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Abstract

using semi-automatic image analysis software.

for atherosclerotic risk factors and wall area.

Background: Atherosclerotic plaque morphology and components are predictors of subsequent cardiovascular
events. However, associations of plaque eccentricity with plague morphology and plague composition are unclear.
This study investigated associations of plague eccentricity with plaque components and morphology in the proximal
superficial femoral artery using cardiovascular magnetic resonance (CMR).

Methods: Twenty-eight subjects with an ankle-brachial index less than 1.00 were examined with 1.5T high-spatial-
resolution, multi-contrast weighted CMR. One hundred and eighty diseased locations of the proximal superficial
femoral artery (about 40 mm) were analyzed. The eccentric lesion was defined as [(Maximum wall thickness- Minimum
wall thickness)/Maximum wall thickness] > 0.5. The arterial morphology and plaque components were measured

Results: One hundred and fifteen locations were identified as eccentric lesions and sixty-five as concentric lesions. The
eccentric lesions had larger wall but similar lumen areas, larger mean and maximum wall thicknesses, and more
calcification and lipid rich necrotic core, compared to concentric lesions. For lesions with the same lumen area, the
degree of eccentricity was associated with an increased wall area. Eccentricity (dichotomous as eccentric or concentric)
was independently correlated with the prevalence of calcification (odds ratio 3.78, 95% Cl 1.47-9.70) after adjustment

Conclusions: Plaque eccentricity is associated with preserved lumen size and advanced plaque features such as larger
plaque burden, more lipid content, and increased calcification in the superficial femoral artery.

Background

Peripheral arterial disease (PAD), a chronic atheroscle-
rotic occlusive disease in the lower extremities, affects 8
to 12 million Americans [1,2]. Local symptoms include
intermittent claudication, skin ulcer and progressive
extremity gangrene [3]. The risk of death for PAD
patients with claudication, especially from coronary and
cerebrovascular events, is approximately 2 times greater
than the risk for controls without PAD [2,4]. Despite their
increased risk of cardiovascular events, patients with
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PAD are frequently underdiagnosed and undertreated
[1].

Previous studies in various arterial beds have demon-
strated that plaque compositions are strongly associated
with plaque progression, vulnerability and subsequent
symptoms [5-7]. Plaques that show intraplaque hemor-
rhage (IPH), thinned or ruptured fibrous caps and larger
lipid rich necrotic cores (LRNC), are more likely to cause
cardiovascular events [5,6]. The lower extremity arterial
calcification content, measured by computed tomogra-
phy, has been demonstrated as a potential marker for
PAD severity and high risk of amputation in PAD patients
[7].
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Besides plaque composition, a number of identified
morphological characteristics also provide important
prognostic information for atherosclerotic lesions, one of
which is lesion eccentricity [8]. A few studies suggested
that the patients with cerebrovascular and cardiovascular
symptoms trended to present with eccentric plaques
rather than concentric lesions [9,10]. In addition, the pro-
gression of atherosclerosis disease was identified more
common in eccentric lesions as compared to concentric
geometry [11].

High resolution multi-contrast cardiovascular mag-
netic resonance (CMR) is a noninvasive technique capa-
ble of providing detailed vessel wall information with
high accuracy [12]. A number of studies have used multi-
contrast CMR as a reliable tool in the assessment of ath-
erosclerotic lesions in various arterial beds, including the
carotid, aorta and coronary [13-15]. One prior study
demonstrated the reliability and reproducibility of mea-
surement of atherosclerotic plaque volume in the superfi-
cial femoral artery [16]. However, to our knowledge, no
prior CMR studies have reported on composition of ath-
erosclerotic plaque in the lower extremity arteries.

In this study, we hypothesize that there is a correlation
between plaque eccentricity and plaque morphology and
composition. These plaque characteristics are measured
using high-spatial-resolution multi-contrast CMR in the
superficial femoral artery (SFA).

Methods
Study population
From February to July 2008, twenty-eight subjects were
randomly selected from among participants in the Walk-
ing and Leg Circulation Study (WALCS) III cohort.
WALCS III participants were identified from consecutive
patients with PAD in the non-invasive vascular laborato-
ries at Northwestern Memorial Hospital (Chicago, IL) or
from consecutive patients with a diagnosis of PAD who
were seen in the vascular surgery, general internal medi-
cine, geriatric, cardiology, or endocrinology clinics at the
Northwestern Medical Faculty Foundation (Chicago, IL).
The inclusion criterion was an ankle-brachial index
(ABI) <1.00 at the baseline study visit. Exclusion criteria
were contraindications to CMR, recent major surgery or
cardiovascular event, inability to walk without a wheel-
chair, stopping during the six-minute walk test due to
shortness of breath or arthritic symptoms, inability to
speak English, nursing home residence, lower extremity
limb amputation, dementia, life expectancy <12 months,
and hepatorenal syndrome with associated renal insuffi-
ciency. Participant report was collected to acquire infor-
mation on comorbidities, using established methods [17].
Comorbidities assessed were history of hypertension,
diabetes, and coronary artery disease. Cigarette smoking
history was measured by self-report. All participants gave
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informed written informed consent. The study was
approved by the institutional review boards of participat-
ing sites.

CMR protocol

All MR scans were performed at a 1.5T (MAGNETOM
Espree, Siemens) platform using four-element phased-
array surface coils. A standardized protocol (Table 1) was
used to obtain 2D bright blood time-of-flight (TOF),
black blood T1 weighted, T2 weighted and proton-den-
sity weighted (PD) images. Dual regional saturation
bands (thickness: 50 mm) 10 mm above and below the
imaging volume were applied before data acquisition of
each slice to suppress the luminal blood signal. Data for
each slice were acquired in an interleaved fashion with
each repetition time [18]. Fat suppression was applied in
all black-blood sequences to improve identification of
vessel outer wall boundaries as well as to avoid chemical
shift artifacts. The longitudinal coverage of the superficial
femoral artery (SFA) was about 40 mm, beginning at the
point where the common femoral artery (CFA) bifurcates
into the proximal SFA. After acquisition, all raw data
underwent zero-filled interpolation to a matrix size of
512 x 512 pixels.

Image analysis

The multi-contrast weighted cross-sectional images were
matched using the bifurcation of CFA as a fiducial marker
(Figure 1). Two trained reviewers (F. L. and X. Z.) with at
least one year experience in CMR performed the image
review with consensus opinion. Image quality (IQ) was
assessed using a previously developed four-point scale (1
= poor quality, 4 = excellent) [19]. Images of occluded
SFA or poor image quality were excluded due to unidenti-
fiable lumen and vessel wall. For images with an image
quality score of 2 or greater, the lumen area (LA) and total
vessel area (TVA) were outlined using semi-automatic
image analysis software (CASCADE) [20]. Wall area (WA
= TVA-LA), mean/maximum/minimum wall thickness
(MeanW'T, MaxW T, MinWT) were derived from the LA
and TVA outlines.

The eccentricity index for each location was calculated
by the equation: (MaxWT - MinWT)/MaxW T (Figure 2).
A lesion was defined as eccentric if the index was >0.5
and as concentric if <0.5 [9].

Criteria for outlining intraplaque hemorrhage (IPH),
lipid rich necrotic core (LRNC) and calcification (CA)
were based on previously published carotid CMR criteria
for imaging with multi-contrast techniques [12] (Figure
3). Relative content (%) of components was calculated as
(component area/wall area)*100.

For each location, lesion type was classified as type I
through VIII according to modified American Heart
Association (AHA) criteria [13]. Locations with a lesion
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Table 1: Basic scan parameters for the femoral artery imaging protocol at 1.5T

Parameters Scan type
1 2 3 4
black-blood PDW black-blood T1W black-blood T2W bright-blood TOF
Sequence TSE TSE TSE GRE
Image mode 2D 2D 2D 2D
Scan plane Axial Axial Axial Axial
TR, msec 2160 620 2160 38
TE, msec 5.7 5.7 51 8.67
FOV,cm 12x12 12%x12 12x12 12%x12
Matrix size 192 %192 192 x 192 192 %192 384 x 384
Resolution, mm?2 0.63 x0.63 0.63 x 0.63 0.63 x0.63 0.31x0.31
Slice thickness, mm 3 3 3 3
slices 14 14 14 14
NEX 10 12 10 2
Saturation band on on on off
Fat suppression Yes Yes Yes No

TR: repetition time; TE: echo time; NEX: number of excitations

of type III and above were classified as diseased segments
and were analyzed.

Statistical analysis
Statistical analysis was performed using SPSS for Win-
dows (version 12.0, Chicago, IL) and R version 2.9.2.
Quantitative data are presented as mean + standard devi-
ation (SD). Qualitative data are presented as frequencies.
As the data involved multiple observations from each
subject, Generalized Estimating Equation (GEE) models
with robust standard error estimators were used to

account for intra-subject correlations when performing
hypothesis tests [21]. Differences in continuous variables
between eccentric and concentric lesions were assessed
using contrasts from normal linear regression GEE mod-
els. Differences in prevalence of plaque components
between eccentric and concentric lesions were assessed
using logistic regression GEE models. Except for regres-
sion coefficients, all summary statistics (means, standard
deviations, frequencies, etc) are presented without any
adjustment for intra-subject correlation.

Figure 1 Example of cross-sectional CMR images with four contrast weightings. The multi-contrast weighted images were matched using bi-
furcation (arrowhead) of common femoral artery as a fiducial marker. (CFA: common femoral artery; CFV: common femoral vein; SFA: superficial fem-
oral artery; DFA: deep femoral artery).
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Eccentricity Index = (A-B) /A

A: Maximum wall thickness
B: Minimum wall thickness
A and B could be measured by CASCADE automatically

wall boundary; red: lumen).

Figure 2 Delineation of eccentricity measurement. (a), Eccentricity Index = (A - B)/A. A (Maximum wall thickness) and B (Minimum wall thickness)
can be measured by CASCADE automatically. The eccentric lesion is defined as El > 0.5, concentric lesion as El < 0.5; (b) and (c), Examples of femoral
arterial plaques with eccentricity index of 0.31 and 0.83, respectively. A big calcification can be seen in the eccentric plaque (dark area). (blue: outer

Multivariate GEE logistic regression analysis was per-
formed to correlate the prevalence of plaque components
with lesion eccentricity after adjusting for atherosclerosis
risk factors (age, gender, hypertension, diabetes, coronary
artery disease, smoking and statin therapy) and wall area.
All hypothesis tests were conducted within the context of
a GEE model were two-sided, and considered significant
when the P value was <0.05.

Results
After exclusion of two subjects with an occluded SFA and
twenty-one locations with poor image quality (IQ < 2),

272 cross-sectional SFA images from 26 patients were
analyzed. Demographic data for the study population are
presented in Table 2.

Among the 272 locations, 180 locations had a lesion of
type III or above, including 81 type III, 16 type IV-V and
83 type VIIL. According to the eccentricity index (EI), 115
locations were identified as eccentric lesions (eccentricity
index > 0.5) and 65 were concentric lesions. In 18 sub-
jects, eccentric and concentric lesions were coexistent in
the same arteries. Two subjects showed only concentric
and six showed only eccentric lesions.
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head).

Figure 3 Example of signal pattern of calcification and lipid rich necrotic core (LRNC) in multi-contrast weighted CMR. (a) The calcification
shows low intensity signal on all four contrast weightings (arrowhead) (b) The typical image pattern of LRNC is iso-intensity on TOF, iso/high-intensity
on TTWI and low intensity on PD and T2WI. In the posterior vessel wall of superficial femoral artery, a crescent shaped LRNC can be identified (arrow-

The eccentric lesions exhibited significantly larger wall
area, MeanW'T, and MaxWT, while there were no signifi-
cant differences in lumen area. Concentric lesions had
larger MinW T (Table 3, Figure 4).

After adjusting for lumen area in a multivariate linear
regression GEE model, eccentricity index was signifi-
cantly associated with the wall area (p < 0.001). On aver-
age, for a given lumen area, each 0.1 increase in
eccentricity index was associated with a 9.3% larger wall
area.

No intraplaque hemorrhage was detected in these
patients. The prevalence of LRNC in eccentric and con-

Table 2: Demographic data in study population

Parameter Datum

Age (y) 73.62+8.22
Height (cm) 165.73 £ 8.67
Weight (kg) 77.53+16.86
Male 54% (14/26)
History of hypertension 38% (10/26)
History of diabetes 35% (9/26)
History of coronary artery disease 46% (12/26)
Active smoker 12% (3/26)
Low density lipoprotein (mg/dl) 92.38 +32.56
High density lipoprotein (mg/dl) 51.46 £ 18.70
Current statin therapy 77% (20/26)
Ankle-Brachial Index 0.64 £0.20

centric lesions was 13.0% (15/115) vs. 1.54% (1/65) (P =
0.057). Differences in LRNC size were not considered
because there was only a single concentric lesion with a
LRNC. For calcification, the prevalence was 63.5% (73/
115) in eccentric cross-sections vs. 16.9% (11/65) in con-
centric cross-sections (P < 0.001). Considering only loca-
tions with calcification, eccentric lesions had more
calcifications, both in terms of area and relative area (p =
0.002). Using multivariate logistic regression GEE mod-
els, the eccentricity (dichotomous as eccentric or concen-
tric) was independently correlated to the presence of
calcification (odds ratio 3.78, 95% CI 1.47-9.70) after
adjusting for atherosclerotic risk factors and wall area.

Discussion

The femoral artery hardly tapers and has no major side
branches [22], and the atherosclerotic femoral artery
could present very diffuse lesions along the whole artery
with different eccentricity geometries, which make the
femoral artery ideal for the investigation of lesion eccen-
tricity by cross-sectional CMR.

To our knowledge, this is the first study to investigate
the association between plaque eccentricity, morphology
and components in femoral artery using high-spatial-res-
olution multi-contrast weighted CMR. Our results dem-
onstrate that plaque composition and morphology are
strongly associated with the magnitude of lesion eccen-
tricity.

Pathophysiologic studies described eccentric geometry
as a preservation mechanism to maintain the opening of
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Table 3: Comparison of plaque morphology and components between eccentric and concentric lesions

Eccentricity

Eccentric Concentric P Value
(mean + SD) (mean + SD)
Lumen area, mm? 153 +8.35 13.2+88 0.078
Wall area, mm?2 38.8+14.9 264 +10.5 0.019
Mean wall thickness, mm 1.98 +0.61 1.53 +0.31 <0.001
Max wall thickness, mm 339+145 1.94 +0.45 <0.001
Min wall thickness, mm 1.02+0.19 1.19+0.24 <0.001
Calcification, mm2* 4.90 £5.91 1.76 £ 0.55 0.002
% Calcification* 10.1£7.95 540+1.34 0.002

* Only locations that exhibited calcification were included; N = 73 for eccentric, N = 11 for concentric.

% Calcification = (calcification area/Wall area) x 100

lumen in the presence of atherosclerosis. Hemodynamic
forces acting on the endothelium cells are important in
the initiation of the atherosclerotic process and pro-
atherogenic shear stress profiles produce different plaque

Concentric

Eccentric

Figure 4 Example of concentric and eccentric lesions in multi-
contrast weighted CMR. Cross-sectional TOF and PD weighted imag-
es show examples of femoral arterial plaques with eccentricity index of
0.39 (concentric) and 0.78 (eccentric), respectively. The eccentric lesion
has significant larger wall area (27.50 mmZ2vs.15.23 mm?), total vessel
area (87.65 mm2vs. 61.55 mm2), maximum wall thickness (5.09 mm vs.
2.27 mm) and mean wall thickness (2.43 mm vs. 2.27 mm), but still pre-
serves larger lumen area (27.50 mm?2vs. 15.23 mm?). A big piece of cal-
cification (CA), which shows dark signal on all weightings, can be
detected in eccentric plaque.

phenotypes [23,24]. Low shear stress aggravates eccentric
plaque build up, whereas oscillatory shear stress trends to
induce small plaques with a concentric phenotype [24].
As a feedback-control loop, localized eccentric plaque
distribution also contributes to normal lumen preserva-
tion [24], and, by consequence, a low shear stress distri-
bution.

Lumen size measured by angiography has been applied
as the gold standard for the evaluation of disease severity
and pre-procedural risk assessment before interventions
in coronary, carotid and femoral arterial diseases [25].
However, a number of necropsy studies have suggested
that plaque size and vulnerability, other than stenosis,
may also be important prognostic predictors for cardio-
vascular events [26,27]. In this study, the bigger plaques
with unstable features, such as LRNC, exhibited lumen
areas similar to the less advanced lesions due to the
occurrence of eccentricity. Thus, a comprehensive assess-
ment of lesion severity in atherosclerotic vessels may
include not only the arterial stenosis but also the wall
information.

When we controlled for lumen area, the eccentricity
index was strongly correlated with wall area. For a fixed
lumen area, a 0.1 increase in eccentricity index was asso-
ciated with a 9.3% increase in wall area. Furthermore, the
eccentric lesions trended to contain more LRNC (13.0%
vs. 1.54% in concentric), although this finding did not
achieve statistical significance (P = 0.057). Our results
demonstrate that the prevalence of LRNC is greater in
eccentric lesions, compared to concentric lesions. This
finding is in accordance with a previous clinical study
regarding plaque eccentricity using intravascular ultra-
sound (IVUS) as image modality in coronary artery [9].

A number of histopathological studies have suggested
that LRNC is a crucial determinant of the vulnerability of
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atherosclerotic lesions [28]. Accumulation of lipid con-
tent in eccentric lesion indicates this subgroup may be
more likely to rupture and cause subsequent clinical
events. T. Ohara, et al. [10] reported that, in patients with
a carotid stenosis > 70%, eccentric plaques were associ-
ated with a significantly increased incidence of ipsilateral
stroke or transient ischemic attack compared to patients
with concentric plaques, even though the degrees of arte-
rial stenosis were identical. In a retrospective clinical
study including 110 angina patients, Ambrose, et al. [29]
found that eccentric lesions were more common in unsta-
ble angina than concentric lesions.

Although the clinical significances of calcification in
coronary and carotid atherosclerosis are still controver-
sial [30], the calcification in lower extremity arteries has
been demonstrated to be strongly associated with more
advanced PAD [31]. Guzman et al. [7] reported that calci-
fication content in the tibial artery had the potency to be
a better predictor of near-term risk of amputation than a
low ABI in patients with PAD. In this study, after adjust-
ment for the atherosclerotic risk factors and wall area in
the multivariate logistic regression analysis, eccentricity
was independently correlated to prevalence of calcifica-
tion (odds ratio 3.78). The greater degree of calcification
in eccentric lesion implies that the atherosclerotic femo-
ral arteries involved with more eccentric lesions may be
related to a worse prognosis than the arteries dominated
by concentric lesions despite similar stenosis.

Limitations

Due to the insufficiency of surface coil coverage, only the
cross-sectional MR images in proximal segments (about
40 mm) of SFA were acquired and analyzed in this study.
The lesions localized in this segment may not represent
the overall plaque characteristics of the entire SFA. A 3D
CMR sequence with larger coverage and suitable surface
coil may provide more comprehensive imaging than the
methods used in the current study. However, the meth-
ods reported here are state-of-the-art methods for mea-
suring atherosclerotic plaque in the femoral arteries, and
further work is necessary before 3D imaging can be used
successfully to image atherosclerotic plaques in the
superficial femoral artery in PAD patients. In addition,
the sample size was small in this study. Further studies in
a larger population are needed before these results can be
generalized to the population at large.

Conclusions

The eccentricity of atherosclerotic plaque in the superfi-
cial femoral artery preserves lumen size and is associated
with advanced plaque features in vessel wall, such as
larger plaque burden, more lipid content and increased
calcification. Further longitudinal study is needed to
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identify the prognostic significance of plaque eccentricity
in the superficial femoral artery.
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