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Three-dimensional Contrast-Enhanced MR Angiography of the
Extracranial Carotid Arteries: Two Techniques

Richard A. Levy and Jeffrey H. Maki
Summary: Two methods of contrast-enhanced dynamic 3-D
MR angiography of the head and neck are demonstrated.
In the first, arterial and arteriovenous phases are tempo-
rally resolved by timing contrast injection such that max-
imum arteriovenous signal intensity difference is matched
to acquisition of central k-space. A second, faster sequence
allows for temporal resolution of arterial, early arterio-
venous, late arteriovenous, and washout arteriovenous
phases without a need for precise injection timing.

With the evolution of MR scanners and software
capabilities and the concomitant ability to acquire
faster three-dimensional spoiled gradient-echo pulse
sequences, dynamic contrast-enhanced 3-D MR an-
giography has become a widely practiced technique.
Its application to the head and neck has been facili-
tated by improvements in MR hardware and software
that permit improved spatial and temporal resolution.
These improvements include faster and stronger gra-
dient capabilities, which in conjunction with the most
recent software upgrades, allow for rapid dynamic
acquisition of complete spatial frequency informa-
tion, permitting very short sequential 3-D acquisi-
tions.

At our institution, the use of contrast-enhanced
dynamic 3-D MR angiography has supplanted cathe-
ter angiography in a significant number of head and
neck cases, and is probably superior to other MR
angiographic methods, such as two-dimensional time-
of-flight (TOF) angiography (1). We present our ex-
perience with two methods of contrast-enhanced dy-
namic 3-D MR angiography in the head and neck.

Methods
Two contrast injection timing protocols, in conjunction with

MR scanner upgrades, were used to illustrate selective arterial
and arteriovenous enhancement in dynamic 3-D MR angiog-
raphy of the head and neck. Scanner upgrades included in-
creased gradient strength (23 mT/m) and slew rates (115 T/m
per second) suitable for echo-planar imaging as well as soft-
ware capable of rapid sequential acquisition of complete k-
space data for dynamic 3-D MR angiography. All MR angiog-
raphy was performed on a GE 1.5-T Signa scanner. A head and
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neck coil (MedRad, Pittsburgh, Pa) was used for all extracra-
nial MR angiography, and a head coil (General Electric, Mil-
waukee, Wis) was used for all intracranial MR angiography.
Placement of the imaging volume was based on a T1-weighted
sagittal localizer series extending from the thoracic inlet
through the brain for coronal extracranial sequences, on a
T1-weighted coronal localizer series of the face and orbits for
sagittal intracranial sequences, and on a sagittal T1-weighted
localizer series of the brain for axial intracranial sequences.

The first method, in which the interval of maximum con-
trast-enhanced arteriovenous signal intensity difference was
matched to the center of k-space in a sequentially phase-
encoded fast 3-D spoiled gradient-echo sequence, predicted
selective enhancement of the arterial phase (Fig 1). This tech-
nique takes advantage of fast (eg, echo-planar) gradient and
postprocessing capabilities and is otherwise rendered fast (eg,
30-second imaging intervals) by the use of minimum TR (6.8 to
8.6), TE (1.4 to 2.5), and y-axis phase encodings (256 3 128
imaging matrix), without the use of flow compensation or fat
saturation. Other imaging parameters included a flip angle of
44° to 45° for T1-weighted contrast-enhanced sequences, a field
of view (FOV) of 20 3 20 to 26 3 26 cm, one excitation, and
a bandwidth of 31.3 to 32 kHz. Twenty-eight to 32 sections, 1.5-
to 2-mm thick, were produced during a 28- to 32-second inter-
val. This technique may be used with either a single- or double-
dose contrast bolus (0.1 to 0.2 mmol/kg), with the latter prom-
ising better vascular contrast. The injection methodology has
been described previously and includes a 10-second bolus prior
to the start of scanning, with peak arteriovenous signal differ-
ence beginning 20 seconds after initiation of the bolus and
lasting approximately 10 seconds (2). With this injection
scheme, the midpoint of the plateau of the maximum arterio-
venous signal intensity difference occurs approximately 25 sec-
onds after bolus initiation, and is timed to occur during the
middle of the scan when the low-amplitude phase-encoding
steps are acquired (sequential phase-encoding scheme).

The second method represented further improvement in
temporal resolution by using sequential 16-section 3-D vol-
umes. The use of half-excitation (half-Fourier transform) and
three-quarter (rectangular) FOV options allowed sequential
imaging of 3-D volumes having a 2-mm z-axis resolution, 6-sec-
ond scan intervals, and a 1-second interscan delay. With this
improved temporal resolution, it was no longer necessary to
time the contrast injection to the center of k-space for selective
arterial enhancement, and the bolus was administered at the
beginning of the scan (Fig 2). Other imaging parameters were
6.2/2.2 (TR/TE), a flip angle of 45°, a bandwidth of 31.3 kHz, an
FOV of 32 3 24 cm, and a matrix of 256 3 128.
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FIG 1. A, Double-dose (0.2 mmol/kg)
contrast-enhanced dynamic coronal 3-D
MR angiogram of the extracranial carotid
and vertebral arteries shows selective ar-
terial enhancement. Asterisk indicates
flow-related enhancement in the left jugu-
lar bulb. Imaging parameters were 6.8/
2.2/1 (TR/TE/excitations); flip angle, 44°;
bandwidth, 31.3 kHz; FOV, 26 3 26 cm;
matrix, 256 3 128; number of sections, 28;
section thickness, 2 mm; acquisition time,
28 seconds; and maximum intensity pro-
jection (MIP) reconstruction.

B, Different patient with same injection-
timing scheme as in A, in which we again
attempted to match the arterial phase to
low spatial frequency phase encodings,
but with some venous enhancement, indi-
cating suboptimal bolus timing relative to
the center of k-space. Intraarterial signal is
still greater than 2 SD from intravenous
signal as measured at the carotid bifurca-
tion. Imaging parameters were 7.2/2.1
(TR/TE); flip angle, 45°; bandwidth, 32
kHz; and acquisition time, 30 seconds;
otherwise unchanged from those in A; and
MIP reconstruction.
FIG 2. Single-dose (0.1 mmol/kg) dy-
namic coronal 3-D MR angiography of the
extracranial carotid arteries. Correspond-
ing 2-mm coronal source images from se-
quential 3-D MR angiographic sequences
show arterial and arteriovenous enhance-
ment from left (A ) to right (B ). In distinction
to Figure 1, the contrast bolus begins at
the start of scanning without precise tim-
ing of maximum arterial signal to the cen-
ter of k-space. Imaging parameters were
6.2/2.2/0.5 (TR/TE/excitations); flip angle,
45°, bandwidth, 31.3 kHz; FOV, 32 3 24
cm; matrix, 256 3 128; number of sec-
tions, 16; section thickness, 2 mm; and 10
sequential imaging intervals of 6-second
duration with a 1-second interscan delay.
Results
As in prior investigations, selective arterial en-

hancement on the extracranial 3-D MR angiogram
obtained by using the slower method of matching
contrast bolus timing to the center of k-space was
operator- and patient-dependent (2) (Fig 1). Intracra-
nially, early and late arteriovenous phases could be
demonstrated, as shown for a case of left internal
carotid artery dissection in which progressive en-
hancement of the cavernous sinus and superior oph-
thalmic vein was observed. A potential pitfall of this
method was observed during acquisition of a carotid
3-D MR angiogram in a child, in which a too-rapid
change in arterial contrast concentration during low
spatial frequency phase encoding resulted in a ringing
artifact (3, 4).

With the faster, thinner slab dynamic 3-D MR
angiographic sequence, arterial, early arteriovenous,
late arteriovenous, and washout arteriovenous phases
for both the extra- and intracranial circulations could
be demonstrated (Fig 2). This sequence enabled the
contrast bolus to start at the beginning of scanning,
eliminating the need for precise injection timing. A
left occipital arteriovenous malformation exhibiting
early and late arteriovenous enhancement was dem-
onstrated. As expected, the 7-second temporal reso-
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lution of this sequence did not resolve the arterial
phase, consistent with a general cerebral arterio-
venous circulation time of 2.5 to 6 seconds (5).

Discussion
This study illustrates two methods of performing

intra- and extracranial 3-D gradient-echo MR angiog-
raphy with intravenous contrast enhancement. It must
be emphasized that definitive correlation with other
MR angiographic sequences has not yet been
achieved, although our experience and that of others
suggests that it is superior to 2-D TOF MR angiog-
raphy in the extracranial circulation, especially in the
evaluation of the aortic arch vessel origins (1). Its
main advantage lies in the ability to image in the same
plane as the vessels, yielding significant decreases in
imaging time and saturation artifacts, as intravascular
contrast is dependent on contrast-related T1 shorten-
ing rather than flow-related enhancement (2). Other
flow-related artifacts, such as intravoxel spin dephas-
ing in regions of turbulence, are also theoretically
reduced by this technique, although this has not been
rigorously proved. Contrast-enhanced dynamic 3-D
MR angiography is thus advantageous over other MR
angiographic techniques in reducing patient motion–
related and flow-related artifacts, as well as in pro-
viding dynamic information regarding the arte-
riovenous circulation (ie, in the evaluation of
arteriovenous fistulas). It can be rapidly performed
before any study requiring contrast enhancement.

The operator dependence of the method has been
demonstrated. While test-dose injection using a dy-
namic 2-D sequence would likely improve selective
arterial enhancement by individualizing the time ver-
sus arteriovenous signal intensity difference profile,
we have not routinely adopted this approach at our
institution, mostly because of imaging time con-
straints (6).

The pitfalls of gradient-echo imaging are inherent
in this form of MR angiography. These include TOF-
related enhancement from inflow of unsaturated
blood oblique or perpendicular to the imaging vol-
ume, and high signal methemoglobin from thrombo-
ses, particularly with arterial dissections. It remains to
be seen if subtraction of pre-bolus 3-D volumes from
the MR angiogram can solve these problems. Cur-
rently, visual inspection is relied upon. The fast dy-
namic 3-D MR angiographic sequence that allows
7-second temporal resolution removes the need for
precise contrast injection timing. Ringing artifacts
that can occur when central k-space data are acquired
before peak arterial contrast concentration were not
observed (3). This most likely relates to the rapidity
with which low spatial frequency information is phase
encoded relative to the rate of change in contrast
concentration. It must be emphasized that this dy-
namic 3-D MR angiographic sequence differs from
others currently under investigation in that high and
low spatial frequency information are sampled in a
balanced fashion for each imaging interval. This is in
distinction to current “keyhole” sequences, in which
low spatial frequency information is sampled more
frequently than high spatial frequency information
(7), and in which significant postprocessing may be
required.

The fast spoiled gradient-echo sequence is, itself,
intrinsically limited in signal-to-noise ratio due to
fractional radio frequency, fractional echo, and in-
creased bandwidth considerations (8). The relatively
small number of thin sections, the half-Fourier tech-
nique, and the rectangular FOV options used to
achieve high spatial and temporal resolution in the
faster method further decreased the signal-to-noise
ratio. It is anticipated that double- or even triple-
contrast doses will allow significantly greater intravas-
cular signal to compensate for this.
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