten (40%) had concomitant coronary artery disease. The
carotid stenosis was bilateral in 5 patients (20%).

Nineteen of 25 patients (76%) underwent stenting in this
admission. The procedure was not performed because of
minor stenosis of only 50% in 1 asymptomatic lesion, total
occlusion in 2, and severe ipsilateral intracranial stenosis in

2 subjects on the angiogram, and a recent head injury in 1
patient. No periprocedural event occurred. Ten patients un-
derwent staged angioplasty for other extracranial arterial
stenosis within 6 mo. The average follow-up after the index
procedures was 16 6 3 mo (range, 12–24 mo). No symptom-
atic or angiographic recurrence occurred during follow-up.

PET/CT Analyses

Among the 25 subjects with carotid stenosis, the pattern
of 18F-FDG uptake in the aorta was linear in 20 (80%),
bandlike in 1, and focal in 4 (3 in aortic arch and 1 in
ascending aorta) on coronal views. In the neck regions, 18F-
FDG uptake was linear in 15 (60%), bandlike in 1, and
focal in the other 9. None of the control subjects exhibited
obvious 18F-FDG uptake in whole-body scans by visual
assessment (Fig. 1).

TABLE 1
Baseline Data of Study Subjects

Parameter Carotid stenosis (n 5 25) Control subjects (n 5 22) P

Age (y) 70 6 8 50 6 10 ,0.001
Male (%) 23 (92) 13 (59) ,0.001

Fasting glucose (mg/dL) 105 6 17 92 6 13 NS

T-CHO (mg/dL) 190 6 42 204 6 40 NS

TG (mg/dL) 160 6 95 154 6 170 NS
Leukocyte count (1,000/mL) 6.3 6 1.5 5.3 6 1.0 0.005

hs-CRP (mg/dL) 2.2 6 1.7 1.1 6 1.1 NS

MMP-1 (ng/mL) 7.6 6 6.4 2.5 6 1.3 ,0.001

NS 5 nonsignificant between 2 groups; T-CHO 5 total cholesterol; TG 5 triglycerides.

FIGURE 1. Coregistered CT (left), 18F-
FDG PET (middle), and fused PET/CT
(right) images of coronal (A) and sagittal
(B) views and maximal-intensity-projec-
tion image (C) from 44-y-old male control
subject. No discernable 18F-FDG uptake
is seen in whole vascular system.
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Higher SUVs along the arterial walls on whole-body
scans were observed in the patients with carotid stenosis
(mean, 2.1 6 0.5; range, 1.5–4.4), whereas none of the con-
trol subjects had SUVs higher than 2.0 (mean, 1.5 6 0.3;
range, 0.7–2.0) in any major vascular beds (P , 0.005).
Positive 18F-FDG uptake or the highest SUV was not con-
sistently located at the sites of calcification. Representative
images are shown in Figures 2 and 3.

Biomarkers

The leukocyte counts and MMP-1 were significantly
higher in subjects with carotid stenosis than in the control
subjects (Table 1). The values of hs-CRP tended to be
higher in patients with carotid stenosis but were not sta-
tistically different (P 5 0.06). This could be caused by the
small sample size. In addition, hs-CRP correlated well with
leukocyte counts (r 5 0.45, P 5 0.005) in all subjects but
not with MMP-1 levels.

We also checked the MMP-1 and hs-CRP immediately
after intervention (within 30 min) among the 19 subjects
who underwent carotid stenting. The MMP-1 level in-
creased immediately after intervention (from 6.2 6 6.7 to
12.3 6 8.9 ng/mL, P 5 0.0001) but not hs-CRP (from
2.2 6 1.6 to 2.3 6 1.5 ng/mL, P 5 not significant). This
finding suggests that the rapid surge in the MMP-1 level
could be due to plaque disruption by stenting.

Because none of the control subjects had SUV values .

2.0 on the 45-min image over major arteries, the threshold
SUVmax of 2 was used for the subsequent analyses.
Among the patients with carotid stenosis, the MMP-1 values
were significantly higher in patients with a higher SUVmax
(.2.0) on the target lesions. Of the 19 patients who un-
derwent successful stenting, postprocedural MMP-1 levels

were also significantly higher in those with higher SUVmax
values on the target lesions (Fig. 4). The change in MMP-1
levels tended to be greater among the subjects with
SUVmax values . 2.0 on target lesions, compared with
those with the SUVmax values # 2.0. However, the dif-
ference did not reach statistical significance (5.8 6 3.0 vs.
4.7 6 0.3 ng/mL, P 5 0.3), probably due to the small
sample size. In contrast, there was no significant correlation
between hs-CRP or leukocyte counts among these subjects
(data not shown). There also was no difference in these 2
biomarkers between subjects grouped by the SUVmax of
target lesions (Table 2).

DISCUSSION

In the present study, we investigated the relationship
between the accumulation of 18F-FDG on the carotid
plaques and circulating levels of inflammatory biomarkers.
In patients with established carotid stenosis, vascular 18F-
FDG uptake and calcification were rather common, whereas
the distributions of 18F-FDG uptake and calcification sites
were not always compatible. Higher circulating MMP-1 in
carotid stenosis patients and its surge after stenting sug-
gested that MMP-1 is an important component of plaques.
In addition, patients with higher 18F-FDG uptake in the
carotid lesions also had higher baseline and postinterven-
tion serum MMP-1 levels, implying that the composition
of plaques could be assessed noninvasively by 18F-FDG
PET/CT.

Inflammation is important in the pathogenesis and pro-
gression of atherosclerosis. Plaques containing numerous
macrophages are at a higher risk for rupture (7,8). 18F-FDG
is a glucose analog that is taken up by cells in proportion to

FIGURE 2. Transaxial CT (left), 18F-FDG
PET (middle), and fused PET/CT (right)
images. Focal 18F-FDG uptake without
significant calcifications is demonstrated
in aortic arch from 50-y-old man with
significant stenosis of right internal carotid
artery, suggesting high level of inflamma-
tion activity within this soft plaque.

FIGURE 3. CT (left), 18F-FDG PET (mid-
dle), and fused PET/CT (right) images of
coronal (upper panel) and sagittal (lower
panel) view from 75-y-old man, diagnosed
with a right carotid territory stroke 1 mo
earlier, with a nearly total occlusion of right
common and internal carotid artery and
70% luminal stenosis of left common ca-
rotid artery on angiogram. Calcifications
are seen in the neck bilaterally, whereas the
most intense 18F-FDG uptake was demon-
strated over the right carotid artery region
(arrows). Highly inflammatory right carotid
artery plaque could be the cause of this
patient’s presenting symptoms.

230 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 48 • No. 2 • February 2007



their metabolic activity. Several articles have reported the
potential roles of metabolic imaging in the assessment of
inflammatory vascular diseases (11–13,16–18,22). 18F-FDG
uptake in atherosclerotic aortic aneurysms (23) and carotid
stenosis (13) appears to correlate with a worse prognosis.
Furthermore, changes in 18F-FDG activity in response to
treatment occurred earlier than morphologic changes (24).
Animal models also demonstrated that the accumulation of
18F-FDG is located at the regions of extensive inflamma-
tory cellular infiltration (25–28). These data support the
idea that 18F-FDG PET could be a noninvasive tool to iden-
tify the hypermetabolic state of inflammatory atheromas,
which contributes to the vulnerability of atherosclerotic
plaques (28–30).

In our study, we found higher 18F-FDG uptake, and
calcifications were common in patients with documented
carotid stenosis (16–18), suggesting concurrent extensive
and advanced atherosclerosis (31). The different distribu-
tions of 18F-FDG uptake and calcifications may reflect the
different stages of atherosclerosis progression. Even in the
locations without obvious calcification or plaque seen in
noncontrasted CT, higher 18F-FDG uptake may suggest a
higher potential for atherosclerosis occurrence or progres-
sion (22).

Ruptured plaques characteristically contain numerous
macrophages producing MMPs capable of degrading the
extracellular matrix. Overexpression of these enzymes has
been reported to lead to thinning of the fibrous cap and to
subsequent plaque rupture (18,32–38). Imaging of MMP
activity by radiolabeled molecules has been reported (39);
however, it is still far from clinical application. On the other
hand, 18F-FDG is the most popular PET tracer. In the
present study, we demonstrated the relationship between
18F-FDG uptake activity and the circulating MMP-1 levels
in patients with carotid stenosis. To our knowledge, this is
the first study showing the relationship between circulating
MMP-1 levels and 18F-FDG PET. Although the leukocyte
count and hs-CRP level also tended to be higher in patients
with carotid stenosis, there was no significant correlation
between 18F-FDG activity and these 2 markers. It appears
that MMP-1, a more specific marker of local plaque inflam-
mation, correlates better with focal 18F-FDG uptake, rather
than the systemic inflammatory markers such as leukocyte
count and hs-CRP.

In our study, the MMP-1 increased immediately after
intervention but not the hs-CRP. Previous studies reported

FIGURE 4. Baseline and postprocedural MMP-1 levels in
patients with target lesion SUVmax . 2 (left) and # 2 (right).
*P , 0.05.

TABLE 2
Comparison of Biomarker Levels Between Subjects with High and Those with Low SUVmax Values of Carotid Lesions

in All Subjects with Carotid Stenosis and in Those Who Underwent Stenting

All patients with carotid stenosis (n 5 25)

Baseline SUVmax . 2.0 (n 5 18) SUVmax # 2.0 (n 5 7) P

hs-CRP (mg/dL) 2.0 6 1.6 2.4 6 1.3 NS
MMP-1 (ng/mL) 9.3 6 6.0 1.4 6 3.1 0.01

Leukocyte count (1,000/mL) 6.4 6 1.5 6.3 6 0.9 NS

Patients who underwent stenting (n 5 19)

Parameter SUVmax . 2.0 (n 5 14) SUVmax # 2.0 (n 5 5) P

hs-CRP (mg/dL)

Baseline 2.1 6 1.6 2.6 6 1.4 NS

After stenting 2.1 6 1.7 2.7 6 1.5 NS

MMP-1 (ng/mL)
Baseline 7.6 6 6.7 1.9 6 1.2 0.02

After stenting 14.1 6 8.8 6.6 6 0.5 0.03

Leukocyte count (1,000/mL)

Baseline 6.5 6 1.9 5.8 6 0.7 NS
Second day 8.4 6 1.9 7.2 6 1.6 NS

NS 5 nonsignificant between 2 groups.
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that serum inflammatory factors, such as hs-CRP, increased
after intervention. In these studies, the timing of measure-
ments was 6 h or more after the interventions (40–42). The
sampling time difference could explain the discrepancies of
changes in hs-CRP, MMP-1, and leukocyte count between
our study and other studies. In our study, the rapid surge of
MMP-1 after the intervention was most likely caused by
disruption of plaques by stenting, not by a systemic inflam-
matory response.

Determination of 18F-FDG uptake for discriminating
stable and vulnerable plaques is of clinical importance. It
could be applied to assessing the risk of plaque rupture and
also to monitoring the therapeutic effects. Although athero-
sclerotic plaques could be small, our results demonstrate
that the integrated use of PET/CT is helpful in overcoming
the problems of PET lacking anatomic information and
its lower spatial resolution. Our results also showed that
vascular 18F-FDG activity was low in the control subjects.
The correlation between MMP-1 levels and 18F-FDG ac-
cumulation suggests the potential of 18F-FDG PET in selec-
tive cases for assessing the vulnerability of plaques. The
patients with target lesions of SUVmax . 2.0 tended to
have a higher baseline and poststenting surge of MMP-1,
although the periprocedural surge did not reach statistical
significance, probably because of the small sample size.
Nevertheless, the role of 18F-FDG PET in prediction of
periprocedural complications during stenting also warrants
further evaluation.

There were some limitations to this study. Age and sex
are not well matched between the patients and the control
subjects. The sample size was relatively small. Patients
having a cerebral infarction within 1 mo were excluded
in the present study. This may partially explain why the
intensity of 18F-FDG uptake tended to be lower than that in
previous reports (12,13). We did not have any information
with regard to the histopathology of the plaques in this
study. The clinical significance of the 18F-FDG uptake and
the changes in inflammatory markers are not yet clear from
this study. However, further prospective large-scale evalu-
ation is warranted. The spatial resolution of PET/CT is still
limited in relating the size and specific sites of plaques. In
addition, low-dose nonenhanced CT also limited the reso-
lution of the soft tissue, including soft plaques.

CONCLUSION

Our study showed that 18F-FDG PET/CT can depict met-
abolically active atherosclerotic plaques, and patients with
higher 18F-FDG uptake also had higher circulating MMP-1.
Thus, 18F-FDG PET/CT could be used as a noninvasive
imaging modality in detecting and monitoring the athero-
sclerotic process.
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