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Interstudy Reproducibility of Three-Dimensional
Volume-Selective Fast Spin Echo Magnetic Resonance
for Quantifying Carotid Artery Wall Volume
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Purpose: To assess the interstudy reproducibility of a
three-dimensional volume-selective, fast spin echo (FSE)
magnetic resonance technique for the assessment of ca-
rotid artery wall volume, which is a marker for total carotid
plaque volume.

Materials and Methods: Interstudy reproducibility was
evaluated in 10 subjects with evidence of carotid artery
atherosclerotic disease on carotid Doppler ultrasonogra-
phy. Subjects were scanned twice with an interscan time of
one hour to four days. The carotid artery was imaged in
cross-section, and the total carotid arterial wall volume
(TWV) was calculated by subtraction of the total carotid
lumen volume from the total outer carotid vessel volume.

Results: The mean carotid TWV for the scans was 741 and
734 mm3, respectively, with no significant difference (mean
difference 7 mm3; P � 0.5). The time for each study was
approximately 20 minutes. The standard deviation of the
differences between the measurements was 33 mm3, yield-
ing an interstudy coefficient of variation of 4.4%. Sample
size calculations showed that 16 patients would enable this
difference in plaque volume over time to be detected with
80% power at a P value of 0.05.

Conclusion: Volumetric analysis with CMR of carotid ar-
tery plaques using a three-dimensional volume-selective
FSE is efficient with good interstudy reproducibility, and is
well suited for longitudinal studies of progression of carotid
atheroma with reasonable sample sizes.
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ATHEROSCLEROTIC DISEASE is a major cause of mor-
tality and morbidity throughout Europe and North
America, predominantly through coronary and carotid
artery disease. Atherosclerosis starts at an early age—
even fetal aortas show signs of early fatty streak forma-
tion (1)—and the disease then progresses throughout
life. There is considerable interest in identifying pa-
tients with the earliest stages of atherosclerosis such
that suitable long-term preventive measures can be in-
stituted to arrest, or even regress, the disease. An im-
portant concept in the pathogenesis of symptomatic
atherosclerotic disease is arterial remodeling (2). In this
model of disease, the external border of the artery ex-
pands and thickens well before luminal encroachment
occurs. Vessel wall imaging, therefore, will identify
early atherosclerosis well before conventional luminal
angiography. The modalities available for the noninva-
sive assessment of the vessel wall include carotid ultra-
sonography, coronary computed tomography, and ca-
rotid cardiovascular magnetic resonance (CMR).

CMR is a promising contender for vessel wall imaging
and, currently, evaluation of atherosclerosis in the ca-
rotid arteries by CMR is superior to that of the coronary
vasculature. CMR permits accurate, noninvasive, serial
in vivo measurements of artery wall dimensions with-
out the need for ionizing radiation. Also, it provides
tomographic assessment with consistent localization,
which enables identification of arterial remodeling over
time; clinical results have been reported for the aorta
and carotid artery (3,4). However, these reports used a
two-dimensional fast spin echo (FSE) technique. We
have recently developed a three-dimensional volume-
selective FSE sequence for arterial wall imaging (5). The
primary advantage of this sequence is that it enables
greater coverage of the volume of interest in the same
amount of time as the equivalent two-dimensional

1Cardiovascular Magnetic Resonance Unit, Royal Brompton Hospital,
London, UK.
2Royal Society/Wolfson Medical Image Computing Laboratory, Imperial
College, London, UK.
3Department of General & Vascular Surgery, Chelsea & Westminster
Hospital, London, UK.
4Department of Radiology, Chelsea & Westminster Hospital, London,
UK.
Contract grant sponsor: Coronary Artery Disease Association (CORDA).
*Address reprint requests to: A.V., Cardiovascular Magnetic Resonance
Unit, Royal Brompton Hospital, Sydney Street, London SW3 6NP,
United Kingdom.
E-mail: A.Varghese@rbh.nthames.nhs.uk
Received April 8, 2004; Accepted October 26, 2004
DOI 10.1002/jmri.20249
Published online in Wiley InterScience (www.interscience.wiley.com).

JOURNAL OF MAGNETIC RESONANCE IMAGING 21:187–191 (2005)

© 2005 Wiley-Liss, Inc. 187



method because of a significantly smaller phase-encode
field of view (FOV). Carotid artery atherosclerotic plaque
usually extends from the distal 10–30 mm of the com-
mon carotid to the proximal 10–30 mm of the internal
carotid artery. Using the three-dimensional FSE tech-
nique, a total of 56 mm (28 mm above and below the
carotid bifurcation) can be imaged in under five min-
utes for T1-weighted scans. In order to determine the
value of this three-dimensional technique for longitudi-
nal studies, its reproducibility needs to be defined.
Therefore we assessed the interstudy reproducibility in
subjects with carotid artery atherosclerosis.

MATERIALS AND METHODS

Study Population

Ten patients with carotid artery atherosclerosis, as
shown by prior carotid Doppler ultrasonography, un-
derwent two CMR scans. The interscan period was be-
tween one hour and four days. The 10 subjects com-
prised nine males and one female, aged between 65 and
80 years (mean 72 years). Both asymptomatic and
symptomatic subjects were included and the severity of
carotid artery stenoses varied between 10% and 95%.
The study received local ethics committee approval and
all subjects gave written informed consent.

Magnetic Resonance

Magnetic resonance was performed using a 1.5-T
scanner (Sonata; Siemens, Erlangen, Germany) a
purpose-built two-element phased-array surface ca-
rotid coil (David Saloner, VA Medical Center, Univer-
sity of California, San Francisco) and a specially de-
signed head and neck cushion for immobilization
(Fig. 1). Subjects were scanned in the supine position

with the carotid coil in the isocenter of the static
magnetic field. Each CMR study took approximately
20 minutes. Typical sequence parameters were for
T1-weighted three-dimensional volume-selective
FSE: matrix size 256; pixel size 0.47 � 0.47 mm; 28
slices of 2-mm thickness; FOV approximately 120 �
24 mm; time to echo (TE) 11 msec; repetition time
(TR) according to the patient’s heart rate; echo train
length (ETL) 11, fat suppression and 650-msec inver-
sion time following double inversion preparation
pulse; and for the T2-weighted three-dimensional vol-
ume-selective FSE: matrix size 256, pixel size 0.47 �
0.47 mm; 28 slices of 2-mm thickness; FOV approx-
imately 120 � 24 mm; TE 53 msec; TR according to
patient’s heart rate; ETL 11, fat suppression and 650-
msec inversion time following double inversion prep-
aration pulse. The region chosen for measurement
was centered on the carotid bifurcation and extended
28 mm in both directions (Fig. 2a–c).

Data was collected as cross-sectional images from
which total carotid arterial wall volume (TWV), which is
a marker for total carotid plaque volume, was calcu-
lated by subtraction of the total carotid luminal volume
from the total outer carotid volume (Fig. 3). Slices were
matched with respect to their distance from the carotid
bifurcation and then judged for adequate signal-to-
noise (SNR) ratio. Only if matched T1-weighted images
both had adequate SNR were they contoured, sepa-
rately, and included in the overall analysis. Relevant
T2-weighted images were used to help differentiate ar-
eas of vessel wall from possible flow artifacts where
necessary (Fig. 2b and c). Results were analyzed by a
single observer (A.V.) by manual tracing using dedi-
cated display software (CMRTools; Cardiovascular Im-
aging Solutions, London, UK).

Figure 1. Normal volunteer
with the carotid coil and spe-
cially designed cushion. The
cushion is filled with polysty-
rene beads and is partially evac-
uated, with the headphones in
situ, just prior to imaging to al-
low it to mould to the contours of
the subject’s head and neck. S �
carotid coil, C � custom-made
head and neck cushion, H �
headphone set.
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Statistical Analysis

The standard deviation (SD) of TWV between matched
image was calculated and divided into the mean TWV to
determine the coefficient of variation (COV). The paired
two-tailed Student’s t-test was used, and a P value of
�0.05 was taken to represent statistical significance.
The agreement between successive CMR scans was as-
sessed using the intraclass correlation coefficient (r)
and a Bland-Altman plot. Spearman’s � rank correla-
tion coefficient (rs) was used to determine any correla-
tion between interscan times and the percentage differ-
ence between successive measurements. The r and rs

were determined using SPSS (Statistical Package for
the Social Sciences) version 10.0 for Windows, while the
remainder of the statistical analysis was performed on
Microsoft Excel 2002. Power calculation was performed
using the nomogram described by Altman (6).

RESULTS

The mean TWV for the two MR scans was 741 and 734
mm3, respectively, which were not significantly differ-

ent from each other (mean difference 7 mm3, P � 0.5).
The SD of the differences between the measurements
was 33 mm3, yielding a COV of 4.4%. The correlation
between the two scans was high (r � 0.99; Fig. 4) and
there were narrow limits of agreement on the Bland-
Altman plot (Fig. 5). Rs was –0.68 with a P value of 0.85,
indicating no significant relationship between the inter-
scan times and percentage difference between succes-
sive measurements. The average number of matched
slices having adequate SNR for analysis was 14 (range
3–26).

DISCUSSION

In the United Kingdom (UK) alone, coronary artery dis-
ease (CAD) accounts for over 117,000 deaths per year,
accounting for approximately one in five deaths in men
and one in six deaths in women. Around 270,000 peo-
ple in the UK have a myocardial infarction (MI) each
year and approximately 2 million people suffer from
angina (7). There are clear pathological links between
CAD and stroke. Both commonly result from athero-

Figure 2. a: In-plane fast spin echo image through the right common carotid artery (RCCA), where it bifurcates into the right
internal (RICA) and external carotid (RECA) arteries. The four slices shown at the bifurcation correspond to the adjoining T1- and
T2-weighted images in (b) and (c). b: Examples of four T1-weighted contiguous 2-mm image sections from the distal RCCA to the
proximal RICA and RECA using a right-sided positioning of the carotid coil. c: Comparative T2-weighted image sections; the
white arrows delineate areas of periluminal flow artifact around the level of the carotid bifurcation and into the proximal RICA.
The areas of focal, reduced signal intensity in the bottom three panels of the T1-weighted images (b) and the T2-weighted images
(c; black arrows) are likely to represent areas of calcification (21).

Figure 3. a,b: Analysis of total carotid arterial wall area (TWA). The dashed lines connect corresponding total carotid wall areas,
while the solid lines connect the carotid lumens. The total carotid arterial wall volume for each slice is obtained by multiplying
the TWA by the slice thickness. The total wall volume (TWV) is determined by summing this product over all usable slices imaged.
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sclerosis of the feeding artery; transient ischemic at-
tacks are harbingers for MI (8) and the risk factors for
atherosclerosis at both sites share many similarities
(9). It has been demonstrated that increased carotid
artery intima–medial thickness is directly associated
with increased risk of MI and stroke (10). This suggests
that study of the carotid artery will also yield important
insights into atherosclerosis affecting the coronary ar-
teries.

The phenomenon of pathological arterial wall remod-
eling, as first described by Glagov et al (2), is a process
by which the arterial wall adapts to progressive athero-
sclerotic disease by an initial change in overall vessel
cross-sectional area prior to luminal narrowing. In-
creases in arterial cross-sectional area are termed pos-
itive or outward remodeling, while reduction is called
negative or inward remodeling. Since luminal en-
croachment may not occur until approximately 40% of
the arterial internal elastic lamina is involved in the
disease process, tomographic assessment of the arte-
rial wall can detect atherosclerosis at an earlier stage
than conventional luminal angiography. This was well
illustrated in the Familial Atherosclerosis Treatment
Study (FATS), which assessed the angiographic regres-
sion of coronary artery disease in men at high risk for
cardiovascular events following either intensive lipid
lowering with lovastatin and colestipol or conventional
therapy (11). After 2.5 years of treatment, there was a
reduction of only 3% in the severity of proximal coro-
nary artery stenoses, but a 73% reduction in the clini-
cal event rate in the intensively treated group. More
recently, Corti et al (3) used CMR to study the effects of
simvastatin on the vessel wall of the aorta and carotid
arteries of asymptomatic patients with hypercholester-
olemia. Following two years of therapy, they noted up to
a 20% reduction in vessel wall area compared with only
a slight increase of 4% to 6% in luminal area. These
findings imply that negative remodeling may play an
important role in effecting the outcome benefits of sta-
tin therapy despite little anticipated change in any
symptoms attributable to ischemia. Similar tomo-
graphic assessment of arterial remodeling changes in-
duced by other drug therapies may prove useful mark-
ers of their clinical potential.

The results of the current pilot study indicate that the
newly described three-dimensional CMR sequence has
good reproducibility and can detect small changes in
carotid arterial wall area. Power calculation indicates
that a sample size of 16 would enable a significant
difference over time (P � 0.05) in a plaque volume of 33
mm3 to be detected with 80% power. Such high reliabil-
ity in the carotid artery is due to the combination of
high resolution imaging centered on the fixed anatom-
ical landmark of the carotid bifurcation. One limitation
of this pilot study is that the interstudy reproducibility
was only determined for a single trained observer.

The potential area of coverage with this technique is
56 mm, but in practice was reduced to an average of 28
mm along the length of the carotid artery, with a range
of 6–52 mm. Taken together with the reproducibility
data, this variability in the degree of coverage limits this
technique to the serial rather than isolated evaluation
of carotid atherosclerotic disease. The images included
in the analysis had adequate SNR, judged predomi-
nantly by the outer and inner carotid arterial walls
showing continuity and being clearly defined. With the
use of a head and neck cushion for immobilization,
motion artifacts from swallowing and head movement
were infrequent in this study. This reflects the care
taken to ensure patient comfort and head immobiliza-
tion with the custom-made cushion. SNR can be in-
creased by optimization of local coil placement and de-
sign and increasing the FOV in the phase-encode
direction. Up to a doubling of the initial phase-encoded
FOV, and therefore doubling of the scan time for that
sequence, can be easily tolerated for T1-weighted imag-
ing without swallowing motion artifact becoming prob-
lematic. Flow artifacts were distinguished by reviewing
relevant time of flight and T2-weighted slices. Where
there remained a problem, altering the direction of the
phase-encoding gradient by 90° was helpful, as was
comparison with images acquired during systole. Inad-
equate juxtaluminal flow suppression was in compara-
ble regions between scans, leading to consistent over-
estimation of plaque burden, and did not compromise
interstudy reproducibility. In an attempt to increase the

Figure 5. Bland-Altman plot of TWV differences vs. mean val-
ues for successive CMR scans.

Figure 4. Correlation of TWV measurements for successive
CMR scans. The line of identity is shown (solid line). There is
good correlation and a good fit to the line of identity.

190 Varghese et al.



future accuracy of this technique, we have recently
developed a velocity-sensitive phase reconstruction
method that can identify and remove residual signal
from slow-flowing blood (12). Acquisition time for this
method is identical to the current T1-weighted se-
quence. A further future modification is the addition of
navigators positioned at the base of the tongue to help
reduce motion artifact (13). Initial experience with such
navigators is encouraging and indicates that overall
scan time is not greatly increased. Both these changes
may increase the average coverage of this technique.
Further coverage could also be obtained with the intro-
duction of automated software that can interpolate
missing slices in a robust manner.

Previous CMR work in atherosclerosis assessment
has recommended that at each matched location, com-
parison of images with the highest quality is more im-
portant than analysis based on T1-weighting, proton
density–weighting, or T2-weighting (14). Others have
shown that carotid arterial wall area measurements
taken from T1-weighted and proton density–weighted
images can be used interchangeably, but T2-weighting
provides smaller values and could underestimate arte-
rial area and consequently carotid arterial plaque bur-
den (15). In this study, we compared successive T1-
weighted images.

As well as the tomographic assessment of atheroma
burden by T1-weighted FSE, multiple contrast-
weighted CMR, or multispectral CMR, can identify fi-
brous cap rupture (16), distinguish advanced from
early atheromatous lesions (17), and identify plaques
that have a lipid rich necrotic core (18). The use of
contrast agents such as gadolinium (19) and ultrasmall
superparamagnetic particles (USPIOs) (20) can high-
light areas of greater plaque neovasculature and mac-
rophage density, respectively. Such additional informa-
tion will identify and stratify increasing plaque and
therefore patient vulnerability to symptoms (16). We
hope to evaluate T1-weighted and T2-weighted three-
dimensional volume selective FSE for similar multi-
spectral analysis in conjunction with gadolinium and
USPIOs.
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