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Abstract
Purpose—To evaluate the relationship between atherosclerotic plaque inflammation, as assessed
by FDG-Positron Emission Tomography/Computed Tomography (FDG-PET/CT), and plaque
morphology and composition, as assessed by magnetic resonance imaging (MRI), in the carotid
and femoral arteries.

Materials and methods—Sixteen patients underwent FDG-PET/CT and MRI (T2 weighted
(T2W) and Proton density weighted (PDW)) of the carotid and femoral arteries. For every image
slice, two observers determined the corresponding regions of the FDG-PET/CT and MRI image
sets by matching CT and T2W axial images. Each plaque was then classified into one of three
groups according to the CT appearance and T2W/PDW signal: 1) collagen, 2) lipid-necrotic core
and 3) calcium.

Arterial FDG uptake was measured for each plaque and normalized to vein FDG activity to
produce a blood-normalized artery activity called the target to background ratio (TBR). The vessel
wall thickness (VWT), the vessel wall area and the total vessel wall area were measured from the
T2W MR images.

Results—The TBR value was higher in the lipid-necrotic core group compared to the collagen
and calcium groups, (p < 0.001). The lipid-necrotic core group demonstrated a significant TBR
variation according to the median of the VWT (TBR = 1.26 ± 0.25 vs. TBR = 1.50 ± 0.12). There
was no correlation with other morphological MR parameters.

Conclusions—This study demonstrates the complementary value of non-invasive FDG-PET/CT
and MR imaging for the evaluation of atherosclerotic plaque composition and activity. Lipid-rich
plaques are more inflamed than either calcified or collagen-rich plaques.
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Introduction
Atherosclerosis remains the commonest cause of death in the western world1, 2. It has
origins in childhood but usually remains asymptomatic until it has reached an advanced
pathological stage. Whilst early intervention can reduce mortality and morbidity3, 4, the lack
of symptoms early in the disease course makes it difficult to target all affected patients.
Inflamed plaques, and those with large lipid cores and thin fibrous caps are more likely to
progress and cause clinical events than those without these features5–8. Therefore imaging
the vasculature for both its inflammatory state (activity) and the presence of disease is
becoming more important9.

Positron Emission Tomography/ Computed Tomography imaging (PET/CT) can identify
and track inflammation within atherosclerotic plaque when used with the tracer [18F]-
Fluoro-2-deoxy-D-glucose (FDG). This radionuclide is able to accumulate within
metabolically active cells, including plaque macrophages. Rudd et al. demonstrated
enhanced carotid FDG uptake in patients with recent ischemic cerebrovascular events10.
Subsequent studies have shown a good agreement between FDG uptake and plaque
macrophage content in a similar patient group (r = 0.78, p<0.001)11.

Magnetic Resonance Imaging (MRI) can identify high-risk atherosclerotic plaques. Yuan et
al. showed in an in-vivo multicontrast magnetic resonance study of human carotid arteries a
sensitivity of 85% and a specificity of 92% for identifying plaques with high risk features
such as a lipid-necrotic core 12. Similarly, Cai et al. demonstrated good agreement between
the American Heart Association (AHA) classifications of plaques and parameters derived
from MRI 13. We set out to examine the relationship between inflammation, plaque
morphology and composition using FDG-PET/CT and MRI of the carotid and femoral
arteries. We hypothesized that highly inflamed plaques on PET would have the largest lipid
rich areas on MRI.

Methods
Study population

We recruited 16 patients (11 men, 5 women; mean age, 63.1 years (SD±9.6 years)) with
cardiovascular risk factors (Table 1). All patients had PET/CT and MR studies performed
the same day. Informed consent was obtained and the study was approved by the local
Institutional Review Board. Femoral imaging was performed if femoral atherosclerotic
disease was clinically documented (7 subjects). Carotid imaging was performed in the
remaining nine patients without femoral artery disease. Those remaining patients were
referred because of a recent history of myocardial infarction (<3 months).

PET/CT imaging
PET/CT was performed after an overnight fast using a General Electric (Milwaukee,
Wisconsin) Lightspeed discovery ST16 PET/CT scanner. The serum glucose was measured
before FDG administration; patients with a level of ≥200 mg/dl were excluded. FDG was
administered intravenously (12.8 to 18 mCi), and patients rested comfortably for 90 min.
The circulation time was based on previous studies as giving an optimal signal to
background FDG uptake ratio 15. A CT scan (140Kv, 80mA, and 4.25mm slice thickness)
was performed for attenuation correction and coregistration. Femoral imaging covered the
area from the aortic bifurcation to the knee, in 2D mode over 40 minutes acquisition time.
Carotid imaging covered one bed position (15.5cm) with the superior aspect being the
internal auditory meatus and was acquired in 3D mode using a 128 × 128 pixel matrix. 3D
PET images were reconstructed using the backprojection algorithm16 while 2D PET images

Silvera et al. Page 2

Atherosclerosis. Author manuscript; available in PMC 2012 September 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were reconstructed using the ordered subset–expectation maximization (OS-EM)
algorithm17.

MRI imaging
MR was performed on a 1.5 Tesla Siemens Sonata MR system (Siemens, Erlangen,
Germany; maximum gradient amplitude = 40 mT/m; slew rate = 200 mT/m/ms).

For carotid imaging, a custom built 4-channel phased-array receiver coil was used to
optimize the signal-to-noise ratio. Patients were positioned supine, without cardiac
triggering and free breathing. Localization of the carotid was obtained with both fast
gradient echo and time of flight sequences. Imaging covered the carotid bifurcation and
approximately 3 cm above and below. Transverse images were acquired using Rapid
Extended coverage (REX)18, 19, double-inversion recovery (DIR) and turbo-spin echo (TSE)
techniques. Proton density weighted (PDW) and T2-weighted (T2W) images were acquired
with the following parameters: slice thickness = 3 mm; inter-gap slice = 0.3 mm; repetition
time, 2130ms/2130ms (PDW/T2W images); echo time 5.6ms/56ms (PDW/T2W images);
field of view (FOV) 12 cm; acquisition Matrix 256×256; no phase wrap; number of signal
average 2/4 (PDW/T2W images); turbo factor (Echo train length): 15/15 (PDW/T2W
images); receiver bandwidth: 488 Hz/pixel; no zero filling; 7 slices acquired simultaneously
with 4 dark blood blocks, inversion time = 157 ms and chemical shift suppression pulse was
added to suppress the signal from the perivascular fat.

Common femoral artery (CFA) and superficial femoral artery (SFA) imaging was performed
using a six element spine array along with a 2-channel anterior body coil. Localizer images
were obtained from the aortic bifurcation to the mid thigh. Images were acquired with turbo-
spin echo (TSE) technique. PDW and T2W images were achieved with the following
parameters: slice thickness = 3 mm, inter-gap slice = 1.5 mm; Repetition Time, 3500ms/
3500ms (PDW/T2W Images); Echo Time 4.7ms/46ms (PDW/T2W Images); Field of view
(FOV) 30 cm; acquisition matrix 384×382/ 320×284 (PDW/T2W Images); number of signal
average 4/4 (PDW/T2W Images).

Data analysis
Image coregistration—Anatomical coregistration was done by viewing CT and T2W
MR images simultaneously on the Advantage Workstation, 4.2 (General Electric,
Milwaukee, Wisconsin). CT and MR images were carefully matched using anatomical
landmarks. The carotid bifurcation was used for the neck imaging studies, whilst the
inguinal ligament and the shape of the sartorius and adductor muscles guided coregistration
of the femoral artery imaging studies. Two observers analyzed slice by slice all studies in
every subject. Occasional slices had to be excluded because of poor image quality.
Following PET/CT and MR image coregistration, one observer analyzed the MR dataset and
another independently analyzed the corresponding PET/CT dataset.

Measurement of FDG uptake—The PET/CT images were transferred to a Xeleris
workstation (General Electric, Milwaukee, Wisconsin). The carotid artery was divided
anatomically into internal and common carotid arteries; similar distinction was made for the
femoral studies (common and superficial). Arterial FDG uptake was measured by drawing
circular regions of interest (ROI) on every slice of the co-registered PET/CT images. The
ROI was fitted to the artery wall on each axial slice and other views (coronal and sagittal)
were used to ensure that the FDG uptake was from the artery. The mean arterial
standardized uptake value (SUV) was recorded on every axial slice along the vessel length.
The mean artery SUV value was normalized to the blood pool SUV value measured from
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the jugular vein or the inferior vena cava. The result was the mean arterial tissue-to-
background ratio (TBR)11, a reflection of true arterial FDG uptake.

Vessel quantitative analysis with MRI—Quantitative analysis of MR vessel wall
images was performed with the ‘Vessel Mass’ software package (Leiden University Medical
Center, The Netherlands). ROI capturing the inner and outer borders of the vessel wall were
drawn onto every axial slice on T2W MR images. The following parameters were derived
from the ROIs: mean vessel wall thickness (VWT), lumen area, vessel wall area (VWA) and
total vessel area (TVA).

Plaque characterization with CT and MRI—The CT and MR images were transferred
onto the Advantage Workstation (General Electric, Milwaukee, Wisconsin). After
coregistration, every slice on CT had matching T2W and PDW slices. The CT data was used
to detect the presence of calcification. If present, the plaque was classified as ‘calcium’
group. If not calcified, further plaque characterization by MR was based on the qualitative
analysis of the signal intensity of the artery wall on T2W and PDW images using established
criteria (Table 2.) 20, 21. Collagen component was defined as iso- to hyperintense on T2W
images and hyperintense on PDW images (Fig. 1a). Lipid-necrotic core was defined as
hypo- or isointense on T2W images and hypo- or isointense on PDW images (Figs 1b and
2a). Using these criteria, plaques were characterized as being in the calcium group, the
collagen group or the lipid core group.

Each plaque group was also subdivided according to the median value of the VWT: above
the median value = subgroup A and below the median value = subgroup B.

Statistical analysis
To assess the relationships between mean TBR values across the three plaque groups, the
non-parametric Mann-Whitney test was used. To assess the influence of the VWT on TBR
in each group, the Mann-Whitney test was also used. The Spearman’s rank correlation was
used to study the relationships between mean TBR value and the following: VWT, VWA,
and TVA. A value of P < 0.05 was considered significant.

Results
Nine patients underwent carotid imaging and seven had femoral artery imaging performed.
After coregistration, 346 slices (collagen group = 253, lipid-necrotic core group = 41 and
calcium group = 52) were included in the analysis.

Imaging parameters
The mean TBR value in each plaque group is given in Fig. 3. The lipid-necrotic core group
had significantly higher mean TBR values than the collagen (p <0.001) and calcium groups
(p<0.001). There was no difference in mean TBR levels between the collagen (1.19
(interquartile range (IQR) = 1.03–1.35) and calcium group (0.92 (IQR= 0.92–1.38) p =
0.66).

Fig. 4 illustrates the relationship between plaque morphology, composition and mean TBR.
The plaques were divided into thin and thick walled subtypes based on the median vessel
wall thickness of the subgroup. The lipid-necrotic core group had a median vessel wall
thickness of 19 mm. There was a significant difference (p=0.03) in mean TBR in plaques
with a mean vessel wall thickness lower than and those higher than 19 mm (mean TBR: 1.26
± 0.25 vs. 1.50 ± 0.12). However, no such differences existed when the collagen and
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calcium groups were sub-divided according to their mean vessel wall thickness (p = 0.37
and p = 0.68 respectively) (Fig. 4).

Except for the mean vessel wall thickness (r=0.041, p=0.447) the correlations between the
mean TBR and the MRI parameters, including mean vessel wall thickness (r= 0.041,
p=0.447), mean lumen area (r=0.402, p<0.00001), mean vessel wall area (r=0.29, r=0.402,
p<0.00001), mean total vessel area (r=0.41, p<0.00001) ) were significant, albeit weak.

Discussion
We prospectively compared the accumulation of FDG by PET-CT across different plaque
morphology and compositions defined by MRI, in both carotid and femoral arteries. We
chose to study carotid and femoral arteries together since the pathobiology of atherosclerosis
is thought to be similar in both arterial beds22.

We demonstrated higher vascular FDG uptake within lipid-rich plaques. The arteries with
collagen and those containing calcium on MRI showed a similar and lower FDG uptake on
PET-CT.

The difference in FDG uptake between the plaques maybe due to a smaller number of
macrophages and their activity in the different types of plaques. This hypothesis is supported
by the work of Tawakol et al. who showed, in a rabbit model of atherosclerosis a strong
correlation between macrophage density and FDG uptake24 and reported similar findings in
patients with carotid artery disease11.

Using complementary imaging methods allows a non-invasive characterization of both
plaque composition and inflammatory activity. Our data suggest that those plaque types
deemed high risk by the AHA criteria were in fact the one with the most FDG uptake.
Collagen-rich and calcified plaques were low in their accumulation of FDG.

We also evaluated the mean tissue-to-background ratio (TBR) value according to a cutoff
defined as the median of the mean vessel wall thickness in each group. The lipid-necrotic
core group was the only one to display the following relationships: high TBR/thick vessel
wall, low TBR/thin vessel wall. These findings are in keeping with pathologic studies that
point to plaques with large lipid cores being at high risk of rupture23.

Study limitations
Our study is limited by the small number of patients. Moreover, due to the limited spatial
resolution of the PET/CT, around 5 mm, the partial volume effect is likely to influence the
results. We did not examine the fibrous cap thickness in this study. This measure has also
been shown to be a predictor of subsequent plaque rupture events22, 25. This could be
achieved usingT1 weighted MRI sequences, or by using MRI contrast agents to highlight the
cap. We are currently undertaking such studies in patients with carotid disease to investigate
whether fibrous cap thickness has any bearing on plaque inflammation.

Conclusion
In this study, two high-risk aspects of atherosclerosis were determined by FDG-PET/CT and
by MRI (T2W and PDW images). Atherosclerotic plaque inflammation is greater within
lipid-rich plaques, and is proportional to the vessel wall thickness. After further, prospective
validation studies, these non-invasive measurements could help to determine risk of clinical
events within individual patients.
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Fig 1.
(a) Transverse MR and FDG-PET/CT images demonstrating a collagen rich plaque of the
right common carotid artery. The T2-weighted (T2W) image demonstrates the right
common carotid artery (white arrow), the jugular vein (“v”), the sterno-cleido-mastoid
muscle (‡) and the thyroid cartilage (†). Carotid artery wall appears hyperintense on T2W
(white arrow) and on proton density weighted (PDW) images. CT confirms the absence of
calcification in the artery wall. The right common carotid artery is displayed on the
computed tomography (CT) and on the fused positron emission tomography/CT (PET/CT)
images (white dashed circle).
(b) Transverse MR images and corresponding FDG-PET/CT images indicate a carotid artery
lipid-necrotic core plaque, hypointense on T2W (white arrow) and on PDW images. CT
image demonstrates the absence of calcification. The white dashed circle demonstrates FDG
uptake into the entire artery section on the PET/CT image.
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Fig 2.
Transverse MR and FDG-PET/CT images obtained at the same location in the right
superficial femoral artery in two different patients.
(a) The lipid-necrotic core plaque is eccentric and hypointense on T2W (white arrow) and
on proton density weighted (PDW) images. The absence of calcification in the vessel wall
on CT in combination with the MR findings suggests a lipid rich plaque. FDG uptake is
measured inside the white dashed circle display on the fused PET/CT image.
(b) Eccentric calcified plaque into the posterior wall of the superficial femoral artery, the
lumen (*) is above and the superficial femoral vein (v) adjacent to the artery. The
hypointense region on T2W (white arrow) and on PDW (white arrow) images is associated
with a large hyperattenuated region on CT (white arrow).
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Fig 3.
Mean TBR values according to plaque composition.
Diagram depicts the relationship between mean tissue-to-background ratio (TBR) values and
plaque composition. The lipid group had a higher mean TBR than the collagen (p<0.001)
and calcium group (p<0.001). There was no difference in mean TBR levels between the
collagen (1.19 (interquartile range (IQR) = 1.03 –1.35) and calcium group (0.92 (IQR=
0.92–1.38) p = 0.66).
Error bars indicate standard deviation and PET = positron emission tomography.
* Calcifications were defined by CT.
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Fig 4.
Each group was divided according to the median of the vessel wall thickness (VWT): left
below the cutoff and right above it. The threshold value is 16 mm for the collagen group, 19
mm for the lipid-necrotic core group and 16 mm for the calcium group.
VWT is correlated to the mean TBR values only if the plaque belongs to the lipid-necrotic
core group. Mean TBR values and VWT are not correlated in the calcified or collagen
plaque groups.
Error bars indicate standard derivation. TBR = tissue-to-background ratio; PET = positron
emission tomography.
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Table 1

Cardiovascular risk factors

Mean Body Mass Index (kg/m2) 26 (SD±3.7)

Hypertension, n (%) 9 (56.25)

Diabetes, n (%) 4 (25)

Smoking, n (%) 2 (12.5)

History of CAD*, n (%) 11 (68.75)

History of stroke, n (%) 0 (0)

Statins use, n (%) 15 (93.75)

*
CAD: Coronary Artery Disease
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Table 2

MR Signal Intensity (SI) of Main Components of Atherosclerotic Plaque

Plaque component T2W PDW

Collagen +/−to + +

Lipid rich/ necrotic core −to +/− −to +/−

T2W indicates T2-weighted and PDW, proton density weighted.
SI relative to adjacent muscle.

+
Hyperintense.

+/−
Isointense.

−
Hypointense.
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