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Contrast-Enhanced Three-Dimensional Fast
Imaging with Steady-State Precession (FISP)

MR Angiography of Supraaortic Vessels:
Preliminary Results

Xavier Leclerc, Pascal Martinat, Olivier Godefroy, Christian Lucas, Frederic Giboreau,
Gustavo Soto Ares, Didier Leys, and Jean-Pierre Pruvo
BACKGROUND AND PURPOSE: The purpose of this study was to assess the effectiveness of
contrast-enhanced fast three-dimensional (3D) MR angiography in depicting both the carotid
and vertebral arteries in their cervical portions and to compare MR angiography with conven-
tional angiography for the evaluation of arteriosclerotic disease.

METHODS: Twenty-seven patients with ischemic cerebral events in the anterior (n 5 18) and
posterior (n 5 9) circulation underwent contrast-enhanced 3D MR angiography in the coronal
plane. MR angiograms were examined in a blinded fashion by two observers independently.
Stenosis was classified according to the appearance of the residual lumen (no stenosis, mild
stenosis, moderate stenosis, severe stenosis, occlusion). Conventional angiography was used as
the standard of reference.

RESULTS: Proximal great vessels and carotid siphons were not assessable on MR angio-
grams in 35% of cases owing to limited coverage. All cervical and petrous segments of the
internal carotid arteries (ICAs) and 93% of the extracranial vertebral arteries were assessable.
Flow-related artifacts were observed in seven cases of severe stenosis, including three with
signal void at the site of narrowing and four with signal loss in the distal ICA. Interobserver
agreement was good and significant. Overall agreement between 3D MR angiography and
conventional angiography was good for the anterior and posterior circulations despite a
tendency toward overestimation of stenoses on MR angiograms. Clinically relevant stenoses
and occlusions were correctly identified on 3D MR angiograms, providing good sensitivity and
specificity.

CONCLUSION: Contrast-enhanced 3D MR angiography is a promising tool for assessing
arteriosclerotic lesions of supraaortic vessels. Further studies with larger groups are required
to determine its value for patient care.
Conventional angiography is considered the standard
of reference for evaluating arteriosclerotic lesions of
the supraaortic extracranial vessels and especially for
detecting stenosis of the internal carotid artery (ICA)
(1, 2). However, this technique carries a risk of com-
plications related to thromboembolic events, allergic
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reactions, and nephrotoxicity (3). Thus, noninvasive
techniques, such as duplex sonography, helical CT,
and MR angiography, need to be considered as an
alternative to conventional angiography whenever
possible.

It has been shown that three-dimensional (3D)
time-of-flight (TOF) MR angiography is effective in
depicting high-grade carotid stenoses (4–7) with very
good sensitivity and specificity, especially when the
phase-contrast technique is used (7); however, cover-
age remains limited and evaluation of both the ante-
rior and posterior circulations is not possible, al-
though the development of new MR angiographic
techniques may circumvent this persisting drawback.
The objective of replacing most angiographic studies
with MR angiography awaits the development of new
05
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sequences that would allow the evaluation of all ex-
tracranial vessels in patients with ischemia.

Some studies have reported the use of contrast-
enhanced MR angiography as a means to improve
vascular conspicuity (8–11). Promising results have
been reported by one group of investigators (12–15)
who used a contrast-enhanced fast 3D gradient-echo
technique with a short scanning time to image vascu-
lar structures. The principle is based on a maximum
saturation effect achieved with the use of a short
repetition time (TR) of 5 to 10 milliseconds, so that
the T1 relaxation of spins, including blood and fat,
remains higher than the TR. If contrast material is
infused and correctly timed, the major shortening of
blood T1 results in high signal intensity of the vascu-
lar structures. Image contrast is less influenced by
inflow effects, so the 3D slab may be oriented in any
direction and a larger volume may be examined.
However, to selectively enhance the arterial phase,
accurate timing of contrast infusion is required. Some
methods have recently been described to increase
contrast resolution; for example, a test bolus can be
administered before 3D MR angiography to calculate
the transit time (16), an automatic power injector may
be useful for achieving reproducible contrast infusion
(17), and a fluoroscopically triggered MR angio-
graphic sequence may improve the ability to isolate
the arterial phase (18). Contrast MR angiography has
proved valuable in the analysis of the aorta and its
major branches (12, 19), and a recent study suggested
that it is capable of selectively enhancing the arterial
phase of carotid arteries (13). However, for head and
neck evaluation, no clinical findings have yet been
reported.

The purpose of this preliminary study was to assess
the value of contrast-enhanced 3D fast imaging with
steady-state precession (FISP) MR angiography for
examining the extracranial supraaortic vessels in pa-
tients with arteriosclerotic disease.

Methods

Patients
From February to July 1997, 27 patients with an ischemic

cerebral event in the anterior or posterior circulation under-
went MR imaging and conventional angiography. The study
group consisted of 10 women and 17 men, 41 to 82 years old
(median age, 62 years), with history of hemispheric ischemia in
18 and cerebellar and/or brain stem ischemia in nine. Ten
patients had clinical evidence of a transient ischemic attack. All
patients underwent Doppler sonography and were referred
from the neurology department for MR imaging and conven-
tional angiography. Both examinations were performed within
a 1-month period following onset of symptoms. Angiograms
were obtained with a digital subtraction technique through a
femoral approach. Arch aortograms with two oblique cervical
projections were followed by selective catheterization of the
common carotid artery or the subclavian artery or both to
evaluate the exact degree of ICA or vertebral artery stenosis.
Selective catheterization of the vertebral artery was not per-
formed and, therefore, the intracranial portion of the vertebral
artery was not visualized. Carotid angiograms included cervical
and head views. The contrast dose for the entire study did not
exceed 150 mL (Omnipaque 300, Nycomed).
Imaging Technique
MR angiography was performed with a 1.5-T superconduc-

tive unit with the use of a head and neck coil. Prior to imaging,
a transverse two-dimensional (2D) TOF sequence of the neck
was obtained to include both carotid and vertebral arteries in
the 3D slab. Twenty sections were acquired from the upper
portion of the aortic arch to the skull base with the following
parameters: 27/17/1 (TR/TE/excitations), 3-mm section thick-
ness, 50° flip angle, 25-cm field of view, and 128 3 256 matrix.
We used an axial saturation band over the intracranial dural
venous sinuses to eliminate signal from the veins. Image acqui-
sition time was 1 minute 30 seconds.

Contrast-enhanced 3D MR angiography was performed in
the coronal plane using a FISP sequence. The small diameter
of the cervical arteries required us to adapt this sequence to the
neck by making a compromise between spatial resolution, ac-
quisition time, and imaging volume. Parameters were standard-
ized for a systematic evaluation. Section thickness was 1.5 mm
with 40 partitions obtained in the coronal plane, allowing an
anteroposterior coverage of 60 mm. The TR/TE was reduced to
5/2. Other parameters included a 35° flip angle, a 100% zero-
filling interpolation, a fat-saturation sequence, and a field of
view of 35 cm with a 200 3 256 matrix, leading to a pixel size
of 1.31 3 1.27 mm. The entire volume was acquired in 44
seconds. A precontrast sequence was performed in each case to
ensure that the volume was correctly positioned.

Contrast Infusion
The contrast material (gadodiamide, Omniscan, Nycomed,

Princeton, NJ) was infused by hand injection through a 22-
gauge venous angiocatheter in the antecubital fossa. After
prefilling the connecting tube with 5 mL of contrast material,
20 mL (10 mmol) was injected at a rate of approximately 1
mL/s by a radiologist standing in the imaging room. Contrast
infusion was immediately followed by injection of 20 mL of
normal saline to flush the veins. Injection of contrast material
was timed so that the arterial phase occurred midway during
the course of the acquisition. No test bolus was used to time the
acquisition. In most cases, injection was started at the begin-
ning of the sequence. This delay was lengthened (5 seconds) in
patients older than 60 years of age. When no hypersignal was
detected in the ICA or when the signal in the jugular vein was
higher than that in the ICA, the sequence was repeated 5 to 10
minutes later using an additional 20-mL dose of contrast ma-
terial and a modified scan delay between the start of the
injection and the start of the sequence (5- to 10-second incre-
ments when no arterial enhancement was obtained and 5- to
10-second decrements in cases of major venous enhancement).

Image Reconstruction
Data were transferred to an independent workstation, and

subvolumes were generated to isolate both carotid and verte-
bral arteries. When stenosis was detected, selective subvolume
and magnification were created. MR angiograms were dis-
played by the use of a maximum-intensity-projection (MIP)
algorithm. Lateral rotations were obtained every 10°, from
290° to 190°, with 0° corresponding to the frontal plane. After
the images were evaluated on the console, nine views were
exposed on a laser film. Reconstructions were performed with-
out knowledge of the angiographic data.

Image Analysis
Conventional angiography was interpreted in a consensual

manner by two senior neuroradiologists who were blinded to
the results of MR angiography. The degree of stenosis was
measured by comparing the diameter of the residual lumen at
its narrowest point with the diameter of the distal portion of
the artery (1). Measurement was not performed in cases of
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TABLE 1: Technical considerations of fast 3D contrast-enhanced MR angiography for the evaluation of extracranial vessels

Arterial
Portions

No. of
Arteries

No.

MR Angiography

Nonassessable

No.

Assessable

Inadequate
Coverage

Low
Contrast

Mild
Contrast

Good
Contrast

BCA 27 12 9 3 15 4 11
SCA 54 14 12 2 40 7 33
CCA 54 21 19 2 33 9 24
ICA 54 0 . . . . . . 54 4 50
CS 54 19 18 1 35 6 29
VA 54 4 1 3 50 16 34

Total 297 70 59 11 227 46 181

Note.—BCA indicates brachiocephalic artery; SCA, subclavian artery; CCA, common carotid artery; ICA, cervical and petrous segments of the
internal carotid artery; CS, carotid siphon; VA, vertebral artery.
FIG 1. A, MR angiogram of supraaortic
vessels with bolus injection of contrast
material starting at the beginning of the
sequence shows poor vascular contrast
owing to a lack of signal intensity in both
carotid and vertebral arteries.

B, An additional MR angiogram ob-
tained 5 minutes later with contrast infu-
sion starting 10 seconds before the se-
quence shows adequate arterial
enhancement.

FIG 2. Normal contrast-enhanced MR
angiogram with bolus injection of contrast
material starting at the beginning of the
sequence (44-second scan time) clearly
depicts supraaortic vessels from the arch
to the circle of Willis.
hairline residual lumen or when the artery appeared normal or
occluded. Arteries of the anterior circulation were then as-
signed to one of five categories: no stenosis, mild stenosis
(,30%), moderate stenosis (30% to 70%), severe stenosis
(.70%), and occlusion. Stenoses higher than 70% were con-
sidered clinically relevant (1, 2). The absence of a trial for
clinically relevant vertebral stenosis led us to modify the gra-
dations according to hemodynamic criteria (20), as follows: no
stenosis, mild stenosis (,50%), moderate stenosis (50% to
70%), severe stenosis (.70%), and occlusion. Vertebral artery
stenosis higher than 50% was considered clinically significant,
as hemodynamic changes occur with a 50% reduction in diam-
eter (20). The quality of MR angiograms was evaluated in a
consensual manner using the following four criteria: image
coverage, arterial signal, venous signal, and presence of arti-
facts. Analysis was performed in six arterial locations: the
brachiocephalic artery, the subclavian artery, the common ca-
rotid artery, the cervical portion of the ICA, the extracranial
vertebral artery, and the carotid siphon. The intracranial por-
tion of the vertebral artery was not evaluated in our study
owing to the absence of a direct comparison with findings on
conventional angiograms. When a part of the artery was not
included in the imaging volume, the artery was judged nonas-
sessable. Arterial-phase enhancement was graded as 0 (low), 1
(mild), or 2 (good), and the image was judged nonassessable in
cases of low contrast. Signal intensity in the jugular vein was
graded as 0 (no enhancement), 1 (mild), or 2 (moderate).
When venous signal was graded as high, an additional contrast-
enhanced MR angiographic sequence was performed. Artifac-
tual evaluation included the presence of motion artifacts, flow-
related artifacts, skull base induced–artifacts, and longitudinal
linear artifacts.

When the artery was judged assessable, stenoses were cate-
gorized in a blinded fashion by two trained radiologists who
separately reviewed the MR angiograms in a fully randomized
order. No direct measurement of the stenosis was made on MR
angiograms owing to the large voxel size, which did not allow
an accurate delineation of the arteries. We compared the
narrowest diameter of the residual lumen with the diameter of
the normal artery well beyond the stenosis. Each artery was
then assigned to one of the categories described for conven-
tional angiography; that is, no stenosis, mild stenosis, moderate
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FIG 3. A and B, Arch aortogram (A ) and selective angiogram (B ) of the left carotid artery reveal a dominant right vertebral artery with
mild stenosis at its origin (short arrow), a small left vertebral artery (arrowheads), moderate stenosis of the left subclavian artery (curved
arrow), and nearly occlusive stenosis of the left ICA (long arrow).

C and D, Contrast-enhanced MR angiograms show a signal void at the origin of the left ICA (long arrow) and signal loss in its distal
portion (short arrow). The transverse segment of the left vertebral artery can be evaluated (arrowheads), whereas its proximal segment
is not visible.
FIG 4. A and B, Arch aortogram (A) and
selective angiogram (B) of the left ICA re-
veal severe stenosis at the origin of the
right vertebral artery (arrow) and 60% ste-
nosis of the left ICA with a long and irreg-
ular narrowing (arrowheads). C, MR an-
giogram shows an overestimation of the
left ICA stenosis, which appears to be se-
vere (arrow), and a signal void at the origin
of the right vertebral artery (arrowhead).
stenosis, severe stenosis, or occlusion. The stenosis was judged
as mild when irregularities of the arterial wall were observed,
moderate when the residual lumen appeared slightly narrowed,
severe when a thin linear hypersignal or signal void was ob-
served at the site of the stenosis, and occluded if no signal was
seen in the expected course of the artery.

Statistical Analysis
The first step of the analysis consisted of an evaluation of the

level of interobserver agreement for assessable contrast-en-
hanced fast 3D MR angiograms by means of the k statistic (21).
In the second step we assessed the agreement between MR
angiography and conventional angiography in terms of stenosis
categorization (no stenosis, mild stenosis, moderate stenosis,
severe stenosis, or occlusion) using k statistics. k statistics were
calculated separately for the anterior and posterior circula-
tions. k values between .4 and .8 suggested a moderate to
substantial agreement, and values higher than .8 indicated
excellent agreement. P values lower than .05 were regarded as
significant. Finally, the usefulness of MR angiography for the
detection of occlusion, clinically relevant stenosis of the ICA
(sever stenosis), and ostial vertebral artery (moderate or se-
vere) stenosis was assessed by use of Fisher’s exact test (22).
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Results

Technical Considerations of Fast 3D Contrast-
Enhanced MR Angiography (Table 1)

A second contrast-enhanced MR angiographic se-
quence was performed in six patients (22%) owing to
a lack of signal from the ICA in two patients (7%)
(Fig 1) and to a high signal from the jugular vein in
four patients (15%). The additional sequence, per-
formed with modified timing, led to adequate arterial-
phase enhancement in all cases. No contrast reaction
or other adverse event was observed. Motion artifacts
slightly degraded three examinations but did not pre-
vent analysis.

Among the 135 proximal great vessels examined
(brachiocephalic, subclavian, and common carotid ar-
teries) in 27 patients, MR angiography failed to show
the ostium in 47 cases (35%), including 21 common
carotid arteries. Nineteen (35%) of the carotid si-
phons were not assessable. This was related to the
limited imaging volume in 59 cases (84%) and to the
low contrast in 11 other cases (16%). The cervical and
petrous segments of the ICA were assessable in all
cases. The proximal portion of the vertebral artery
was not assessable in four patients (7%) owing to low
contrast enhancement at the site of the ostium in
three cases.

In the group of assessable arteries (n 5 227), the

FIG 5. A, Selective conventional angiogram of the right carotid
artery shows an 80% diameter long stenosis at the origin of the
ICA (arrow) with a normal distal ICA.

B, MR angiogram shows a similar appearance of the steno-
sis (arrow) and a signal loss of the ICA beyond the narrowing
(arrowhead).
arterial-phase enhancement was judged to be good by
both observers in 181 cases (80%), including 50 ICAs
(93%) (Fig 2). Complete isolation of the arterial
phase (no enhancement of venous structures) was
achieved in five patients (19%), whereas the jugular
vein was mildly enhanced in 10 (37%) and moderately
enhanced in 12 (44%); however, in no case did this
prevent analysis of the carotid artery.

No in-plane saturation, skull base–induced arti-
facts, or longitudinal artifacts were found. However,
flow-related artifacts were observed in seven in-
stances of severe stenosis, including three cases of
signal void at the site of narrowing (two in the ICA
and one in the vertebral artery) (Figs 3 and 4) and
four cases of signal loss in the distal ICA beyond the
stenosis (Figs 3 and 5).

Interobserver Agreement for MR Angiographic
Findings

Of the remaining group of 227 assessable arteries,
interobserver agreement for classification of the an-
terior circulation on MR angiograms was judged as
good and significant (k 5 .91, P , .0001). However,
discrepancies between the normal group and the
group with mild stenosis were observed in five cases,
including two in the common carotid artery and three
in the ICA. In the posterior circulation, the overall
interobserver agreement was significant as well (k 5
.79, P , .0001). However, discrepancies between the
normal group and the group with mild stenosis were
observed in six cases (two in the subclavian artery and
four in the vertebral artery) and between the moder-
ate and severe groups, in one case of vertebral artery

FIG 6. A, Conventional arch aortogram shows a 20% diameter
stenosis at the origin of the right ICA (arrow).

B, Contrast-enhanced MR angiogram shows a right ICA ste-
nosis (arrow) in accordance with conventional angiography.
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stenosis. Images that provoked disagreement between
the observers were reevaluated in order to reach a
consensus.

Overall Agreement between MR Angiography and
Conventional Angiography

The overall agreement between MR angiography
and conventional angiography was good and signifi-
cant in both the anterior circulation (k 5 .90, P ,
.0001) (Figs 6 and 7) and the posterior circulation
(k 5 .85, P , .0001) (Fig 8). This good agreement
between the techniques indicates that MR angiogra-
phy is useful in the classification of carotid and ver-
tebral stenoses. However, some discrepancies were
observed, which are detailed in the following sections.

Proximal Great Vessels and Carotid Siphon
(Table 2)

All brachiocephalic arteries and all carotid siphons
were correctly classified from MR angiograms, in-
cluding one mild stenosis of the brachiocephalic ar-
tery and five occlusions of the carotid siphon. One
case of moderate stenosis of the subclavian artery and
one case of severe stenosis in the distal portion of the
common carotid artery were correctly detected. How-
ever, one mild stenosis of the subclavian artery and
one normal common carotid artery were misclassified
owing to overestimation of stenosis on MR angio-
grams.

FIG 7. A, Selective conventional angiogram reveals a 35% di-
ameter stenosis of the ICA (arrow).

B, MR angiogram allowed correct grading of the stenosis
(arrow) despite a mild overestimation.
Extracranial ICA (Table 3)
The six cases of ICA occlusion and the 10 cases of

severe stenosis at the origin of the ICA were correctly
identified on MR angiograms. However, five ICA
stenoses were misclassified, including overestimations
in two cases of mild stenosis and in one case of
moderate stenosis. In one case of severe ICA stenosis,
ulceration was well seen on both conventional and
MR angiograms.

Extracranial Vertebral Artery (Table 4)
The only case of vertebral artery occlusion assess-

able on MR angiograms was diagnosed correctly. The
three cases of vertebral artery stenosis with a narrow-
ing in diameter of more than 50% were identified
correctly on MR angiograms. However, four vertebral
arteries were misclassified owing to an overestimation
of stenosis on MR angiograms, including three nor-
mal vertebral arteries misclassified as mild or moder-
ate stenosis.

Sensitivity and Specificity of MR Angiography for
the Evaluation of Clinically Relevant Stenosis

and ICA Occlusion (Table 5)
The sensitivity and specificity of MR angiography

in detecting clinically relevant stenosis of the ICA
(stenosis .70%), extracranial ICA occlusion, or he-
modynamically significant stenosis of the vertebral
artery (stenosis .50%) were found to be very good
(Fisher’s exact test: P , .00001), although one case of
moderate stenosis of the ICA and one case of mod-
erate stenosis of the vertebral artery were classified as
severe on MR angiograms.

Discussion
The contrast-enhanced 3D fast MR angiographic

sequences used in this study allowed the assessment
of supraaortic vessels from the proximal portion of
the great vessels to the carotid siphons in 65% of
cases. All ICAs and 93% of vertebral arteries were
assessable, with good interobserver agreement, indi-
cating that image quality provided reliable analysis
despite the frequent overestimation of mild stenosis.
Finally, sensitivity and specificity for detecting rele-
vant stenosis and occlusion of the ICA were very
good.

In a previous study evaluating arterial-phase en-
hancement of cervical arteries with the use of con-
trast-enhanced MR angiography, Levy et al (13) un-
derlined the importance of thin sections and a large
3D slab to achieve adequate spatial resolution of the
carotid arteries. In the present study, we attempted to
optimize the parameters of a 3D FISP sequence for
assessing the cervical arteries. FISP is one of the
fast-field-echo techniques based on the principle of
coherent steady-state magnetization after radio-fre-
quency excitation (23). A reverse phase-encoding gra-
dient restores transverse magnetization, which allows
the rephasing of stationary spins. We modified the
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FIG 8. A and B, Selective conventional angiograms of the right (A) and left (B) subclavian arteries show significant stenosis of the
vertebral arteries at their origin (arrows). C, Corresponding subvolume MIP acquisition from 3D contrast-enhanced MR angiogram
shows bilateral stenosis (arrows), in accordance with findings at conventional angiography.
parameters of the sequence to obtain a fast 3D se-
quence with the highest spatial resolution and largest
3D volume possible without exceeding an acquisition
time of 1 minute. The flip angle we chose was as long
as possible to obtain better saturation of the sur-
rounding structures, and we added a fat-saturation
sequence to improve vascular contrast of the proximal
great vessels. A zero-filling interpolation was used to
improve spatial resolution. Flow compensation was
not added in order to avoid a longer scan time. De-
spite a 6-cm slab thickness, the carotid siphons and
the proximal portion of the great vessels were not
assessable in about one third of our cases, owing to
the limited coverage.

Good arterial enhancement was obtained in 80% of
the patients and mild enhancement was achieved in
the rest, but a second injection was required in 22%
of the MR examinations. The contrast-infusion tech-
nique has been well documented in previous fast 3D
MR angiographic studies of the abdominal aorta (12,
14–19). However, in head and neck imaging, the
rapid venous enhancement, in which the blood-brain
barrier may prevent extraction of gadolinium chelate
from the intracerebral circulation, is a limiting factor
of the technique. In the study by Levy et al (13),
preferential enhancement of the cervical arteries was
possible in 80% of their patients by using a single-
dose bolus infusion and by choosing a delay such that
the arterial phase occurred during acquisition of the
central portion of k-space (24). In the present study,
in which a 44-second acquisition time was used, the
center of k-space was acquired in 22 seconds and,
therefore, contrast agent was injected at the begin-
ning of the sequence in most patients. Our longer
scan time resulted in jugular vein enhancement in
81% of the patients, but this did not prevent image
analysis. In patients requiring a second injection of
contrast material, no adverse event was observed,
which is consistent with a recent report evaluating the
nephrotoxicity of high-dose contrast infusion (25).
Methods have been described to optimize the timing
of contrast material infusion. A test bolus of contrast
can be administered before the acquisition (16) but
this requires extra time and leads to residual venous
enhancement. The 3D MR angiographic acquisition
can be automatically triggered by a pulse sequence
that detects the arrival of contrast material (14, 15) or
fluoroscopically triggered in conjunction with an el-
liptical centric acquisition of k-space views (18).
These more recent methods seem to be effective but
are not available on most magnets. Moreover, a bolus
timing error is mainly problematic for the assessment
of the aorta and its branches owing to the shorter scan
time related to the breath-holding technique.

The frequent overestimation of arterial narrowing
and the three cases of signal void observed at the site
of high-grade stenosis in our study may be explained
by two main factors: first, the large voxel size allows
intravoxel spin dephasing despite the short TE and
contrast enhancement, and, second, severe stenosis
may not be seen after MIP projection owing to the
fact that the diameter of the residual lumen is close to
the size of the voxel. A direct comparison of MIP
reconstructions with source images could have im-
proved the evaluation of carotid stenoses (26), but
this was not possible because the data were acquired
in the coronal plane, preventing an accurate analysis
of the source images. An additional technique of
reconstruction, such as multiplanar reformations,
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would be helpful to better define the degree of ste-
nosis, but this requires extra postprocessing time.

The protocol used in the present study prevented
the analysis of proximal great vessels and carotid
siphons in 35% of the patients and led to a frequent
overestimation of stenosis. However, despite these
limiting factors, contrast-enhanced MR angiography
was adequate for evaluating the territories in which
atherosclerotic disease of the extracranial vessels oc-
curs most frequently. Clinically relevant stenoses and
occlusions of the ICA were correctly detected with

TABLE 2: Proximal great vessels and carotid siphon: comparison
between MR angiography and conventional angiography

No. of Agreements/No. of Arteries

BCA
(n 5 15)

SCA
(n 5 40)

CCA
(n 5 33)

CS
(n 5 35)

Normal 14/14 37/37 30*/31 30/30
Mild stenosis 1/1 1†/2 1/1 0
Moderate stenosis 0 1/1 0 0
Severe stenosis 0 0 1/1 0
Occlusion 0 0 0 5/5

Total 15/15 39/40 32/33 35/35

Note.—BCA indicates brachiocephalic artery; SCA, subclavian ar-
tery; CCA, common carotid artery; CS, carotid siphon.

* One normal CCA on conventional angiograms was judged mildly
stenotic on MR angiograms.

† One mildly SCA stenosis on conventional angiograms was judged
moderately stenotic on MR angiograms.

TABLE 3: Internal carotid artery: comparison between conventional
angiography and MR angiography

MR Angiography

Conventional Angiography

No
Stenosis

Mild
Stenosis

Moderate
Stenosis

Severe
Stenosis

Occlusion

No stenosis 19 0 0 0 0
Mild stenosis 1 7 2 0 0
Moderate

stenosis
0 2 6 0 0

Severe stenosis 0 0 1 10 0
Occlusion 0 0 0 0 6

Total 20 9 9 10 6

TABLE 4: Vertebral artery: comparison between conventional an-
giography and MR angiography

MR Angiography

Conventional Angiography

No
Stenosis

Mild
Stenosis

Moderate
Stenosis

Severe
Stenosis

Occlusion

No stenosis 39 0 0 0 0
Mild stenosis 1 4 0 0 0
Moderate

stenosis
2 0 1 0 0

Severe stenosis 0 0 1 1 0
Occlusion 0 0 0 0 1

Total 42 4 2 1 1
very good sensitivity and specificity and good inter-
observer agreement. High-grade stenoses were
clearly distinguished from occlusion despite a signal
loss observed in the distal ICA in four cases of severe
stenosis. This signal loss might be explained by the
decreased flow leading to a reduced concentration of
contrast agent in the distal arterial lumen. Only one
moderate ICA stenosis seen at conventional angiog-
raphy was judged as severe at MR angiography, and
this might have led to a needless endarterectomy if
MR angiography had been the sole technique used
for imaging the cervical arteries. In the posterior
circulation, evaluation of clinically relevant stenosis
remains difficult with both duplex sonography and
MR angiography, primarily because of the small di-
ameter of the vertebral arteries and the frequent
anatomic variations. Stenoses and occlusions were
correctly detected, but three cases of normal vertebral
arteries on conventional angiograms were misclassi-
fied as stenotic on MR angiograms, which may be
attributed to the limited spatial resolution.

Compared with the TOF technique, contrast-en-
hanced MR angiography may have some theoretical
advantages: flow-related artifacts are minimized, any
artery in the imaging volume can be visualized inde-
pendently of its orientation, motion artifacts are rare
because of the shorter scan time, and studies obtained
in the coronal plane can depict both the carotid and
vertebral arteries throughout their cervical and intra-
cranial portions. However, conventional TOF MR
angiography is probably superior for evaluating the
percentage of stenosis of the carotid bifurcation ow-
ing to its inherent spatial resolution. An alternative
protocol would be to use high-resolution 2D and 3D
TOF imaging of the common carotid artery through
the carotid siphon followed by an aortic arch study
using the bolus contrast technique.

Conclusion
Although contrast-enhanced MR angiography is a

promising technique that allows accurate evaluation
of both carotid and vertebral arteries in most cases,
the present protocol cannot be used as a stand-alone
procedure for the evaluation of cervical atheroscle-
rotic disease because of its low spatial resolution and
inadequate anteroposterior coverage. These limiting
factors will undoubtedly be overcome in the near

TABLE 5: Sensitivity and specificity of MR angiography for the eval-
uation of clinically relevant stenosis and ICA occlusion

No. of
Vessels

MR Angiography

Sensitivity
(%)

Specificity
(%)

PPV NPV

ICA stenosis
.70%

10 100 98 0.91 1.00

ICA occlusion 6 100 100 1.00 1.00
VA stenosis .50% 3 100 96 0.60 1.00

Note.—ICA indicates internal carotid artery; VA, vertebral artery;
PPV, positive predictive value; NPV, negative predictive value.

AJNR: 19, September 1998



AJNR: 19, September 1998 ARTERIOSCLEROTIC DISEASE 1413
future. We are currently evaluating a new sequence
with a reduced voxel size that is likely to provide a
more accurate analysis of the supraaortic vessels.
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