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ABSTRACT
Subclinical atherosclerosis precedes the onset of clinical disease by many years.
Noninvasive magnetic resonance imaging (MRI) offers the opportunity to visualize
and quantify atherosclerotic plaque. However, the reproducibility of MRI measurements of abdominal and thoracic aortic atherosclerosis has not been reported. Electrocardiogram-gated, T2-weighted, turbo spin echo MRI of the descending thoracic
and abdominal aorta was performed on 16 subjects, comprising 10 subjects with
multivessel coronary artery disease (CAD) and 6 subjects without angiographic
CAD. Three identical MRIs were performed on each subject, with subject repositioning between the second and third scans. Aortic anatomic and plaque measurements
were performed in a blinded fashion. Fourteen subjects (88%) had MRI evidence
of atherosclerotic plaque on at least one image. Slice plaque burden, plaque area,
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and plaque perimeter were greater in the CAD group (52% vs. 9%, p ⫽ 0.002; 264
vs. 18 mm2, p ⫽ 0.009; 159 vs. 15 mm, p ⫽ 0.006, respectively). Measurements of
total aortic lumen area, lumen circumference, plaque area, and plaque perimeter
correlated highly among the three scans (all r ⫽ 0.96, all p ⬍ 0.001). Measurements
of slice-specific aortic lumen area and lumen circumference also correlated highly
(all r ⫽ 0.98, all p ⬍ 0.001). Correlations of slice-specific plaque area and plaque
perimeter were significant (all p ⬍ 0.001) but less robust (r ⫽ 0.62–0.85). These
data demonstrate that MRI is a reproducible technique for assessing aortic anatomy
and total aortic atherosclerosis, but increased slice density should be considered if
serial evaluation of slice-specific data is desired.
Key Words: Aorta; Atherosclerosis; Magnetic resonance imaging; Subclinical
disease
INTRODUCTION
Atherosclerosis, leading to stroke and coronary artery
disease (CAD), is a major cause of morbidity and mortality in the United States. There is increasing evidence that
the primary mechanism for stroke and acute coronary
syndromes is disruption of an atherosclerotic plaque with
superimposed thrombosis (1,2). Subclinical atherosclerosis precedes the onset of clinically apparent disease (e.g.,
angina, myocardial infarction, or stroke) by many years
or decades (3,4). Aortic atherosclerosis predicts clinical
CAD and CAD events (5,6). Autopsy data in young persons dying of trauma suggest that subclinical atherosclerosis is associated with traditional CAD risk factors (7).
Conventional x-ray angiography is poorly predictive of
the sites of subsequent clinical events and underestimates
underlying plaque burden (8–10). In addition, early in the
development of coronary atherosclerosis, compensatory
lumen enlargement, whereby the arterial wall initially expands in response to atherosclerotic plaque, results in
relative preservation of lumen area despite significant
plaque burden (11).
Magnetic resonance imaging (MRI) is a noninvasive
technique that allows quantification and characterization
(12–14) of atherosclerotic plaque. MRI has also been
shown to provide anatomic information regarding thoracic aortic plaque that compares favorably with transesophageal echocardiography (15). MRI may therefore
provide a means to observe the natural progression or
regression of atherosclerosis in response to therapy (16).
To our knowledge, however, the reproducibility of MRI
measurements of aortic atherosclerosis burden has not
been reported. This was the primary purpose of our study.

MATERIALS AND METHODS
MRI of the abdominal and thoracic aorta was performed on 16 adult subjects (12 men and 4 women aged

63 ⫾ 9 years; range, 47–80 years). Ten subjects had a
history of multivessel CAD, and 6 subjects had no evidence of CAD by recent (⬍1 year) x-ray coronary angiography. All subjects were in sinus rhythm and without
contraindications to MRI. Written informed consent was
obtained from all subjects, and the study was approved
by the hospital Committee on Clinical Investigations.
MRI was performed using a commercial 1.5-T wholebody MR system (Gyroscan NT, Philips Medical Systems, Best, The Netherlands) with PowerTrak 6000
gradient system (23 mT/m, 220 µsec rise time). Twentyfour transverse 5-mm-thick (10-mm gap) images of the
aorta extending from the arch to the distal bifurcation
were obtained using an electrocardiogram-gated, T2weighted, turbo spin echo sequence (TSE factor ⫽ 14)
with fat saturation. Imaging parameters included an echo
time of 45 msec, repetition time of three heart beats, and
264 ⫻ 330 mm field of view with 256 ⫻ 512 acquisition
matrix resulting in an in-plane spatial resolution of 1.03
⫻ 0.64 mm. To ensure signal void (from flowing blood)
within the aortic lumen, time delays of 75 msec and 125
msec after the QRS were used for imaging of the thoracic
and abdominal aorta, respectively. Fat saturation prepulses were used to suppress signal from fatty tissue contiguous to the aorta and to minimize chemical shift artifacts related to periadventitial fat. All data were acquired
with prospective electrocardiogram gating during free
breathing with four averages (thoracic aorta five-element
cardiac synergy coil as radiofrequency receiver) or six
averages (abdominal aorta body coil as radiofrequency
receiver), both with foldover suppression.
Three identical MRIs were performed on each subject.
The first two scans were performed in succession without
any gross subject movement. After the second scan, the
subject was removed from the scanner table, repositioned, and a third scan was performed with the most
superior slice positioned at the aortic arch. Total imaging
time for each scan was ⬃16 min. Total imaging time for
each subject was ⬃90 min.
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Figure 1. (a) Electrocardiogram-gated, T2-weighted, turbo spin echo, transverse magnetic resonance image of descending thoracic
aorta in one subject with aortic plaque (white arrow). (b) Planimetry of aortic lumen for measurement of lumen area and lumen
circumference, and planimetry of atherosclerotic plaque for measurement of plaque area and plaque outer perimeter. The outer surface
of the plaque represents the plaque outer perimeter.

Images were transferred to a commercial EasyVision
4.0 workstation (Philips Medical Systems) for analysis.
Images containing aortic lumen were designated as either
thoracic or abdominal aorta, defined by their location
above or below the diaphragm, respectively. In each image, the aortic lumen was manually planimetered using
an interactive track-ball system and ellipsoid model to
determine the cross-sectional area and circumference
(Fig. 1). Each slice was then visually inspected for the

presence of atherosclerotic plaques. Atherosclerotic
plaques were defined as luminal protrusions with characteristic appearances on T2-weighted images (12–14) that
were not obscured by chemical shift artifact, flow artifact
from residual blood signal, or cardiac or respiratory motion artifact. For each plaque, the plaque outer perimeter
and cross-sectional plaque area were recorded (Fig. 1).
The plaque outer (rather than total) perimeter was measured so as to be analogous to autopsy surface area data

Table 1
Summary of Clinical and Aortic Data
Total
Number of subjects
Age (yr)
Aortic volume (cm3)
Aortic volume/height (cm3 /m)
Aortic volume/BSA (cm3 /m2 )
Slice-specific lumen area (mm2 )
Slice-specific lumen circumference (mm)
Slice plaque burden (%)
Total plaque area (mm2 )
Total plaque perimeter (mm)
BSA, body surface area.

63.4
107
62.3
54.6
339
64.1
35.4
172
105

16
⫾ 9.4
⫾ 34
⫾ 18.7
⫾ 14.7
⫾ 135
⫾ 13.2
⫾ 30.1
⫾ 194
⫾ 109

CAD
65.5
114
65.8
57.9
361
66.1
51.6
264
159

10
⫾ 7.6
⫾ 39
⫾ 21.8
⫾ 17.4
⫾ 144
⫾ 13.8
⫾ 27.0
⫾ 194
⫾ 105

No CAD

p

6
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾

0.27
0.34
0.35
0.26
⬍0.001
⬍0.001
0.002
0.009
0.006

60.0
97
56.4
49.1
298
60.3
8.5
18
15

11.8
23
11.5
7.0
106
11.3
9.5
20
17
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specific data. Slice plaque burden (number of slices with
plaque/total number of slices) was also determined. Total
and slice-specific data among the three scans were compared by repeated-measures analysis of variance. Leastsquares linear regression was used to assess the relationship between the scans, which were summarized using
the Pearson correlation coefficient (r). Bland-Altman
analysis was used to evaluate the agreement between
studies. All analyses were two-tailed, with p ⫽ 0.05 considered significant.

RESULTS
All subjects completed MRI without complications.
Clinical and aortic data are summarized in Table 1. Fourteen subjects (88%) had evidence of aortic atherosclerotic
plaque on at least one image. Slice plaque burden was
greater in those with CAD compared with those without
CAD with over half of aortic slices containing plaque in
the CAD group ( p ⫽ 0.002). Total plaque area ( p ⫽
0.009, Fig. 2) and plaque outer perimeter ( p ⫽ 0.006)
were also greater in the CAD group, with minimal overlap between groups. Mean aortic lumen area and lumen
circumference were greater in the CAD group (both p ⬍
0.001) with a trend toward larger aortic volume in the
CAD group.
Among the three MRIs performed on each subject,
measurements of total aortic lumen area, lumen circumference, plaque area, and plaque outer perimeter were all
highly correlated (all r ⫽ 0.96, all p ⬍ 0.001; Table 2,
Fig. 3). Measurements of slice-specific aortic lumen area
and lumen circumference also correlated highly (all r ⫽
0.98, all p ⬍ 0.001; Table 2). Correlations of slicespecific plaque area and plaque outer perimeter were
significant (all p ⬍ 0.001) but less robust (r ⫽ 0.62–0.85;

Figure 2. Individual subject data for total plaque area in those
with multivessel CAD and those without CAD.

(4). The aortic volume was calculated as the sum of the
aortic lumen areas multiplied by 15 mm (sum of the slice
thickness and slice gap). Aortic lumen area from slices
with poor image quality were estimated using linear interpolation from adjacent slice data. Images were analyzed in random order and by an experienced observer
blinded to all clinical data.
Statistical Analysis
All data are presented as means ⫾ SD. For each scan,
total and slice-specific aortic lumen area, aortic lumen
circumference, plaque area, and plaque outer perimeter
were determined. The aortic bifurcation and diaphragm
were used as anatomic landmarks for alignment of slice-

Table 2
Summary of Correlation (r Values) of Aortic Lumen and Plaque Measurements Among the Three MRI

Total lumen area (mm2 )
Total lumen circumference (mm)
Total plaque area (mm2 )
Total plaque perimeter (mm)
Slice-specific lumen area (mm2 )
Slice-specific lumen circumference (mm)
Slice-specific plaque area (mm2 )
Slice-specific plaque perimeter (mm)

Scan 1 vs. Scan 2

Scan 1 vs. Scan 3

Scan 2 vs. Scan 3

0.99
0.99
0.98
0.98
0.99
0.99
0.85
0.85

0.99
0.99
0.97
0.96
0.98
0.98
0.73
0.76

0.99
0.99
0.99
0.98
0.98
0.98
0.62
0.68
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(c)

(d)

Figure 3. (a) Graph of total aortic lumen area determined from scan 1 and scan 2. (b) Graph of total aortic lumen circumference
determined from scan 1 and scan 2. (c) Graph of total plaque area determined from scan 1 and scan 2. (d) Graph of total plaque
outer perimeter determined from scan 1 and scan 2. The lines represent the best fit as determined by least-squares linear regression.

ORDER

336

REPRINTS

Chan et al.

Figure 4. Bland-Altman comparisons of measurements determined from scan 1 and scan 2 of (a) total aortic lumen area, (b) total
lumen circumference, (c) total plaque area, and (d) total plaque outer perimeter.

Table 2). Bland-Altman analyses for aortic lumen and
plaque measurements are presented in Fig. 4.

DISCUSSION
Noninvasive MRI assessment of aortic atherosclerosis
has been proposed as an important clinical and epidemiologic tool for assessment of clinical and subclinical disease (17,18), but the reproducibility of MRI data has not
been previously reported. In this study, we validate the
use of MRI as a highly reproducible method for assessing
both aortic cross-sectional anatomy and total aortic ath-

erosclerotic plaque burden. Slice-specific measurements
of aortic plaque burden were significant but less robust,
likely related to the relatively wide (10-mm) slice gap in
the study protocol. Thus, if slice-specific regression or
progression studies are desired, increased slice density
(smaller interslice gap) should be considered.
Although the primary purpose of this study was not
to investigate differences in aortic anatomy and plaque
burden among subjects with and without CAD, we found
that both total aortic plaque area and slice plaque burden
were increased among those with multivessel CAD. Also,
the average cross-sectional aortic lumen area and circumference were significantly greater among those with
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CAD. These data are provocative because they support
a ‘‘Glagov effect’’ (11) in the aorta. Whether or not such
compensatory enlargement in response to atherosclerosis
actually occurs in the human aorta has yet to be shown.
Our findings regarding the reproducibility of MRI in
assessing aortic anatomy and atherosclerotic plaque burden are of primary importance in establishing the usefulness of this test, both for investigative and clinical applications. MRI is currently the only noninvasive method
of directly visualizing and quantifying thoracic and abdominal aortic atherosclerotic plaque. MRI holds the potential of detecting the presence of atherosclerotic plaque
before it becomes clinically significant and may be suitable for monitoring the regression or progression of atherosclerotic disease after therapy. Studies are already underway to determine the clinical predictive utility of MRI
screening of asymptomatic aortic atherosclerosis (17,18).
The current study fulfills a critical step of demonstrating
the integrity of MRI as a reproducible imaging tool for
quantifying aortic atherosclerosis.
In this study, we sought to determine the reproducibility of MRI measurements of aortic atherosclerosis burden
by performing serial studies without patient movement
and following patient removal from the MR environment
and subsequent scanning. Other potentially important
variables, such as comparisons with different MR pulse
sequences, MR vendor platforms, set-up/scanning by different MR technologists, and scanning on a different day
or time of day, were not investigated and remain to be
examined. Finally, a more specific positioning landmark
for the imaging volume (e.g., ostium of a renal artery)
may have facilitated improved slice-specific reproducibility.
CONCLUSIONS
MRI measurements of total aortic and slice-specific
area and circumference are highly reproducible. MRI
measurements of total plaque area and perimeter also correlate highly, but the correlation of slice-specific plaque
data is less robust, likely due to the slice gaps and reduced
slice density in the protocol used. These data demonstrate
that MRI is a reproducible technique for assessing total
aortic atherosclerosis, but increased slice density should
be considered if serial evaluation of slice-specific data is
desired.
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