
Name /ajnr/21_203        02/03/00 10:35AM     Plate # 0 com osite g 381   # 1

381

MS

AJNR Am J Neuroradiol 21:381–385, February 2000

Dynamic Contrast-Enhanced MR Angiography and MR
Imaging of the Carotid Artery: High-Resolution

Sequences in Different Acquisition Planes

Shigeki Aoki, Hiroto Nakajima, Hiroshi Kumagai, and Tsutomu Araki

BACKGROUND AND PURPOSE: First-pass contrast-enhanced MR angiography has become
the technique of choice for studying the carotid bifurcation, but this method has some limita-
tions. We evaluated the clinical utility of performing 3D contrast-enhanced MR angiography
in the axial plane immediately after performing angiography in the coronal plane.

METHODS: Cervical carotid arteries of 80 consecutive patients were studied on a 1.5-T MR
imager with phased-array coils. Coronal 3D MR angiography was performed after adminis-
tering a bolus injection of contrast material (20 mL) with automatic triggering. This was im-
mediately followed by an axial acquisition. We measured carotid diameters on the contrast-
enhanced MR angiograms as well as on intra-arterial digital subtraction angiograms according
to established criteria. We also evaluated original source MR angiograms.

RESULTS: Angiograms obtained in the axial plane correlated better with the intra-arterial
digital subtraction angiograms than did the coronal angiograms. When first-pass contrast-
enhanced MR angiography was incomplete because of a failure of triggering, the second-phase
acquisition provided sufficient image quality. Original source images suffered from ring arti-
facts, low axial resolution, and a low level of soft-tissue visualization. Axial-based source images
showed flow-independent contrast filling to the patent lumen with sufficient visualization of
plaque morphology, thickened arterial wall, and surrounding disease processes, such as tumors.

CONCLUSION: With the addition of a 1-minute second-phase 3D acquisition in a different
plane immediately after first-pass contrast-enhanced MR angiography, one can obtain a more
accurate depiction of the carotid bifurcation, insurance against failure of triggering, and di-
agnostic source images.

Recently, imaging of the carotid artery has been the
focus of considerable attention, primarily since the
usefulness of carotid thromboendarterectomy was
established by the North American Symptomatic
Carotid Endarterectomy Trial (NASCET) (1) and by
other investigations (2–4). Evaluation of the carotid
bifurcation and proximal internal carotid arteries in
these trials was achieved with conventional angi-
ography, which has a complication rate of about
0.5% (5–7). To reduce risks related to conventional
cerebral angiography, many noninvasive imaging
approaches have been advocated, such as Doppler
sonography (7), helical CT (8, 9), and noncontrast
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and contrast-enhanced MR angiography (10–12).
Many researchers believe that not only the carotid
artery diameter-based criteria, such as that of NAS-
CET, but also other morphological changes on im-
ages may help to predict cerebral ischemia/infarction
(13–24). Morphological changes in the arterial wall
are clearly depicted on high-resolution noncontrast
or contrast-enhanced MR images (17–25).

Dynamic contrast-enhanced MR angiography
provides flow-independent anatomic information,
and has many other advantages, including a short
acquisition time and a minimal dephasing effect.
This technique has rapidly become the procedure
of choice for examining the aorta, neck, pelvis, and
extremities (26–29). In particular, rapid circulation
in the carotid territory requires a short acquisition
time to avoid summation of venous structures. This
short acquisition time leads to restrictions on the
number of slices (limited second-order phase-en-
coding steps) and anisotropic voxels that can be
obtained. When coronal 3D MR angiography is
used to achieve an overview of the head and neck
arteries, anteroposterior resolution is limited (usu-
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FIG 1. Correlation between second-phase (axial) 3D MR angi-
ography and IADSA. Twenty carotid arteries in 15 patients were
analyzed.

ally by 2 to 5 mm). On the other hand, intimal
thickening in the carotid bifurcation is frequently
located at the posterolateral aspect of the carotid
bulb (30, 31). The insufficient resolution in the an-
teroposterior direction might be a critical drawback
in the diagnosis of carotid stenosis. Although spe-
cial techniques, such as k-space segmentation with
frequent sampling of lower spatial frequencies (3D
time-resolved imaging of contrast kinetics) (10, 32)
or the use of elliptical centric ordering (33), have
been proposed for high-resolution contrast-en-
hanced MR angiography, these are not widely
available.

Source images of first-pass MR angiography
should have high differentiation between the con-
trast-filled vascular lumen and the surrounding
structures in order to show the vessels. However,
these images suffer from ring and other artifacts
caused by the dynamic change of contrast material
during acquisition, and visualization of surrounding
structures, such as the arterial wall or adjacent tu-
mor, has been limited. We postulated that if we
added a relatively short 3D acquisition with suffi-
cient resolution in the early phase of contrast in-
jection (immediately after the first pass), we might
obtain MR angiograms with adequate resolution in
the anteroposterior direction as well as diagnostic
source images in the region of the carotid
bifurcation.

The purpose of this study was to ascertain the
clinical usefulness of contrast-enhanced MR angi-
ography in evaluations of the carotid bifurcation by
using different acquisition planes and resolutions.

Methods
Cervical carotid arteries of 80 consecutive patients (57 male,

23 female; 16 to 88 years old; mean age, 57 years) were stud-
ied on a 1.5-T MR imager with phased-array coils. Patients
were referred to our institution for contrast-enhanced MR im-
aging and/or MR angiography of the head and neck for cere-
brovascular disease (35 patients), head and neck tumors (34
patients), or skull base and other tumors (11 patients). Thirty-
three patients were also studied by conventional intraarterial
digital subtraction angiography (IADSA).

MR imaging was performed on a 1.5-T imager with dual
phased-array coils at the anterior neck and thoracolumbar spine
or the torso (two 5-inch GP coils at both sides near the carotid
bifurcations and one 5 3 11-inch square coil at the anterior
neck). After intravenous injection of 20 mL of contrast mate-
rial (gadopentetate dimeglumine), the first phase was obtained
with a coronal 3D acquisition to show an overview of the
arteries from the aortic arch to the circle of Willis, with a large
field of view (FOV) and a short scan time (5.8/1.4 [TR/TE],
7.3-cm slab thickness, 14 slices, 30 3 30-cm FOV, 256 3 128
matrix [512 3 512 with interpolation], centric ordering in the
k-space, and a scan time of 15 seconds). Automatic triggering
was used. Bolus injection was done with a mechanical injector
at a rate of 3 mL/s. The first phase was followed within 20
seconds by an axial 3D fast gradient-echo sequence (6.7/1.7,
2- to 3-mm thickness, 16- to 20-cm FOV, 256 3 224 matrix
[512 3 512 with interpolation] with sequential view ordering
in the k-space, an 84- to 112-mm slab thickness, and a scan
time of 58 seconds) using a fat-saturation technique (spectrally
selected inversion recovery pulse: TI 5 30). Carotid bifurca-
tions were covered within the scan fields. Contrast-enhanced

MR angiograms were reconstructed and filmed from both
phases with partial maximum intensity projection (MIP) and/
or average targeting.

Using a loupe, one of the authors measured carotid bifur-
cations according to NASCET criteria (34) on the first- and
second-phase MR angiograms and the IADSA images. The
correlations (Pearson’s correlation coefficient) were analyzed
only when the diameter of the distal normal internal carotid
artery was equal to or larger than that of the narrowed portion
of the carotid bulb (ie, more than 0% stenosis by NASCET
criteria). Two of the authors evaluated, by consensus, the im-
age quality of the contrast-enhanced MR angiograms and the
extent to which details of the carotid lumen, wall, and sur-
rounding structures were depicted on the axial source images
from the second phase.

Results
Dynamic MR angiograms reconstructed from the

second-phase (axial) 3D acquisition correlated well
with IADSA images (g 5 .97; P , .001) (Fig 1).
Twenty carotid arteries of 33 patients who had both
contrast-enhanced MR angiography and X-ray
DSA showed more than 0% stenosis by NASCET
criteria and were used for this analysis. Summation
of the veins could be eliminated by the partial MIP/
average targeting at the carotid bifurcation. Dy-
namic MR angiograms, which were reconstructed
from the first-phase (coronal) 3D acquisition, also
correlated with the DSA images (g 5 .71; P , .04)
(Fig 2), but not as well as those from the second-
phase (axial) acquisition (Figs 2 and 3). Eighteen
of 20 carotid arteries with matching characteristics
were analyzed for this study (two arteries in one
patient could not be used because of trigger failure
during first-phase angiography). The first-pass con-
trast-enhanced MR angiograms were incomplete
because of trigger failure or other mechanical dif-
ficulties in four of 80 cases. In all four of these
failures, the second-phase angiograms were of sat-
isfactory quality. On the other hand, the second-
phase MR angiograms were occasionally incomplete
(five cases) because of insufficient fat-saturation ef-
fects or patient movement. In these five cases, all
the first-pass angiograms were of diagnostic
quality.
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FIG 2. Correlation between first-pass (coronal) 3D MR angiog-
raphy and IADSA. Eighteen carotid arteries in 14 patients were
analyzed.

Axial 2D (source) images of the second-phase
(axial) 3D sequence were of relatively good reso-
lution without significant artifacts caused by rapid
contrast changes during acquisition. On the axial
images, a marked thickening of the enhancing wall
was observed in patients with arteritis (Fig 4).
Moderately eccentric/irregular thickening was ob-
served in the area of atherosclerosis (Fig 3). One
patient in whom irregular plaques were detected
had a stroke 3 months later. In the regions sur-
rounded by malignant tumors, details of the carotid
wall and tumors were well demonstrated (Fig 5).
However, original source images of the first-pass
angiography suffered from ring artifacts and had
low axial resolution.

A wide FOV for the first-pass (coronal plane)
contrast-enhanced MR angiographic sequence was
useful in delineating proximal occlusion of the
common carotid artery and subclavian or vertebral
stenosis/occlusion (Fig 4).

Discussion
Dynamic contrast-enhanced MR angiography

provides information on flow-independent anatom-
ic vascular structures; however, rapid circulation in
the carotid territory usually requires precise bolus
triggering with a centric data-filling technique into
the k-space (centric order view). The scan trigger-
ing technique is essential in this centric data filling,
and a test bolus injection for scan triggering (35),
automatic triggering (36), or bolus monitoring by
fluoroscopic MR imaging (33) is used to obtain
good arterial phase contrast-enhanced MR angio-
grams. When bolus triggering fails for some rea-
son, first-pass contrast-enhanced MR angiograms
are easily deteriorated by an insufficient contrast
filling to the arterial lumen or by contrast filling to
the venous systems. DSA MR angiography, which
continuously repeats 3D sequences with an acqui-
sition time of about 5 seconds without triggering,
has been proposed (10, 32). This appears to be a
promising technique but requires a high perfor-
mance gradient and special software. Our technique
of adding a second phase is simple; it can be per-

formed with a commercially available system and
might contribute some alternative information
when bolus triggering is insufficient.

Coronal first-pass 3D MR angiography can pro-
vide an overview of the carotid and vertebrobasilar
systems from the aortic arch to the circle of Willis.
This overview is essential in the assessment of ce-
rebrovascular disorders, especially in the evaluation
of atherosclerosis and arteritis, because these dis-
eases are systemic and not limited to the carotid
bifurcation. However, a wide FOV and a thick slab
to cover a large volume of interest in a limited ac-
quisition time usually leads to a large voxel size.
The coronal slab typically has a thick anteropos-
terior diameter in anisotropic voxels. In other
words, resolution in the anteroposterior direction is
especially low in a standard (or normal) coronal 3D
acquisition. Plaques at the carotid bifurcation al-
most always develop at the posterior aspect of the
proximal internal carotid artery. To depict the pos-
teroanteriorly protruded plaques, spatial resolution
in this direction is essential. On a partial MIP im-
age of the carotid bifurcation obtained from a stan-
dard coronal 3D acquisition, details of the luminal
narrowing were obscured owing to this large voxel
and low anteroposterior resolution. Several tech-
niques to obtain a high-resolution 3D data set (near
isotropic voxel) in one short acquisition have been
proposed, including segmented k-space filling (10,
32) or an elliptical centric order view (33). These
sophisticated methods appear to be promising, but
are not widely available at this time. In addition,
centric data fitting to the k-space with rapidly
changing contrast during the acquisition deterio-
rates the quality of the source image by ringing,
blurring, or ghosting artifacts, and so on. First-pass
contrast-enhanced MR angiography provides ex-
cellent contrast between the enhanced lumen and
the surrounding soft tissue, but, at the same time,
eliminates soft tissue (ie, background) visualization
to a considerable degree. Source images or recon-
structed slices from the first-pass angiography are
insufficient for diagnostic evaluation because they
cannot show pathologic changes of the surrounding
soft tissue.

Axial source images (with sufficient diagnostic
quality) provided us with useful information be-
yond that concerning intraluminal morphology, be-
cause they clearly showed thickening of the wall in
arteritis and tumors surrounding the carotid artery.
Plaque morphology was also observed; and, in one
such instance, a patient who had irregular plaque
formation had a stroke 3 months after MR angi-
ography. Further study might reveal that, in addi-
tion to the luminal diameter, plaque morphology
may be associated with stroke risk. Several studies
of atherosclerotic plaques on high-resolution MR
images (17–25) have found an excellent correlation
between MR and pathologic findings. In athero-
sclerosis or aortitis, neovascularity of the diseased
wall (proliferation of the vasa vasorum) has been
reported as a possible cause of intramural dissec-
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FIG 3. Severe stenosis of the left internal carotid artery in a 79-year-
old man.

A–D, IADSA image (lateral view) (A); partial MIP image of second-
phase (axial) 3D contrast-enhanced MR angiogram (B); partial MIP im-
age of the first-pass (coronal) 3D angiogram (C); source image of the
second-phase (axial) 3D angiogram (D). Irregular forms of stenosis are
well visualized on axial view; however, coronal view fails to show details
of the stenotic lesions, mainly because of low spatial resolution in the
anteroposterior direction. A source image of second-phase (axial) 3D
angiography clearly shows irregular plaque (arrow, D).

FIG 4. Marked thickening of left common carotid wall in a 35-year-old woman
with arteritis.

A, First-pass (coronal) 3D contrast-enhanced MR angiography shows occlusion
of the left common carotid artery (arrow) and the left subclavian artery. The right
common and internal carotid arteries are dilated.

B, Source image of second-phase (axial) MR angiography shows marked thick-
ening and enhancement of the wall of the common carotid artery (arrows).

FIG 5. Source image of second-phase (axial)
MR angiography shows invasion of the left inter-
nal carotid artery by nasopharyngeal carcinoma
(arrow).
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tion and hemorrhage (24). Several researchers have
reported that the enhancement of the arterial wall
on MR images is related to atherosclerosis-like
neovascularity of the wall (24, 25, 37). Wall thick-
ening and enhancement were important findings in
arteritis, as well as dissection (38–40). In our study,
wall thickness and vascularity of the wall itself
were easily observed with contrast enhancement,
and we could reconstruct the MR angiogram.

Conclusion
With the addition of a 1-minute second-phase 3D

acquisition in a different plane immediately after
first-pass contrast-enhanced MR angiography, one
can obtain a more accurate depiction of the carotid
bifurcation, insurance against failure of triggering,
and diagnostic source images.
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