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Prospective Evaluation of Carotid Artery
Stenosis: Elliptic Centric Contrast-Enhanced
MR Angiography and Spiral CT Angiography

Compared with Digital Subtraction Angiography

Juan Alvarez-Linera, Julidn Benito-Ledn, José Escribano, Jorge Campollo, and Ricardo Gesto

BACKGROUND AND PURPOSE: Although digital subtraction angiography (DSA) is the refer-

ence standard for assessing carotid arteries, it is uncomfortable for patients and has a small risk
of disabling stroke and death. These problems have fueled the use of spiral CT angiography and MR
angiography. We prospectively compared elliptic centric contrast-enhanced MR angiography and
spiral CT angiography with conventional DSA for detecting carotid artery stenosis.

METHODS: Eighty carotid arteries (in 40 symptomatic patients) were assessed. Elliptic
centric MR and spiral CT angiographic data were reconstructed with maximum intensity
projection and multiplanar reconstruction techniques. All patients had been referred for DSA
evaluation on the basis of findings at Doppler sonography, which served as a screening method
(degree of stenosis = 70% or inconclusive results). Degree of carotid stenosis estimated by using
the three modalities was compared.

RESULTS: Significant correlation with DSA was found for stenosis degree for both elliptic
centric MR and spiral CT angiography; however, the correlation coefficient was higher for MR
than for CT angiography (r 0.98 vs r = 0.86). Underestimation of stenoses of 70-99%
occurred in one case with elliptic centric MR angiography (a 70% stenosis was underestimated
as 65%) and in nine cases with spiral CT angiography, in comparison to DSA findings.
Overestimation occurred in two cases with MR angiography (stenoses of 65—-67% were overes-
timated as 70-75%). With CT, overestimation occurred in seven cases; a stenosis of 60% in one
case was overestimated as 70%. Both techniques confirmed the three cases of carotid occlusion.
With elliptic centric MR angiography, carotid stenoses of 70% or greater were detected with
high sensitivity, 97.1%; specificity, 95.2%; likelihood ratio (LR) for a positive test result, 20.4;
and ratio of LR* to LR™, —0.3. With spiral CT angiography, sensitivity, specificity, LR*, and
LR*:LR™ were 74.3%, 97.6%, 31.2, and 0.3, respectively.

CONCLUSION: Elliptic centric contrast-enhanced MR angiography is more accurate than
spiral CT angiography to adequately evaluate carotid stenosis. Furthermore, elliptic centric
contrast-enhanced MR angiography appears to be adequate to replace conventional DSA in

most patients examined.

Atherosclerosis of the carotid arteries is a major
cause of stroke and transient ischemic attack (1).
Carotid endarterectomy has been proved to be ben-
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eficial in symptomatic patients with a stenosis greater
than 70% (2, 3), and even with stenoses of 50-69%
(4). Moreover, researchers in the Asymptomatic Ca-
rotid Atherosclerosis Study suggested that asymptom-
atic patients with a stenosis of 60% could benefit from
endarterectomy (5). This has prompted a renewed
interest in the best method for assessing the degree
and length of a carotid stenosis.

Currently, selective digital subtraction angiography
(DSA) is widely accepted as the reference standard
for assessing the carotid arteries. However, for the
patient, conventional DSA is uncomfortable, and
there is a small risk of disabling stroke and death (6,
7). The problems associated with selective DSA have
fueled the use of alternative and noninvasive tech-
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niques, including spiral CT angiography and MR an-
giography.

Recent study findings have demonstrated the clin-
ical effectiveness of spiral CT angiography in the
assessment of narrowing of the lumen of the extracra-
nial carotid artery bifurcation, and CT angiography
has already been shown to be sensitive and specific in
the evaluation of atherosclerotic stenosis of the ca-
rotid artery bifurcation (8§-14). Furthermore, 2D and
3D time-of-flight (TOF) MR angiographic images
have been reported as useful for accurate evaluation
of carotid stenosis (15-18). However, the TOF MR
images are flow dependent and therefore analogous
to sonographic images. Signal intensity loss occurs
with these techniques in the presence of slow flow
such as in ulcers or in the carotid bulb. Also, loss of
signal intensity can occur in complex or high flow
states, such as those that occur with intravoxel
dephasing through a high-grade stenosis. The result is
that TOF MR angiography has the tendency to over-
estimate the lesions (19).

More recently, improvements in gradients and se-
quences have made possible the use of 3D contrast-
enhanced MR angiography. The introduction of this
technique has increased the confidence in MR angio-
graphic imaging because of better depiction of arte-
rial detail and elimination of many of the TOF MR
angiographic artifacts. Another advantage of con-
trast-enhanced MR angiography is the ability to im-
age from the aortic arch through the intracranial
circulation (20-54).

The aim of this study was to prospectively compare
spiral CT angiography with elliptic centric contrast-
enhanced MR angiography of the carotid arteries by
using conventional DSA as the reference standard.

Methods

Patients

We studied 40 consecutive patients (34 men and six women;
age range, 42—80 years; mean age, 61.5 years). All patients were
referred for conventional DSA evaluation on the basis of
Doppler sonography, which served as a screening method (de-
gree of stenosis clearly = 70% or when the results were non-
conclusive). Patients were excluded if there was a history of
renal disease or allergic reaction to contrast material. We did
not use Doppler data because operators were different for each
examination. Spiral CT angiography and contrast-enhanced
MR angiography were performed the same day; conventional
DSA was carried out 2 days later. The study was approved by
institutional review board review. Informed consent for spiral
CT angiography, elliptic centric contrast-enhanced MR angiog-
raphy, and selective DSA was obtained from all patients. A
total of 80 carotid arteries were assessed in this study.

DSA Technique

All examinations were performed with a Politron 1000 VR
unit (Siemens, Niirnberg, Germany). After selective common
carotid artery catheterization, obtained by means of a right
transfemoral artery puncture, iohexol (Omnigraf; Juste, Ma-
drid, Spain) was injected at 10-mL/s flow rate and included
three different projections (posteroanterior, lateral, and 45°
oblique views).
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MR Angiographic Technique

Elliptic centric contrast-enhanced MR angiography was per-
formed by using a 1.5-T unit (Signa; GE Medical Systems,
Milwaukee, WI) with a neurovascular phased-array coil. To
calculate the delay time from contrast material injection to the
beginning of the sequence, it was necessary to perform a pre-
test sequence after the injection of a small amount (2 mL) of
the Gd-DTPA (Magnograf; Juste, Madrid, Spain). For this, a
single-section 2D fast spoiled gradient-recalled acquisition in
the steady state (SPGR) sequence, acquired in 1 second, was
repeated until an optimal contrast-enhanced image is reached.
In our experience, we found a mean delay time of 15 seconds.
Then, a 3D fast SPGR sequence with elliptical k-space encod-
ing was acquired in the coronal plane by using the following
parameters: TR of 6 msec, minimum TE (the shortest possible
TE for the given prescription), 45° flip angle, matrix 320 X 320,
section thickness of 1.8 mm interpolated at 0.9 mm (ZIP 2),
field of view of 24 cm, acquisition time of 50 seconds. A double
dose (0.2 mmol/kg) of the Gd-DTPA was injected into the
antecubital vein with a flow rate of 2 mL/s, by using an auto-
matic injector (Spectris; Medrad, Indianola, PA). Postprocess-
ing was performed by using maximum intensity projection for
visualization of the entire course of the carotid arteries and the
multiplanar reconstruction technique to visualize only a user-
specified subvolume (carotid bifurcation) of the volume image.

Spiral CT Angiographic Technique

These images were obtained with a HiSpeed Advantage CT
scanner (GE Medical Systems) with a detector configuration of
816 channels and 972 views. Patients were instructed to breathe
quietly without swallowing during the scanning period. The
imaging volume was determined on a lateral topogram with
coverage of approximately 10 cm from the inferior margin of
the C6 vertebral body through the C3 vertebral body. Spiral
data were acquired in 32 seconds with a section thickness of 2
mm and a table speed of 2 mm/s (210 mA, 120 kV). With a
power injection , 150 mL of iopromide (Clarograf; Juste, Ma-
drid, Spain) was injected at a rate of 3 mL/s into an antecubital
vein. Administration of each bolus was followed immediately
by a 20-mL saline flush. The helical acquisition was begun after
the initiation of the bolus administration of contrast material,
which was determined by a test of circulation time.

Each carotid artery was segmented by thresholding and
visualized with a shaded surface display technique by using a
mathematical model of the surface, connecting all pixels with
Hounsfield units greater than the predetermined lower thresh-
old. To display only the enhanced vasculature and the calcified
structures in the model, the lower threshold of attenuation
value was set between 90 and 120 HU. The subsequent removal
of vertebral and venous structures was obtained by using a
semiautomatic processing technique. The 3D segmented ca-
rotid artery was finally visualized by means of maximum inten-
sity projection and shaded surface display techniques, depicting
intravascular enhanced voxels and calcifications. The carotid
arteries were evaluated in multiple projections by rotating the
3D model to determine the site of maximal stenosis. When
calcified plaques or excessively enhanced jugular veins were
present, additional information could be obtained from multi-
planar volume rendering reconstructions and from the axial
images.

Image Analysis

Each imaging technique was performed by one neuroradi-
ologist who was blinded to the results of the other studies. The
images were not read at the moment of performing the tech-
nique. The measurement of the exact degree of stenosis for
each examination was made at the level of maximum stenosis
by six neuroradiologists in a randomized order. Distance mea-
surements to quantify stenosis were made with electronic cal-
ipers. The six researchers graded the severity of stenosis ac-
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Fic 1. Grade 1 stenosis of the left internal carotid artery.
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A, Obliqgue DSA image shows minimal stenosis of the left internal carotid artery.
B, Elliptic centric contrast-enhanced MR angiogram, in the same projection as that of the DSA image, depicts a good correlation with

DSA.

C, Spiral CT angiogram shows that the calcium distribution (type 1) does not preclude a good evaluation of the vessel.

cording to the North American Symptomatic Carotid
Endarterectomy Trial, or NASCET, criteria: grade 1, 0-49%;
grade 2, 50-69%; grade 3, 70-99%; and grade 4, occlusion
(100%). The interobserver concordance was 95% for DSA,
95% for elliptic centric contrast-enhanced MR angiography,
and 86% for spiral CT angiography. Disagreements were re-
solved by discussion. When an internal carotid artery demon-
strated a near-complete obstruction with collapse of the lumen
(string sign) on the spiral CT angiogram, MR angiogram, or
conventional DSA image, the degree of stenosis was defined as
99%. In the other cases, the diameter of the most severe
stenosis was divided by the diameter of the distal cervical
internal carotid artery beyond the stenosis. Carotid stenoses
were measured at the same level on the DSA images, spiral CT
angiograms, and elliptic centric MR angiograms. The value was
subtracted from 1 and then multiplied by 100 to yield the
percentage diameter stenosis.

Images from the three techniques were evaluated for overall
quality, including vascular signal intensity, venous suppression,
and presence of artifacts. Evaluation criteria for overall quality
were 1, excellent; 2, good; 3, moderate; and 4, poor. Further-
more, the amount of calcium on transverse spiral CT angio-
grams was classified into four categories, depending on the
lumen stenosis: type 1, none; type 2, < 50%; type 3, 50-75%;
and type 4, 75-100%.

Images from the three techniques were also evaluated for
the presence of ulceration. A plaque was classified as ulcerated
if it fulfilled the radiographic criteria of an ulcer niche, seen in
profile as a crater penetrating into a stenotic plaque, and
double opacity on an en face view (the latter criterion applica-
ble for conventional DSA only).

Statistical Analysis

A Pearson rank test was used to find any correlation be-
tween findings at DSA and those at spiral CT angiography, as
well as those at MR angiography. The values of sensitivity and
specificity were established for the presence or absence of
stenosis of 70% or greater. The likelihood ratio (LR) for a
positive test result (LR™) was calculated by dividing the sensi-
tivity by the false-positive error rate. The LR for a negative test
result (LR™) was calculated by dividing the false-negative error
rate by the specificity. The ratio of LR™ to LR™ (LR *:LR") was
also calculated. The « statistics were used to test the strength of
agreement of each assessment method with DSA. Agreement
was classified as mild, k > 0.40-0.69; good, k > 0.70-0.89; or
excellent, k > 0.90-1.00.

Results

In all 80 carotid arteries, the quality of both the
MR angiograms and DSA images was graded as good
or excellent. No relevant motion artifacts diminished
the quality of the maximum intensity projection im-
ages. In contrast, in 11 of the 80 carotid arteries, the
quality of the spiral CT angiograms was graded as
moderate because of swallowing artifacts (four cases),
calcium excess (five cases), or both (two cases); in the
remaining 71 cases, the CT angiograms were graded
as good or excellent. Figures 1-4 show various rep-
resentative examples of this study.

Underestimation of severe stenoses (70-99%) with
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Fic 2. Grade 2 stenosis overestimated with elliptic centric contrast-enhanced MR angiography.
A, Oblique DSA image demonstrates a grade 2 stenosis in the left internal carotid artery.
B, Elliptic centric contrast-enhanced MR angiogram shows mild overestimation of the stenosis (grade 3).

C, Spiral CT angiogram shows good correlation with DSA.

elliptic centric MR angiography in comparison to
DSA findings occurred in one case: a stenosis of 70%
was underestimated as 65%. With spiral CT angiog-
raphy, underestimation of severe stenoses occurred in
nine cases. In other words, only one patient had been
wrongfully denied surgery with elliptic centric MR an-
giography in comparison to nine patients with spiral CT
angiography. Overestimation with elliptic centric MR
angiography occurred in two cases; in both cases, steno-
ses of 65-67% were overestimated as 70-75% (Fig 2).
With spiral CT angiography, overestimation occurred in
seven cases; of these, stenosis of 60% in one case was
overestimated as 70% (Fig 4) (Table).

The sensitivity of elliptic centric MR angiography
in depicting carotid stenoses of 70% or greater was
97.1%; specificity, 95.2%; LR™, 20.4; LR", 0.03; and
LR":LR", 680. Moreover, the sensitivity of spiral CT
angiography in depicting carotid stenoses of 70% or
greater was 74.3%; specificity, 97.6%; LR™", 31.2;
LR, 0.3; and LR™:LR", 104.

Agreement for classification of degree of stenosis
was judged as excellent for elliptic centric MR an-
giography (k = 0.95) and good for spiral CT angiog-
raphy (k = 0.72). When we divided groups depending
on the amount of calcium, the agreements for classi-
fication of degree of stenosis were excellent (k =
0.95) for type 1 (none), good (x = 0.80) for type 2

(< 50%), and mild (k = 0.44 and 0.64) for type 3
(50-75%) and 4 (75-100%), respectively.

By using the Pearson rank test, comparison of the
percentage carotid artery stenosis determined at
DSA with that at elliptic centric MR angiography
showed a significant correlation (r = 0.98, P <
.001). Likewise, comparison of the percentage ca-
rotid artery stenosis determined at DSA with that
at spiral CT angiography showed significant corre-
lation (r = 0.86, P < .001).

In the 80 carotid arteries studied with DSA, three
carotid occlusions were diagnosed. Elliptic centric
MR and spiral CT angiography each confirmed three.
Furthermore, among these 80 carotid arteries, con-
ventional DSA depicted five ulcers. All were diag-
nosed with elliptic centric MR angiography, but only
three with spiral CT angiography.

Discussion

Image Quality of MR and CT Angiograms

Elliptic centric contrast-enhanced MR angiograms
yielded good to excellent image quality in all exami-
nations. We chose greater spatial resolution at the
expense of temporal resolution. In other investiga-
tions, a 3D time-resolved imaging of contrast kinetics,
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Fic 3. Grade 4 stenosis with good correlation in all techniques.
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A, Oblique DSA image shows critical stenosis in the right internal carotid artery.
B, Elliptic centric contrast-enhanced MR angiogram depicts the same information.
C, Spiral CT angiogram shows a good correlation with the other imaging techniques. Notice a type 3 calcification in the wall of artery;

however, it is sufficiently separated in the reconstruction image.

or TRICKS, technique was used because of higher
temporal resolution (55, 56). This technique has bet-
ter resolution, has more coverage, and is less sensitive
to motion than TOF MR techniques (57). Moreover,
this has allowed us to decrease the overall imaging
time for carotid studies.

Otherwise, we found that spiral CT angiography
had limitations in delineating the lumen of the artery
with circumferential wall calcification. Calcifications
are the limiting factor on maximum intensity projec-
tion images because of the inability to differentiate
mural calcifications and intramural contrast material
(Fig 4). To minimize this limitation, analysis in con-
junction with the transverse source images may be
useful (58). Although transverse source images, in-
cluding multiplanar volume rendering images, were
also analyzed in this study, dense circumferential cal-
cification of the arterial wall caused artifacts that
interfered with the evaluation of the degree of steno-
sis. Indeed, we tried unsuccessfully to remove calcifi-
cations by using sophisticated software (59). In these
cases, circumferential calcified plaque surrounded by
a high-attenuation rim owing to partial volume effects
could not permit the visualization of the contrast
material-filled lumen in transparency through the
calcification. The brightness of this rim was similar to
that observed for contrast material within the vessel

lumen. Therefore, measuring the apparent vessel lu-
men resulted in underestimation of the carotid steno-
sis. In this sense, when the amount of calcium was less
than 50% or was absent, the agreements for classifi-
cation of degree of stenosis were judged as good and
excellent, respectively. Because elliptic centric MR an-
giography more correctly revealed the calcified stenotic
lumens than did spiral CT angiography, we believe that
it will be more useful for the evaluation of the lumina of
vessels with circumferential calcification.

Efficacy of MR versus CT Angiography

Good correlation of elliptic centric contrast-en-
hanced MR angiography with conventional DSA in
depicting carotid stenosis has been reported (33, 51—
54). According to those studies, the sensitivity of
elliptic centric MR angiography for the identification
of surgical lesions (ie, carotid stenosis of 70% or
greater) has been found to be consistently high at
93-100%, with a specificity of 85-100%. In our study,
the diagnostic accuracy of elliptic centric MR angiog-
raphy for depicting diseased vessels was similar to
these previous results.

The diagnostic accuracy of spiral CT angiography
has been validated in a number of studies comparing
this technique with DSA. The sensitivity and specific-
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Fic 4. Grade 2 stenosis overestimated with spiral CT angiog-
raphy.

A, Oblique DSA image shows grade 2 stenosis in the left
internal carotid artery.

B, Elliptic centric contrast-enhanced MR angiogram shows
the same findings.

C and D, Spiral CT angiograms show type 4 calcification. In
this case, the stenosis was overestimated (grade 3) because of
the difficulty in separating calcium from the contrast material.

ity values of spiral CT angiography ranged from 88%
to 100% and 83% to 100%, respectively (10, 53,
58-61). However, our results were poorer, being sen-
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Comparison of the degree of carotid stenosis with elliptic centric
contrast-enhanced MR angiography, spiral CT angiography, and
DSA

Degree of Stenosis at DSA

Degree of Stenosis  0-49%  50-69%  70-99%  Occlusion
MR angiography
0-49% 32 0 0
50-69% 0 8 1 0
70-99% 0 2 34 0
Occlusion 0 0 0 3
CT angiography
0-49% 26 2 1 0
50-69% 6 7 8 0
70-99% 0 1 26 0
Occlusion 0 0 0 3

Note.—Data are number of arteries (n = 80).

sitivity 74.3% and specificity 97.6%. As mentioned,
this is likely in relation to the poor quality of several
images owing to swallowing artifacts and calcifi-
cations.

Spiral CT angiography has been compared with
contrast-enhanced MR angiography for the detection
and quantification of carotid stenosis in only one
study (53). In that study of 44 arteries, spiral CT
angiography, contrast-enhanced MR angiography,
and DSA closely correlated in the evaluation of the
degree of stenosis. In our study, correlation between
spiral CT angiography and DSA was poorer than that
of elliptic centric contrast-enhanced MR angiography
with DSA (0.86 vs 0.98). Moreover, the sensitivity of
spiral CT angiography in depicting carotid stenoses of
70% or greater was lower than that of elliptic centric
contrast-enhanced MR angiography. Taken together,
the results of our study suggest that elliptic centric
MR angiography has more advantages than does spi-
ral CT angiography. Furthermore, one should bear in
mind the intrinsic disadvantages of spiral CT angiog-
raphy, including the need for ionizing radiation, io-
dinated contrast material, optimization of imaging
delay time, and careful evaluation of the superimpo-
sition of bone and venous structures.

Depicting Occlusions and Ulcers

For carotid occlusions, the small number of cases
(n=3) we had did not enable us to reach a conclusion.
However, the cases we did evaluate suggest a high
accuracy for both elliptic centric contrast-enhanced
MR angiography and spiral CT angiography for diag-
nosis of carotid occlusion. The ability to depict occlu-
sions accurately is important because a patient with a
nearly completely obstructed artery would be suitable
for carotid endarterectomy, whereas a patient with a
carotid occlusion would not.

Plaque morphology is being increasingly recog-
nized as an independent risk factor for developing
stroke. Specifically, necrotic and ulcerated plaques
appear to be associated with increased risk of embolic
event (62). With elliptic centric MR angiography, all
the ulcerated plaques were detected in this study. In
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contrast, spiral CT angiography enabled detection of
only three of the five plaques; this finding has been
observed by other authors (63, 64).

Limitations of This Study

This study had some limitations. First, we had some
selection bias; therefore, the final sensitivity and spec-
ificity may not reflect the true values for an uns-
elected population. We chose to examine only partic-
ipants with stenoses of 70% or greater, as revealed at
Doppler sonography. This could explain the fact that
a great number of cases had important calcifications.

Second, the choice of DSA as the reference stan-
dard may be considered as a limitation of our study.
We chose conventional DSA because international
randomized trials have used and still use this tech-
nique as the reference standard. However, one should
keep in mind that conventional DSA also has limita-
tions. In this sense, rotational angiography frequently
depicts more severe internal carotid artery stenosis
than does conventional DSA (65). Moreover, the im-
ages generally provided by conventional DSA are not
suitable enough to accurately quantify the degree of
stenosis, since eccentric plaques cause an oval ap-
pearance of the lumen, which, in the case of radio-
graphs not perpendicular to the borders, underesti-
mates the stenosis (66, 67). Therefore, it is not
surprising to find, in our study, overestimation with
elliptic centric MR angiography, which always quan-
tifies stenosis through the ideal angle. This bias could
have been avoided if we had considered endarterec-
tomy plaques as the reference standard, as Pan et al
(68) did. However, as these authors stated, this
method cannot be retained as a reference because the
lack of arterial pressure likely modifies the measures,
and the internal carotid artery is not measurable 1 cm
past the end of the bulb.

Third, our CT scanner was a single—detector row
unit. Multi—detector row helical CT offers a two- to
threefold improvement in volume coverage speed by
reducing scanning time by one-half to one-third while
preserving the image quality provided by single—de-
tector row helical CT. These advantages could trans-
late into a substantial increase in the region scanned
without additional injection of contrast material, bet-
ter separation of the arterial and venous phases in
multiphase data acquisitions, and substantially higher
quality of reconstructed 3D data because of improve-
ments in z-axis resolution (69).

Conclusions

Our results yield two conclusions. First, elliptic
centric contrast-enhanced MR angiography is more
accurate than spiral CT angiography to adequately
evaluate carotid stenosis, especially when there is an
excess of calcium. Second, we found an excellent
statistical correlation between elliptic centric MR an-
giography and DSA. Therefore, elliptic centric MR
angiography appears to be adequate to replace con-
ventional DSA in most patients examined. We believe
that DSA needs be considered only in claustrophobic
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patients or those with contraindications to MR (ie,
pacemakers or metal devices) and in those studies
that disclose stenosis around 70%.
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