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3D Phase Contrast EPI MR Angiography of the
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Objective: Our goal was to compare 3D phase contrast (PC) echo planar
imaging (EPI) MRA of the carotid and vertebral arteries with conventional 3D

PC in volunteers and patients.

Materials and Methods: The carotid arteries of 12 volunteers were imaged
with conventional and EPI 3D PC sequences. The visibility for each of seven
carotid and four vertebral segments was qualitatively assessed. Signal intensity
and homogeneity determinations were performed on the source images. Three
patients with known carotid artery disease were also imaged with the same

protocol.

Results: EPI reduced 3D PC data acquisition time from 459 to 32 s (factor of
15). Both techniques permitted full assessment of the common carotid artery,
the bifurcation, as well as the proximal internal carotid artery (ICA), external
carotid artery (ECA), and vertebral arteries. Visualization of the distal ICA/
ECA and vertebral arteries was inferior with EPI compared with the conven-
tional acquisition. In all patients, lesions as established by X-ray angiography
were seen to equal advantage with both techniques.

Conclusion: EPI 3D PC MRA renders diagnostic images of the proximal
carotid system. The considerable reduction in data acquisition time must be
weighed against poorer image quality.

Index Terms: Magnetic resonance imaging, angiography (MRA)—Magnetic
resonance imaging, techniques—Arteries, carotid—Arteries, vertebral.

Cerebral infarction has been implicated as the
third most frequent cause of death in industrialized
nations. It is most commonly a fatal manifestation
of atherosclerotic disease of the carotid arterial sys-
tem. Atherosclerotic carotid disease can be treated.
In fact, surgical carotid endarterectomy has been
shown to significantly reduce the incidence of cere-
bral infarction (1). Treatment, however, can trans-
late into reduced morbidity and mortality only if the
disease process is diagnosed prior to the manifesta-
tion of permanent cerebral damage. This has stim-
ulated vast interest in the identification and evalu-
ation of accurate, cost-efficient, and preferably
noninvasive diagnostic screening modalities.

Conventional cerebral angiography to date re-
mains the gold standard for the pre-operative eval-
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uation of the carotid system. This method, how-
ever, is invasive, requires the application of intra-
vascular contrast agents, and is associated with a
small yet measurable (1-4%) incidence of complica-
tions including transient ischemic attacks and even
cerebral infarction (2). Furthermore, this examina-
tion is both time and cost intensive and thus not
well suited for screening purposes.

MR angiography (MRA) has been shown to be
useful in the evaluation of the carotid arterial sys-
tem (3-7). In fact, a recent study of endarterectomy
specimens has shown that MRI might actually re-
flect complex vascular morphology in the region of
the carotid bifurcation more accurately than con-
ventional arteriography (8). MRA is totally nonin-
vasive, is not associated with any known side ef-
fects, and can easily be performed as an outpatient
examination. A sufficiently high level of diagnostic
accuracy mandates excellent image quality and
hence high image resolution.

Conventional MRI requires a separate MR exper-
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iment for each line in k-space, resulting in lengthy
imaging times between 10 and 30 min (9). Beyond
the monetary cost associated with such lengthy ac-
quisition times, the technique is prone to motion
artifacts induced by minimal patient motion or swal-
lowing. These are capable of severely degrading im-
age quality and have been shown to obscure disease
as well as simulate lesions in regions of normal vas-
cular morphology.

Through the implementation of stronger and
faster gradient systems, ultrafast echo planar imag-
ing (EPI) strategies, as first described by Mansfield
(10), now appear practical. These allow vast reduc-
tions of MR data acquisition times.

Echo planar data acquisition schemes can be ap-
plied to MRA (11-13). The purpose of the study was
to evaluate an ultrafast EPI MRA with regard to its
ability to depict the carotid arterial morphology. We
present the initial implementation of a 3D multishot
EPI gradient-recalled echo (GRE) phase contrast
(PC) sequence that combines ultrafast data acquisi-
tion with adequate spatial resolution to depict suf-
ficient vascular detail. Following assessment of this
ultrafast imaging strategy with respect to conven-
tional MRA in normal subjects, the performance of
the technique was evaluated in three patients in a
comparison with conventional contrast angiography
as well as conventional MRA.

SUBJECTS AND METHODS
Subjects

MRA examinations of both carotid arterial sys-
tems were performed on 12 normal subjects (8 men,
4 women) and 3 patients. Informed consent was ob-
tained from each subject as mandated by our insti-
tutional review board. The volunteers, aged be-
tween 24 and 36 years (mean age 27.4 years), had no
evidence of arterial disease. All patients (two men,
one woman), aged between 65 and 78 years, had
undergone conventional contrast angiography for
the evaluation of clinically suspected severe athero-
sclerotic changes in the carotid arteries. Selective
cerebral angiography was performed with a femoral
artery approach. Biplane film screen imaging in the
anteroposterior and lateral projections was per-
formed in conjunction with digital subtraction an-
giographic imaging.

MRI

All studies were performed on a 1.5 T MR scan-
ner (Signa; GE Medical Systems, Milwaukee, WI,
U.S.A.), equipped with a prototype gradient con-
figuration in the x-axis for nonresonant EPI (slew
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rate 200 mT/m/ms, amplitude 18 mT/m, ramp time
90 us).

3D PC MRA examinations of the carotid arteries
were performed on all subjects based on conven-
tional as well as echo planar data acquisition strat-
egies. To enhance image quality, all MRA exami-
nations were performed with a surface coil (anterior
neck coil) for signal reception. The subjects were
instructed to minimize any head or swallowing mo-
tion while data acquisition was ongoing.

Based on sagittal localizing images, a 15 cm wide
imaging volume, consisting of 60 X 2.5 mm sec-
tions, was centered on the carotid bifurcation for
the 3D PC acquisitions. For the 3D EPI PC mea-
surements, a 2D plane of 3D k-space data was ac-
quired in eight shots. With this acquisition strategy,
10 k-space lines are collected following a single RF
pulse. The eight shots were collected in a k-spaced
interleaved fashion (14). Positive and negative ve-
locity-encoded measurements were obtained in di-
rect succession. Conventional phase encoding was
applied to scan in the third k-space direction. To
ensure a steady magnetization state, two successive
dummy pulses (shots without data collection) were
applied before the actual data acquisition.

The particular choice of imaging parameters was
driven by the attempt to provide optimal image
quality in the shortest possible data acquisition
time. To enable a valid comparison, the number of
sections (n = 60), section thickness (2.5 mm), field
of view (26 x 13), and imaging matrix (256 X 128)
were identical, rendering an in-plane resolution of
1.02 x 1.02 mm and a voxel volume of 2.5 mm?>.
Flow was encoded in the superoinferior direction
with a velocity-encoding value of 1.2 m/s. A flip
angle of 20° was employed for the conventional ac-
quisition; for EPI a flip angle of 25° was used. While
the conventional 3D PC data were based on full
k-space data acquisition, reconstruction of EPI im-
ages was based on a fractional k-space acquisition,
collecting 80 k-lines per image. The missing k-lines
were zero-filled, and the amplitude of the unpaired
lines was scaled by a factor of 2. A conventional 2D
Fourier transform was applied and a modulus image
was taken.

The EPI data were collected with a sampling rate
of 166.6 kHz (6 ps/sample), translating into a min-
imum effective TE of 9.4 ms and a TR, defined as
the time between two successive RF pulses, of 28
ms. For the conventional 3D PC acquisition, a
slightly shorter TE of 7.2 ms could be achieved. The
minimum TR of 28 ms was identical to that of the
echo planar sequence. The sampling rate was 32
kHz.

For reconstruction, the 3D PC data sets were
transferred to a SPARC 10 workstation (Sun Mi-
crosystems, Mountain View, CA, U.S.A.). Subse-
quently, the axial 3D images were coronally recon-
structed, using a ‘‘maximum pixel intensity pro-
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jection’’ algorithm (15), implemented on a commer-
cially available postprocessing program (interactive
vascular imaging; GE Medical Systems, Milwau-
kee, WI, U.S.A.).

Image Analysis

Using the 20th magnitude-weighted PC section of
all image sets, signal intensity (SI) measurements
covering operator-defined regions of interest were
performed in both common carotid arteries (CCAs)
as well as in the surrounding tissues not containing
flowing spins, hence representing background.
Noise was defined as the standard deviation of the
SI outside the imaging volume. Vessel signal-to-
noise ratios (SNRs), vessel-to-background contrast-
to-noise ratios (CNRs), and vessel-to-background
SI ratios were calculated.

For the qualitative comparison of the two tech-
niques, each carotid arterial system was subdivided
into seven and each vertebral artery into four seg-
ments (Fig. 1). An experienced neuroradiologist,
blinded to the underlying data acquisition scheme of
the particular image set under review, separately
classified each segment as either ‘‘adequately visi-
ble’’ or ‘‘not adequately visible.”’ The criterion of
adequate visibility was fulfilled if disease in that
particular arterial segment could with certainty be
excluded. Image analysis was based on both the
coronal reconstructions as well as the axial source
images.

Patient studies were evaluated for their diagnos-
tic value. An experienced neuroradiologist, blinded
to both the results of the contrast angiographic ex-
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FIG. 1. Schematic illustration of the evaluated carotid and
vertebral segments. CCA, common carotid artery; bif, carotid
bifurcation; ICA, cervical internal carotid artery; ECA, exter-
nal carotid artery; V1-4, vertebral segments 1—4.

amination as well as the underlying MR data acqui-
sition strategy, analyzed the three image sets on the
basis of presence of disease. No attempt was made
to grade the stenoses on the MR images. Analysis
was limited to the common carotid, the carotid bi-
furcation, the proximal internal (ICA) and external
(ECA) carotid arteries, as well as the proximal ver-
tebral arteries (V1, V2).

Statistical Analysis

Vessel SNRs, vessel-to-background CNR, and SI
ratios of conventional and EPI-based acquisitions
were compared with a paired Student ¢ test. For
these purposes, Sls of the left and right CCAs were
averaged.

The qualitative performance of each technique in
the volunteer study was determined by calculating
the mean number of visualized vessel segments for
each subject and statistically compared on a seg-
ment-for-segment basis with respect to the two
evaluated acquisition strategies, using a nonpara-
metric Wilcoxon rank test.

RESULTS
Normal Subjects

The 12 volunteers and 3 patients tolerated the
MRA studies well. The conventional 3D PC data
were acquired in 459 s. With the 3D EPI technique,
data collection for the same imaging volume com-
prising the same number of axial images was ac-
complished in merely 32 s. Accordingly, the EPI
strategy shortened data acquisition times compared
with the conventional technique by a factor of ~15.

SNRs were significantly higher for conventional
images (mean 37.3 = 5.7) than EPI images (mean
5.7 = 1.0) (p < 0.0001). Vessel-to-background SI
ratios, on the other hand, were significantly higher
for the EPI images (mean 132 * 82 vs. 89 * 26) (p
< 0.03). CNRs again favored conventional images
(36 £ 4 vs. 6 = 0.7) (p < 0.0001).

The CCA, the carotid bifurcation, as well as the
proximal portion of the ECA and ICA were well
visualized with both conventional and EPI PC ac-
quisitions. In fact, all five proximal carotid seg-
ments (proximal and distal CCA, carotid bifurca-
tion, proximal ICA and ECA) were seen in all 12
normal subjects on both the conventional as well as
the EPI image sets (Figs. 2 and 3). The proximal
vertebral segments V1 and V2 were similarly well
seen with both techniques. In a single subject, only
one vertebral artery was visualized with both data
sets, reflecting an anatomic anomaly. In only one
subject, a V2 segment seen on conventional images
was not visible on the EPI set (Fig. 3).

The remaining distal segments of the ECA, the
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ICA, as well as the vertebral arteries were not fully
visualized with either technique. On conventional
images, the distal ICA was seen 83% of the time,
the distal ECA segments in only 42%. The perfor-
mance of conventional 3D PC was, however, supe-
rior to that of the EPI PC acquisition (Figs. 2 and 3).
EPI images permitted adequate assessment of
merely 29% of the distal ICA and none of the distal
ECA segments. Similarly, visualization of the distal
vertebral segments V3 and V4 was less complete on
EPI images (V3 = 25%, V4 = 0%) compared with
conventionally acquired image sets (V3 = 70%, V4
= 21%). In all five of these distal vessel segments,
conventional 3D PC outperformed EPI PC with re-
gard to arterial visibility (p < 0.05).

Patients

In all three evaluated subjects, minor atheroscle-
rotic changes were seen throughout the carotid and
vertebral vessels. In two of the patients examined,
invasive angiography revealed a unilateral stenosis
of the proximal ICA extending into the carotid bulb,
severe (90%) in one case and moderate (75%) in the
second. In the former, a concomitant moderate
(75%) stenosis involved the proximal ECA. In the
third patient, the right vertebral artery was proxi-
mally occluded. Both ICA stenoses and the verte-
bral artery occlusion were prospectively identified
on both the conventional and the EPI 3D PC image
sets (Fig. 4).

DISCUSSION

The employed 3D EPI data collection strategy
significantly shortened imaging times, while main-

J Comput Assist Tomogr, Vol. 19, No. 6, 1995

S. WILDERMUTH ET AL.

FIG. 2. Three-dimensional
phase contrast MR angio-
grams of the carotid and ver-
tebral arteries in a normal vol-
unteer, based on 64 axial 2.5
mm sections. Coronal repro-
jections of the conventional
data (a) acquired over 459 s
and echo planar data (b) col-
lected over merely 32 s. The
proximal carotid and vertebral
systems are seen on both im-
ages to equal advantage.

taining image quality sufficient for the assessment
of the proximal carotid system. With use of a 3D PC
MRA acquisition, arterial vessels of the neck were
imaged within a 15 cm wide volume, consisting of
60 axial 2.5 mm sections, in merely 32 s.

In contrast to conventional MRI techniques,
which require a separate MR experiment for the
acquisition of each line in k-space, EPI collects mul-
tiple k-space lines following a single RF excitation
(16,17). Several EPI MRA sequences have been de-
veloped (11-13,18). Using a GRE-based EPI MRA
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FIG. 3. Graphic illustration of the qualitative visibility data.
The relative visibility is plotted for each of the evaluated ves-
sel segments for both conventional and echo planar tech-
niques. See Fig. 1 for abbreviations.
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FIG. 4. Selective digital subtraction angiogram (a) of the right carotid artery reveals a high grade lesion involving the proximal
internal carotid artery (arrow). Mild disease is seen in the proximal external carotid artery. The lesion (arrows) is identified on
both the conventional 3D phase contrast MR angiogram (b) as well as on the echo planar angiogram (c).

sequence, Goldberg et al. (12) reported diagnostic
images of the hepatic and portal venous systems.
Careful analysis of the employed imaging parame-
ters, revealing a rather limited in-plane resolution of
1.6 X 3.2 mm, points to limitations of the EPI ap-
proach with regard to image quality.

Since data for EPI images are collected over a
free induction decay, data lines acquired much be-
yond the tissue T2* decay time will contain little
signal. The resulting compromise in the high spatial
frequency image information leads to poor edge def-
inition, with the inability to delineate small struc-
tures such as carotid or vertebral arteries (19). The
short T2* decay time of blood within vessels as well
as the surrounding fat limits achievable image res-
olution if all k-lines are collected after a single RF
pulse (single shot EPI). Further limitations with re-
gard to the length of the GE train following an RF
pulse arise from increases of flow-induced spin
dephasing artifacts, resulting in intravascular flow
voids (17). It is thus highly desirable to reduce the
GE train length and thus the data acquisition win-
dow by limiting the number of acquired data lines
per RF pulse (20). This can be achieved by employ-

ing partial k-space coverage. Some oversampling
(25%), however, is required to keep flow estimation
errors within acceptable bounds (21). A more effec-
tive shortening of the GE train can be accomplished
by collecting the image data not in a single but in
several packages referred to as ‘‘shots’ (20). To
avoid off-resonance ghosting, multishot EPI data
are collected in a k-space interleaved fashion
(14,22). Due to the shortening of the data acquisi-
tion time, the high spatial frequency image informa-
tion is now collected within the T2* time, translat-
ing into improved edge detection and conspicuity of
small vascular structures (20).

To warrant adequate visualization of the carotid
and vertebral vascular systems, data acquisition of
a 2D plane of the 3D k-space was divided into eight
shots. Eight shots were chosen based on prelimi-
nary sequence optimization. Breaking up the gradi-
ent train into eight shots results in a pronounced
shortening of the echo train length and thus the ef-
fective TE, rendering an in-plane resolution of 1 X
1 mm. In fact, the TE of 9.4 ms with EPI was not
much longer than the 7.2 ms TE of the conventional
3D PC sequence. At the same time, shortening the
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TE reduces motion-induced dephasing artifacts,
translating into more homogeneous intravascular
signal (11). The multishot EPI approach used in this
study thus combines high image quality with ultra-
fast data acquisition.

Each of the two fundamental approaches to vas-
cular MR, TOF and PC, offers theoretical advan-
tages and disadvantages (23). Currently the TOF
technique is the one favored for evaluation of the
carotid arteries by most institutions (23). Due to the
better depiction of small vessels with PC MRA,
some authors maintain that both techniques are
complementary. At this time, no conclusive data
are available with regard to the imaging perfor-
mance of the two techniques in the carotid arteries.
For the depiction of the intracranial vascularity as
well as for renal arteries, the PC technique has been
shown to be superior to TOF (23,24). This has
largely been attributed to in-plane flow saturation
phenomena inherent to the TOF technique. One of
the more important factors favoring TOF over PC
for imaging of the carotid arteries is the length of the
imaging time (23). Depending on whether flow is
encoded in one or all three planes, PC data acqui-
sition exceeds TOF imaging times by a factor of 2 or
4, respectively. Beyond increasing imaging cost,
prolongation of the imaging time augments the po-
tential for motion artifacts. The ensuing degradation
of image quality might render the study nondiagnos-
tic or might even mimic pathology such as fibro-
muscular dysplasia in areas of normal vascular mor-
phology (25). With ultrafast EPI data collection
techniques, absolute differences in imaging times
become considerably less relevant. Hence, the ad-
vantages of PC imaging, including better back-
ground suppression, reduced intravoxel dephasing,
reduced sensitivity to spin saturation, and adjust-
able flow sensitivity (6,9,15,26-28), appear to out-
weigh those of TOF. Furthermore, the directional
component inherent to PC imaging permits easy dif-
ferentiation of venous from arterial signal, obviating
the need for spatial saturation pulses. To enable a
valid quantitative and qualitative comparison of the
conventional and EPI MRA image sets, the conven-
tional reference MRA exam was also performed
with the PC technique. This study design was cho-
sen to accentuate differences in image quality re-
lated to patient motion during data acquisition.

Multiplanar cross-sectional acquisition tech-
niques may be based on either 2D or 3D Fourier
transforms. While 2D approaches generally require
less imaging time and are less sensitive to spin sat-
uration phenomena, there are several advantages to
3D imaging. It allows acquisition of very thin sec-
tions with minimal interslice cross-talk (5). The
smaller voxel size reduces partial voluming errors
and decreases intravoxel dephasing. These charac-
teristics are of particular value in the assessment of
the carotid bifurcation (29). Since SNR increases as
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the square root of the number of phase encodings
perpendicular to the imaging plane (30), 3D imaging
is also characterized by higher SNRs than 2D ac-
quisitions. In view of this advantage, the implemen-
tation of the 3D Fourier transform into SNR-limited
echo planar acquisition strategies, as first described
by Cohen and Rohan (31), represents a natural next
step.

Another important reason favoring the use of 3D
k-space acquisitions for EPI MRA acquisitions re-
flects the pulsatility of the arterial system. The ac-
quisition time for a 2D EPI image is considerably
shorter than the length of an RR interval. To ensure
that data collection coincides with antegrade sys-
tolic flow, either image acquisition needs to be
gated to systole, or, as suggested by Goldberg et al.
(12), multiple images can be acquired in the same
location. Both solutions result in a significant
lengthening of imaging times, diminishing the speed
advantage inherent to EPI data acquisition strate-
gies. On the other hand, 3D EPI data sets are col-
lected over a period exceeding the length of several
cardiac cycles, hence representing flow averaged
over that same period. This approach allows one to
take full advantage of EPI's ultrafast acquisition
speed. For echo planar MRA of the pulsatile arterial
system, a 3D strategy thus appears clearly prefera-
ble.

The higher vessel-to-background SI ratios with
EPI, reflecting higher intravascular signal on the
magnitude-weighted EPI phase images, compensate
to some degree for the increased noise inherent to
EPI. Similar observations were made on 2D TOF
EPI images (12). SNR and CNR of EPI, however,
remained significantly below the levels achieved
with the conventional acquisition, due to the rather
high level of noise in the EPI images. The latter
reflects differences in voxel bandwidth, increasing
noise by a factor of ~2.5, and the use of a high
bandwidth analog receiver for the EPI acquisition,
increasing noise by another factor of 2. Improve-
ments in receiver technology might alleviate this
difference considerably in the near future.

Despite the significantly poorer SNR and CNR
levels, qualitative assessment of this initial imple-
mentation of a 3D PC EPI sequence was encourag-
ing. The entire CCA, the carotid bifurcation, as well
as the proximal portions of the cervical ICA and
ECA were well seen in all 12 subjects evaluated.
The patient studies confirm that pathologic changes
in the proximal carotid system are similarly well
depicted. The achieved spatial resolution even per-
mitted visualization of the proximal vertebral arter-
ies. Congenital absence of one vertebral artery in 1
of the 12 volunteers was documented, as well as the
proximal occlusion of a vertebral artery in one of
the patients evaluated.

Significant differences in the performance of con-
ventional and EPI 3D PC acquisitions became ap-
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parent in the evaluation of the more distal vessel
regions. The distal portion of the cervical ICA, the
ECA, as well as the V3 and V4 segments of the
vertebral tree were less well seen with EPI than
with conventional technique. Incomplete visualiza-
tion of these segments even on conventional image
sets suggests that the poor performance of 3D PC
EPI with regard to the distal arterial segments re-
flects limitations inherent to 3D imaging in general
as well as those particular to EPI. The latter include
the significantly lower SNR and CNR levels, as well
as the longer effective TE, resulting in more spin
dephasing (29,32). Optimization of the selection
pulses might further reduce the TE of 3D PC EPI,
mitigating these effects.

The employed 3D EPI PC imaging parameters
were chosen to ensure a compromise between short
data acquisition time and adequate image quality. A
benchmark of 30 s seemed desirable not to exceed.
It is quite conceivable, however, that changes in the
individual data acquisition parameters associated
with an increase in data acquisition time might im-
prove image quality. Thus, doubling the number of
excitations might result in a significant increase of
image quality. The associated doubling of imaging
time to 64 s would still represent a vast improve-
ment compared with the conventional PC MRA
techniques.

More dramatic improvements in the performance
of 3D PC EPI can, however, be expected from the
implementation of other measures, benefiting both
conventional and EPI acquisitions. Intravascular SI
could be enhanced on the magnitude-weighted PC
images by the administration of extracellular con-
trast agents (33). Increased venous signal would re-
main of no consequence, owing to the directional
component of the PC method. Spatially variable flip
angles or TONE pulses have been demonstrated to
effectively reduce spin saturation at no expense to
imaging time (34,35). Another approach centers on
the use of multiple thin slab 3D acquisitions, as first
suggested by Parker et al. (36). These have proved
useful in reducing the loss in CNR associated with
saturation of blood (37). The lengthening of the ex-
amination time would not dramatically affect the
absolute EPI data acquisition time. The stair step or
venetian blind appearance on the projection images,
reflecting the nonuniform section profiles, might
represent a greater challenge. Recently, Tkach et
al. (26) demonstrated improved depiction of small
peripheral carotid segments on conventionally ac-
quired 3D TOF MIP images, by varying the TR tem-
porally over the course of the acquisition of each
complete section-encoding loop. The potential of
this technique with echo planar acquisitions still
needs to be explored.

In conclusion, we have presented initial experi-
ence with a 3D echo planar strategy for imaging of
the carotid and vertebral arteries in merely 32 s. In

its current form, the performance of 3D PC EPI
remains inferior to that of conventional MRA. With
technical refinements, however, this approach may
evolve into a cost-efficient, noninvasive, and suffi-
ciently accurate screening test in the assessment of
atherosclerotic disease in the carotid arteries.
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