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ABSTRACT

Purpose: Carotid angiography is used to assess stroke risk, but it cannot reliably character-
ize plaque burden because the vessel remodels during plaque formation. High-resolution black
blood cardiovascular magnetic resonance (BBCMR) depicts the outer wall thereby providing a
truer estimate of plaque size. We compared carotid stenosis by gadolinium enhancement cardio-
vascular magnetic resonance angiography (CMRA) versus high-resolution BBCMR. Methods:
Twenty-four subjects (M:F = 20:4; ages 57-83 years) with carotid atherosclerosis underwent
CMRA and transaxial BBCMR through the stenosis. Area and diameter stenosis measurements
by NASCET criteria using CMRA images were compared to area stenosis measurements based
on outer wall and lumen contours drawn on corresponding BBCMR images. Results: Area
stenosis by CMRA correlated with area stenosis by BBCMR (r = 0.77; 95% CI: 0.58, 0.89).
BBCMR values exceeded corresponding CMRA area measurements in 20 of 24 cases, with the
remainder being highly stenotic (>>90%). Conclusion: CMRA yields lower estimates of luminal
narrowing compared to BBCMR, which delineates the outer wall and accounts for vascular
remodeling. BBCMR could serve as a new measure of narrowing to guide management, but
prospective studies are needed to better understand the clinical implications of this new scale of

disease.
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INTRODUCTION

Atherosclerotic disease in the proximal internal carotid artery
(ICA) and carotid bulb is frequently associated with thromboem-
bolic events that cause stroke. The North American Symptomatic
Carotid Endarterectomy Trial (NASCET) demonstrated a signif-
icant reduction in stroke risk with carotid endarterectomy com-
pared to medical management for patients with symptomatic
high-grade stenosis (i.e., 7010 99%) (1, 2). The European Carotid
Surgery Trial (ECST) similarly showed a beneficial outcome for
surgical intervention in symptomatic patients with carotid nar-
rowing greater than 69% (3). These studies helped to establish
endarterectomy as the standard of care for treating symptomatic
carotid disease with narrowing greater than or equal to 70%
4).

Both NASCET and ECST utilized catheter-based conven-
tional angiography to determine the degree of narrowing caused
by atheroma. Both methods measured stenosis at the point of
greatest narrowing; however, NASCET used the distal ICA
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beyond any poststenotic dilatation as the reference diameter,
whereas the extrapolated lumen at the point of greatest narrow-
ing was used in ECST. This extrapolated reference diameter was
the basis for the poor interobserver agreement for stenosis mea-
surements using the ESCT approach (5). On the other hand, the
NASCET measurement can result in zero or negative stenosis
since the reference diameter can be smaller than the diameter at
the point of greatest narrowing, as is often the case in the carotid
bulb lesions (6). For bulb lesions, application of the common
carotid artery (CCA) method (7) in which the CCA lumen is
taken as the reference diameter might give a more accurate as-
sessment of narrowing.

Gadolinium enhanced cardiovascular magnetic resonance
angiography (CMRA) is increasingly preferred over digital sub-
traction angiography (DSA) for assessing carotid stenosis be-
cause of its lower risk and comparable accuracy (8, 9). When
CMRA is used to assess carotid disease, the NASCET method is
often applied since it offers the highest sensitivity for detecting
severe stenosis (10).

Although angiography, specifically DSA, MRA, or computed
tomography angiography (CTA), has become the standard ap-
proach to carotid artery disease assessment, it is limited by its
inability to depict the outer wall of the vessel. As atherosclerosis
develops, the artery dilates in response to changes in shear stress
experienced by the endothelial cells. This vascular remodeling
leads to normalization of the luminal diameter, which normalizes
the shear stress (11-13). In coronary arteries, Glagov et al. docu-
mented that atheroma can occupy up to 40% of the internal elas-
tic lamina (IEL) area before any stenosis is detected by angiogra-
phy (14). Therefore, early plaque formation is angiographically
occult. More advanced disease is thus underestimated by an-
giography since this measures plaque burden by its effect on the
lumen. Compensatory dilatation has also been demonstrated in
carotid arteries (15—17). Benes et al. (16) showed that angiogra-
phy underestimates carotid artery narrowing based on a compar-
ison with corresponding endarterectomy specimens. However,
endarterectomy studies cannot assess the degree of underesti-
mation due to the incompleteness of the resected plaque and its
shrinkage following removal (18). The degree of this underes-
timation by angiography has not been studied in vivo in human
arteries.

High-resolution black blood cardiovascular magnetic reso-
nance (BBCMR) can depict the actual plaque size by imaging
both the lumen and outer wall of an artery. Studies comparing
in vivo BBCMR with corresponding endarterectomy specimens
confirm the ability of BBCMR to accurately depict atheroma size
(19). This technique can provide a more accurate characteriza-
tion of plaque burden that gives insight into the underestimation
limiting angiography (20).

The aims of this study were: 1) to determine the relationship
between luminal stenosis by CMRA with stenosis by BBCMR,
which accounts for vascular remodeling; 2) to determine the
degree of narrowing measured by BBCMR that is equivalent
to 70% by NASCET in order to better understand the clinical
implication of measurements by this new technique; and 3) to
determine whether stenosis measured by CMRA using the CCA

as the reference diameter more closely reflects narrowing mea-
sured by BBCMR for bulb lesions.

MATERIALS AND METHODS
Study population

Thirty-seven consecutive subjects underwent CMR evalu-
ation for carotid artery stenosis which included CMRA and
BBCMR of only the stenotic side between April 25, 2000 and
December 16, 2002. Subjects were referred based on a recent
ultrasound or CMRA evaluation showing carotid narrowing.
Twenty-four subjects were included in this study (20 men and
4 women; mean age, 70.5 + 8.1 years, range 57-83; 11 right
carotid arteries, 13 left carotid arteries). The remaining 13 were
excluded because no atherosclerotic plaque was visualized in
the carotid bifurcation (3 studies), the BBCMR sequence did
not cover the point of greatest narrowing (2 studies), data was
missing (1 study), and poor image quality (motion artifact on
the CMRA study in 1 exam, missed arterial phase with venous
contamination on the CMRA sequence in 1 study, and BBCMR
slices were acquired obliquely through the plaque resulting in
artifactual wall thickening in 5 studies). Informed consent was
obtained for this study as part of a protocol approved by the local
Institutional Review Board.

CMR

MR imaging was performed using a 1.5-T MR scanner (GE
Medical Systems, Milwaukee, Wisconsin, USA) with a dual
3 inch (7.6 cm) surface coil (GE Medical Systems), immobilized
by a mechanical support. The carotid bifurcation was localized
using fast gradient echo multiplanar sequences and the point of
narrowing was identified by either a two-dimensional or three-
dimensional time-of-flight (TOF) MR angiogram. Black blood
images were acquired using a cardiac-gated, double inversion-
recovery, fast spin-echo pulse sequence (21). First, a proton-
density- (PD-) weighted oblique BBCMR image was acquired
through the carotid bifurcation to include the long axis of the ves-
sel (Fig. 1a), and this was used as a scout image to orient four or
five transverse T1- and PD-weighted BBCMR images through
the plaque (Fig. 1b—). The transverse BBCMR images were
acquired with fat suppression and were oriented perpendicular
to the long axis of the vessel as described by Wasserman et al.
(22) The slices were centered at the level of greatest stenosis.
This double oblique approach was used to minimize the partial
volume averaging effects on the lumen and outer wall measure-
ments, as well as to maximize the time-of-flight flow void effect
on the lumen.

Imaging parameters were as follows: slice thickness, 2 mm;
0 gap; matrix, 256 x 256; field of view, 14 cm; echo train length,
32; and one signal acquired. All images were gated by electro-
cardiography or pulse, with a TR equal to the duration of two car-
diac cycles for the PD-weighted images and one cycle for the T1-
weighted images (approximate imaging time: 30 and 15 seconds
perslice, respectively). The echo time was set to 5 ms for all black
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Figure 1. BBCMR images through plaque in the carotid bulb.
a) Obliqgue BBCMR image through the long axis of the carotid bifur-
cation with a line indicating the orientation of the transverse image
to follow, b) transverse postcontrast T1-weighted BBCMR image
through the plaque at the point of greatest narrowing, ¢) outer wall
(solid circle) and lumen (broken circle) contours are drawn using
semiautomated software (VesselMASS, Leiden University).

blood images. The inversion time was set to approximately 600
ms for PD-weighted images (TR = 2RR intervals) and approx-
imately 360 ms for T1-weighted images (TR = 1RR interval)
to minimize the blood pool signal on the basis of estimated T1
values of blood and accounting for variations in heart rate.
Gadopentetate dimeglumine (Magnevist; Berlex Laborato-
ries, Wayne, New Jersey, USA), 0.1 mmol per kilogram of body
weight, was injected intravenously using a power injector at
2mL/s, and the T1-weighted transverse acquisition was repeated
approximately 5 minutes after the injection. The inversion time
was adjusted to 200 ms to account for gadolinium administra-
tion. A 3D CMR angiogram was acquired as a mask and then
again during the arterial phase of the contrast injection (Fig. 2a).
This scan was acquired in the coronal plane using a spoiled

Figure 2. CMRA images that correspond with the vessel in
Figure 1. a) Maximum intensity projection (MIP) of the carotid bi-
furcation, b) The center-point of the stenotic segment is delineated
(line) and the lumen is outlined at the point of greatest narrow-
ing (circle) using semiautomated software (Volume Analysis, GE
Medical Systems).

gradient echo (SPGR) sequence with the following parameters:
TR/TE, 6.5/1.6; flip angle, 45°; full bandwidth, 62.5 kHz; matrix,
256 x 128; field of view, 16 x 12.8 cm; slice thickness, 2 mm;
partitions, 46; and acquired voxel size, 0.625 x 1.25 x 2 mm.
K-space was ordered using a 3D elliptical centric view order.
The images were reconstructed by zero filling to a matrix size
of 256 x 256, and the 46 partitions acquired at 2 mm were in-
terpolated to 92 partitions. Acquisition time was approximately
30 s per 3D slab, and a total of 3 acquisitions (phases) were
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acquired. Because surface coils were used, the aortic arch was
not visualized. The first of 3 phases was acquired 10 seconds
after contrast administration which enabled excellent luminal
enhancement of the carotid artery for all cases.

Image analysis

CMRA images were evaluated for degree of stenosis based
on minimum diameter and minimum area using the NASCET
method to determine the location of the reference measurement
(i.e., using the ICA beyond the narrowing and any poststenotic
dilatation for reference) (23). The bottom limit of the carotid
bulb was defined as where the common carotid artery begins
to dilate and the vessel walls curve out. The upper limit, which
marks the origin of the internal carotid artery, was defined at
or beyond the tip of the flow divider where the outward curve
of the carotid wall straightens. All diameter and area measure-
ments were oriented orthogonal to the vessel axis and were ac-
quired using semiautomated software (Volume Analysis, Vox-
tool 3.0.404; GE Medical Systems) (Figs. 2 aand b). The point of
maximum stenosis was determined by the software, whereas the
level of the reference diameter was user-defined. The automated
software provided lumen area and diameter measurements at
both levels of interest. When diameter- or area-based stenosis
resulted in a negative value, stenosis was recorded as 0%. Di-
ameter stenosis was calculated according to the formula [1 —
sD/rD]* 100%, where sD is the minimum diameter measure-
ment at the point of greatest narrowing and rD is the diameter
at the reference location. Area stenosis was determined by the
formula [1-sA/rA]* 100% where sA represents the lumen area
at the most stenotic point and rA represents the lumen area at
the reference location. For subjects with carotid bulb lesions
(n = 3), stenosis was also evaluated using the CCA diameter or
area just below the carotid bifurcation as the reference location
in place of the distal ICA measurements beyond the narrowing
(7). The distance between the point of greatest narrowing and
the reference point was recorded.

Outer wall and lumen contours were drawn on the BBCMR
images at the point of greatest narrowing by aradiologist blinded
to the objectives of this study and trained to perform this analy-
sis using Vesselmass software (VesseIMASS, Division of Image
Processing, Radiology Department, Leiden University Medical
Center, the Netherlands) (Fig. 1b—c). The outer wall contour
was drawn on the postcontrast T1-weighted BBCMR, which
was used based on reports that gadolinium-enhancement im-
proves delineation of the outer wall (22, 24). The PD-weighted
image was used to confirm the contour of the outer wall in ar-
eas in which gadolinium enhancement was not as apparent. The
precontrast T1-weighted image was used to confirm the lumen
contour for cases in which lumen delineation was obscured by
flow artifact caused by contrast administration. For each study,
the area of the lumen and the area enclosed by the outer ves-
sel wall were determined, and wall area and percent stenosis by
BBCMR were calculated as follows: Wall area = Outer vessel
wall area — Lumen area; Percent stenosis by BBCMR = [Wall
Area/Outer vessel wall area] * 100%.

Statistical methods

Area and diameter stenosis measurements using CMRA im-
ages were compared to area stenosis measurements based on
corresponding BBCMR images. The linearity and agreement of
stenosis measurements based on the CMRA and BBCMR meth-
ods were evaluated by correlation coefficients and linear regres-
sion models, fitting BBCMR results to CMRA results. These
analyses were performed using the NASCET method for deter-
mining the location of the reference measurement for the entire
group (n = 24) and repeated using the CCA as the reference
diameter for the 3 bulb lesions and NASCET for the remain-
der. The BBCMR values (and 95% confidence intervals) at 0%
and 70% diameter stenosis by CMR A were predicted from these
models. Interobserver variation of BBCMR percent stenosis was
assessed by duplicate readings in 10 subjects. Intraobserver vari-
ation was assessed by duplicate readings in 6 subjects. The mean
percentage difference between readings was calculated.

RESULTS

Compared with stenosis based on area measurements on
BBCMR images, stenosis based on CMRA images using the
NASCET method for determining the location of the reference
measurement was lower in 23 out of 24 cases using diameter
measurements and 20 out of 24 cases using area measurements.
All the cases that were not lower were highly stenotic (greater
than 90% narrowing on both CMRA and BBCMR). Stenosis
based on CMRA measurements resulted in a negative value for
only one case, and for this case both area- and diameter-based
calculations were negative and reported as zero. The mean per-
centage error between observers for BBCMR percent stensosis
was 4.5% (range: 0.7 to 9.2%). The mean percentage error be-
tween duplicate measurements by the same reader was 1.0%
(range: 0.1 to 1.7%).

A stenosis of 0% by diameter measurements on CMRA cor-
responded to 67.3% (95% CI: 60.1, 74.4) by BBCMR (Fig. 3).
This estimate was 62.6% (95% CI: 54.5, 70.8) when stenoses
for the 3 bulb lesions were measured using the CCA as the refer-
ence diameter (Fig. 3). A stenosis of 70% by diameter measure-
ments on CMRA corresponded to 8§9.4% (95% CI: 85.1,93.6) by
BBCMR. This estimate was 89.7% (95% CI: 85.7, 93.7) when
stenoses for the 3 bulb lesions were measured using the CCA as
the reference diameter.

A stenosis of 0% by area measurements on CMRA corre-
sponded to 63.1% (95% CI: 54.6, 71.6) by BBCMR (Fig. 4).
This estimate was 51.5% (95% CI: 42.7, 60.3) when stenoses
for the 3 bulb lesions were measured using the CCA as the
reference area (Fig. 4). Percent stenosis based on CMRA area
measurements using the NASCET method for determining the
location of the reference measurement correlated with steno-
sis determined by BBCMR (r = 0.77; 95% CI: 0.58, 0.89).
When stenoses for the 3 bulb lesions were measured using
the CCA as the reference area, stenoses determined by CMRA
correlated better with BBCMR narrowing measurements (r =
0.87; 95% CI: 0.73, 0.94); however, the difference in the value
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Figure 3. Linear regression for BBCMR area-based stenosis mea-
surements as a function of CMRA diameter-based stenosis mea-
surements. CMRA stenosis was measured using the distal ICA be-
yond the narrowing as the reference diameter (NASCET method;
solid line) and repeated using the CCA as the reference diameter
for the 3 bulb lesions and the NASCET method for the remainder
(dashed line). Closed black diamond = ICA lesion stenosis mea-
sured using NASCET method; closed gray diamond = CCA lesion
stenosis measured using NASCET method; open diamond = CCA
lesion stenosis measured using CCA as the reference diameter. A
stenosis of 0% by CMRA corresponded to 67.3% (95% Cl: 60.1,
74.4) by BBCMR (solid line). This estimate was 62.6% (95% ClI:
54.5, 70.8) when stenoses for the 3 bulb lesions were measured
using the CCA as the reference diameter (dashed line). A stenosis
of 70% on CMRA corresponded to 89.4% (95% Cl: 85.1, 93.6) by
BBCMR (solid line). This estimate was 89.7% (95% Cl: 85.7, 93.7)
when stenoses for the 3 bulb lesions were measured using the
CCA as the reference diameter (dashed line). The Pearson corre-
lation coefficient for this regression was 0.75 (solid line), and when
the 3 bulb lesion stenoses were evaluated using the CCA as the
reference diameter it was 0.77 (dashed line).

of the Pearson correlation coefficient was not significant (p =
0.14).

The degree of underestimation, that is the difference be-
tween stenoses by area measurements based on CMRA and
on BBCMR, was not associated with the distance between the
point of narrowing and the reference diameter used for the ICA
lesions. The mean distance between the point of greatest narrow-
ing and the reference diameter for the 21 plaques in the proxi-
mal ICA beyond the bulb was 7.5 mm (SD = 4.0; min = 2.1,
max = 17.0). For the 3 bulb lesions, this mean distance was
19.6 mm (16.4, 19.2, 23.2) when the NASCET method was
used, and 8.4 mm (3.8, 5.9, 15.5) when the CCA was used as
the reference diameter. Distance from the most stenotic point to
the reference point is regressed against the difference between
stenosis by BBCMR and stenosis by CMRA in Figure 5. The
3 bulb lesion stenoses are outliers when evaluated using the
NASCET method for determining the location of the reference
measurement, and they fit the pattern of the other data points
when evaluated using the CCA as the reference diameter.
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Figure 4. Linear regression for BBCMR area-based stenosis mea-
surements as a function of CMRA area-based stenosis measure-
ments. CMRA stenosis was measured using the distal ICA be-
yond the narrowing as the reference area (NASCET method; solid
line) and repeated using the CCA as the reference area for the 3
bulb lesions and the NASCET method for the remainder (dashed
line). Closed black diamond = ICA lesion stenosis measured us-
ing NASCET method; closed gray diamond = CCA lesion stenosis
measured using NASCET method; open diamond = CCA lesion
stenosis measured using CCA as the reference diameter. A steno-
sis of 0% by CMRA corresponded to 63.1% (95% Cl: 54.6, 71.6)
by BBCMR (solid line). This estimate was 51.5% (95% Cl: 42.7,
60.3) when stenoses for the 3 bulb lesions were measured using
the CCA as the reference diameter (dashed line). The Pearson
correlation coefficient for this regression was 0.74 (solid line), and
when the 3 bulb lesion stenoses were evaluated using the CCA as
the reference diameter it was 0.83 (dashed line).

DISCUSSION

We have shown that measurements of carotid stenosis by
BBCMR reveal a lower estimate of stenosis on corresponding
CMRA images with narrowing of 67.3% (95% CI: 60.1,74.4) on
the BBCMR image corresponding to no stenosis on the CMRA
study using the NASCET method. This difference was expected
because BBCMR can delineate the outer wall and account for the
outward remodeling of the vessel that occurs during atheroma
development that is not detectable by angiography. This outward
remodeling preserves the lumen size so that early disease cannot
be identified by modalities that rely on luminal narrowing for
detection. The normal tapering of the vessel between the point
of narrowing and the reference diameter may contribute to this
underestimation; however, in our study, there was no association
between the degree of underestimation and the distance between
the point of narrowing and the reference diameter used for the
ICA lesions. In other words, we did not observe the greater un-
derestimation that might be expected with NASCET measure-
ments of CMRA due to the normal tapering of the vessel for
longer lesions (i.e., longer distance between narrowing and ref-
erence diameter). Interpretation of percent stenosis measured by
BBCMR in vessels without plaque formation must consider the
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Figure 5. Scatter plot for stenosis difference between BBCMR and
CMRA as a function of distance to the reference point. Closed
black diamond = ICA lesion stenosis measured using NASCET
criteria; closed gray diamond = CCA lesion stenosis measured us-
ing NASCET criteria; open diamond = CCA lesion stenosis mea-
sured using CCA as the reference diameter. When the 3 bulb lesion
stenoses were evaluated according to NASCET method they were
data outliers. When the same 3 bulb lesion stenoses were evalu-
ated using the CCA as the reference diameter they fit the pattern
of the other data points.

inclusion of the vessel wall in the calculation. The vessel wall
can account for between 20 to 30% of the area circumscribed
by its outer wall.

We used CMRA rather than conventional DSA for mea-
surements of luminal narrowing. CMRA has become a widely-
accepted noninvasive alternative to DSA with comparable ac-
curacy and sensitivity (8, 9). We know that CMRA images may
overestimate stenosis due to dephasing artifact along the mar-
gin of the lumen, which becomes exaggerated in areas of tight
narrowing, and because of the signal intensity threshold used to
create the Maximum Intensity Projections (MIP). CMRA has
been shown to overestimate the severity of stenosis compared to
conventional 3D TOF CMRA (25), and CMRA has been shown
to overestimate luminal narrowing compared to conventional an-
giography and DSA (26). This further supports our conclusion
that stenosis is underestimated on CMRA since it is observed
despite these inherent reasons for overestimation. Furthermore,
the overestimation that limits CMRA may lead to surgical man-
agement for some who are not surgical candidates based on stud-
ies originally used to validate NASCET and ECST. BBCMR is
not subject to these technical limitations that alter the measured
stenosis, and may serve as a more accurate measure of narrow-
ing though it should be noted that incomplete suppression of
blood signal near the wall can lead to higher estimates of sten-
sosis, highlighting the need to select the appropriate inversion
time. CMRA remains the preferred approach to lumen assess-
ment by CMR at many institutions since, compared to TOF tech-
niques, it is less affected by signal loss from saturation effects

and can therefore provide much better coverage, more reliably
identify ulcers, and more reliably distinguish occlusion from
severe stenosis, so our comparison to this method has greater
practical applicability.

Our study suggests that a large plaque burden may be present
despite an unalarming angiographic appearance. This may ex-
plain the moderate risk for stroke seen in less severe carotid
stenosis (2). A new stratification for stenoses will be needed for
this method to be applicable to surgical management similar to
that used in NASCET or ECST. Until population-based prospec-
tive trials are completed and reveal clinically relevant measures
of narrowing by BBCMR, CMRA will remain the more relevant
measure to predict events and guide management.

Measurements of stenosis by the ECST method are generally
higher than that by NASCET, since the ECST method extrapo-
lates the diameter of the outer wall, and this might be consid-
ered more similar to our method. However, the extrapolation
of the outer wall likely accounts for the poor reader variabil-
ity reported by Griffiths et al. (5), and this limitation is averted
with BBCMR. Rothwell et al. (27) reanalyzed the results of the
ECST and found that, on average, 50% and 70% stenosis by
the NASCET method were equivalent to 65% and 82% steno-
sis, respectively, by the ECST method. We determined that 89%
narrowing by BBCMR corresponds with 70% narrowing by the
NASCET method. We might expect this estimate of narrowing
by BBCMR to be higher than that by the ECST method since the
extrapolation in the ECST method would not account for vascu-
lar remodeling of the outer wall. Although we suspect BBCMR
images are highly reliable for measuring stenosis, this remains
to be tested against the reliability of CMRA, and with these
additional studies a correction factor might be determined that
can relate stenosis measurements based on BBCMR with that
of CMRA, the currently accepted clinical standard.

Measures of plaque size may also offer insight into monitor-
ing medical intervention not attainable by angiography. Brown
et al. (28) showed that lipid lowering therapy can result in a
75% reduction in adverse coronary events despite a small an-
giographic change seen in only 12% of lesions. Corti et al. (29)
showed that the response to medical therapy can be detected
by CMR as a change in plaque size despite no change in lumi-
nal narrowing, supporting the use of CMR for accounting for
vascular remodeling.

Our study also suggests that BBCMR can be used to detect
angiographically occult carotid atherosclerosis, which may oc-
cur at a stage in which dietary and lifestyle modifications may
be effective in preventing adverse cerebrovascular events (30).
A substantial plaque burden may exist even before the lumen is
narrowed, but the exact degree of narrowing at which encroach-
ment begins is still unclear (20). We estimate that as much as
67% stenosis by BBCMR may exist before angiography can de-
tect atherosclerosis by diameter-based stenosis measurements.
This estimate was only slightly lower (63%) when area-based
measurements were used on the CMRA images. Although area-
and diameter-based measurements will differ for the same de-
gree of narrowing, the earliest sign of narrowing (i.e., crossing
the y-axes in Figs. 3 and 4), whether measured by diameter or
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area, should correspond to approximately the same area-based
narrowing on corresponding BBCMR images (i.e., 67.3% [95%
CI: 60.1, 74.4] versus 63.1% [95% CI: 54.6, 71.6]). This esti-
mate of 67% stenosis should be interpreted with caution since
it is extrapolated from more stenotic vessels, and plaques caus-
ing low-grade stenosis may behave differently. Kiechl et al. (17)
showed that luminal expansion accommodates carotid plaque
formation early in its development, but plaque size progressed
more rapidly with little or no compensatory enlargement for
stenoses above 40%.

The implications of our study might also apply to other ves-
sels prone to plaque formation such as coronary arteries. Ret-
rospective studies of newly occluded coronary arteries that led
to acute myocardial infarctions have revealed that most of these
lesions were not significantly narrowed prior to the event, with
many causing less than 50% stenosis (31-33). Perhaps a greater
plaque burden would be uncovered if BBCMR were applied to
these vessels.

We postulated that the distal CCA should be used for the
reference diameter when determining stenoses for carotid bulb
lesions. The 3 carotid bulb lesions had the largest distances be-
tween the points of stenosis and the reference diameters, and
the stenosis measurements by CMRA for these lesions more
closely matched those determined by BBCMR when the CCA
was used as the reference diameter (Fig. 5). We cannot draw
definitive conclusions based on 3 bulb lesions; nonetheless, our
results call for studies with more bulb lesions to confirm that the
CCA reference diameter is more suitable than the distal ICA for
lesions in this location.

It is noteworthy that BBCMR is not restricted to assessing lu-
minal narrowing at a single point as is done with angiography, but
rather it can account for the length of the plaque and determine
its volume, limited only by the time it takes to acquire enough
slices to include the plaque. Recent studies demonstrated that the
plaque volume is relevant to its risk for rupture (34). BBCMR is
also capable of characterizing the morphologic components of
the plaque (35, 36), its mechanical properties, and the degree of
active inflammation that may predict its risk for rupture. These
considerations highlight the unique value of BBCMR against
ultrasound, which is also capable measuring plaque size unless
hampered by shadowing from calcification, but cannot discrim-
inate these features that predict plaque rupture. Juxtaluminal
thrombus, an important indicator of plaque rupture or erosion
with subsequent cerebrovascular embolic events (37), can be
reliably identified using BBCMR (38). Together these factors
demonstrate the valuable insight of BBCMR into stroke risk
from plaque that goes well beyond that achievable by assess-
ing its hemodynamic effect on the lumen. Prospective studies of
these plaque features and the degree of narrowing determined
by BBCMR are needed to better understand the clinical impli-
cations of these measurements.

CONCLUSION

Measurements of carotid stenosis based on BBCMR appear
to avoid the underestimation encountered by lumen assessment

techniques, specifically CMRA, since it identifies the outer wall
and accounts for the outward remodeling of the vessel during
plaque progression that preserves the lumen. Stenosis deter-
mined by BBCMR correlates with that measured by CMRA,
with 70% stenosis by CMRA, the threshold for surgical man-
agement of symptomatic carotid atherosclerosis, corresponding
with 89.4% stenosis (95% CI: 85.1, 93.6) by BBCMR area mea-
surements. Furthermore, BBCMR is not subject to the technical
limitations of CMRA that tend to overestimate narrowing and
can directly visualize the outer wall averting the poor reader reli-
ability of the ECST method. BBCMR could serve as a new mea-
sure of carotid narrowing to guide management, but prospective
studies are needed to better understand the clinical implications
of this new scale of disease.
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