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ABSTRACT

Peripheral MR Angiography is rapidly developing and becoming the standard method for eval-
uating peripheral vascular disease. MRA allows accurate and detailed assessment of peripheral
vasculature without requiring arterial catheterization, nephrotoxic contrast, or ionizing radia-
tion. Latest improvements in this area include time-resolved MR angiography, stepping table
bolus chase 3D MR angiography, fluoro-triggering, sub-systolic thigh compression to eliminate
venous contamination, and parallel imaging. This article reviews these advances, describes
how to use them effectively and how to avoid common pitfalls.

INTRODUCTION

In the last decade, peripheral MR angiography (MRA) has
evolved into one of the most safe, rapid and accurate non-
invasive diagnostic imaging methods for evaluating peripheral
vascular disease (1-11). A comprehensive peripheral MRA pro-
tocol starts with time-resolved MRA of the symptomatic foot and
calf using 6 to10 mL Gd followed by 2- or 3-station, 3D bolus
chase MRA covering from diaphragm to ankles. This combines
the benefits of high-resolution 3D imaging of the entire periph-
eral vasculature with additional time-resolved imaging of calf
and foot arteries on the symptomatic extremity. Time-resolved
MRA is helpful for assessing the adequacy of runoff, the signif-
icance of distal vessel disease and in addition provides valuable
contrast arrival time information which is used for 3D bolus
chase MRA timing.

Bolus chase 3D MRA is a multi-station examination in which
a single contrast bolus is quickly imaged multiple times as it
flows down the legs. The first station covers the abdominal aorta,
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its main branches, iliac and common femoral arteries. The sec-
ond and third stations show arteries in the thigh and calf, respec-
tively. Since atherosclerosis is a systemic disease, extension to
whole body MRA is possible by adding stations to cover from
the carotid arteries to the calf (12-20).

GENERAL CONSIDERATIONS
Equipment

Peripheral MRA is a demanding application that works best
on state of the art magnets with the fastest possible gradi-
ent slew rate. Because of the need for large field of view
(FOV) with a homogeneous field and signal reception, 1.5
Tesla systems with large FOV peripheral vascular coils are cur-
rently preferred. Once 3 Tesla systems are more optimized,
3T may become the preferred platform (15). However, dielec-
tric effects, particularly in the region of proximal SFA, cre-
ate non-uniform signal which may complicate image inter-
pretation and prevents attaining the full signal to noise ratio
(SNR) benefit.

Dedicated peripheral vascular surface coils provide higher
SNR and contrast to noise ratio (CNR) compared to the body
coil. This is particularly helpful for evaluating the small periph-
eral vessels. Thus, if a surface coil can be used for only one
station, the best place for this coil is the calf station. Addition-
ally, multi-channel phased array coils enable the use of parallel
imaging techniques such as SENSE, iPAT or ASSET to further
increase resolution.

Foam and straps for making the calf and feet motionless are
critical since the legs and feet are highly mobile. Finally, two
MR compatible blood pressure cuffs or tourniquets are needed
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Figure 1. In bolus chase MRA, the MR scanner table moves in
3 steps (A, abdomen-pelvis, B, thighs, C, calves) to create a com-
posite image of the (D) entire peripheral vasculature. Note the
imaging volume overlaps at the levels of common femoral and
popliteal arteries. Venous contamination was suppressed with sub-
systolic thigh compression. Abdominal aorta is occluded just be-
low the renal arteries (Leriche Syndrome); right superficial femoral
artery is occluded at its origin and reconstituted at the adductor
canal, widely patent popliteal arteries and three vessel run-off in
both calves with diminutive posterior tibial arteries.

for applying sub-systolic compression to the thighs to prevent
venous contamination.

Multi-station acquisition can be performed with either auto-
mated table motion or manual table translation using a set of
positioning boards (2, 4, 5, 9) (Fig. 1). Automated moving ta-
ble technology is available in newer generation MR scanners.
The advantage of manual table motion over the automated table
motion is the speed; instead of an interval of 5-7 s between the
stations for automatic table motion, manual table translation re-
quires only 2-3 s to move the table. Otherwise manual table mo-
tion is disadvantageous due to lack of reproducibility and precise
positioning/registration. It is also only compatible with parallel
imaging techniques that are auto-calibrating (e.g., GRAPPA).
Continuous table motion has recently been introduced to elim-
inate time wasted for table motion. Some challenges related to
this technique including motion correction artifacts, gradient
warp effects, and table velocity adjustment to precisely chase
the contrast bolus are under investigation (14, 21, 22).

When using manual table motion technique, the scanner is
programmed to repeatedly acquire a single coronal 3D volume
of MRA data as the patient is advanced through the imaging
coil manually. Several companies have implemented a system
for performing manual table motion this way including Angio-
SURF (MR-Innovation, Essen, Germany) and SKIP (Magnetic

Moments, LLC, Bloomfield, Hills, MI, USA). The coil assem-
bly permits moving the patient through a single set of high SNR
phased array coils (13, 23, 24).

Patient preparation

Intravenous (IV) access with a 20 or 22 gauge angiocatheter
should be obtained before positioning the patient within the
magnet bore to avoid patient position changing following pre-
contrast mask acquisition (25). Securing the IV catheter with
multiple pieces of tape is important to protect against pull out
forces which may occur if the IV tubing gets caught while the
table is moving in and out of the scanner during the study. Using
a coiled tubing set designed for MR angiography, which recoils
into a compact shape but can stretch out long enough to reach
outside the magnet, minimizes this problem. After obtaining ve-
nous access (preferably in the right arm), the patient is placed
supine on the scanner table typically with feet positioned to en-
ter the magnet first. Large blood pressure cuffs are placed on
each thigh as high as possible. The cuffs are not inflated until
just before acquisition of the pre-contrast mask images to avoid
the patient discomfort. However, the cuffs must be inflated be-
fore the mask image acquisitions because inflating the cuffs may
change the leg position and lead to misregistration between mask
and arterial phase images during subtraction.

In order to minimize motion artifact, it is useful to tape the
feet together and pack them in foam. Ideally, the tape should not
touch the skin, which may be fragile and sensitive in patients
with peripheral vascular disease. Non-stick tape such as Kerlex
can be used. The legs are horizontally extended and immobi-
lized with foam cushions and stabilizing straps. Visco-elastic
memory foam (3 to 4 inches thick) is particularly useful for
maximum patient comfort as well as helping them to hold still
during the study. Using this foam to elevate the calves improves
alignment of the infra-popliteal trifurcation vessels with the ab-
dominal aorta especially when this elevation is not provided by
a peripheral vascular coil.

Contrast agent dose and injection rate

At present, the contrast agents used for routine clinical MRA
are gadolinium (Gd) based with small chelators that allow re-
distribution into the extracellular fluid compartment. For MRA,
these compounds are injected as a bolus and imaged during the
arterial phase. The contrast agent dose for entire 3D run-off
MRA is typically 0.3 mmol/kg. However, in order to simplify
bolus timing, we prefer to use the same volume (45 mL) of con-
trast agent in all patients. Using the same dose and injection rate
always produces the same bolus duration. Exceptions are made
for patients weighing less than 50 kg (30 mL) or over 100 kg
(60 mL).

The contrast agent injection rate must be fast enough to ob-
tain sufficient arterial enhancement at three successive stations
but slow enough to avoid excessive venous enhancement and to
allow a long bolus for complete filling of the collaterals. Gen-
erally an injection rate of 1.5 mL/s is appropriate in most cases
to provide a bolus at least 30 s with 45 mL of contrast agent.
The contrast bolus is immediately followed by 20-30 mL saline
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flush at the same injection rate in order to push the contrast agent
through the superior vena cava.

Some investigators have advocated a split dose method in
which the initial 20 mL of the contrast agent is injected at a rate
of ~2 mL/s, and the remaining dose is injected at a lower rate,
~0.5—-1 mL/s (26). This split dose method is thought to be useful
when the scan time is too long for the blood flow rate (i.e., fast
flow patients), so there is limited sharing of the bolus between
the stations.

TIME-RESOLVED MR ANGIOGRAPHY
OF THE FEET

Before performing bolus chase 3D MRA, it is useful, albeit
optional, to perform a sagittal time-resolved MRA of the symp-
tomatic distal calf and foot. Sagittal view of the pedal vasculature
is particularly helpful for evaluating the vessels in this location.
Time-resolved images also help to determine whether the patient
has fast or slow flow as well as the time to venous enhancement.
It can be performed by using a head coil, a long phased array
coil, or the distal components of Total Imaging Matrix (TIM)
for a larger FOV.

Time-resolved 2D and 3D MRA

Fast MR scanners can perform time-resolved imaging by
repeatedly imaging the 3D volume of MRA data in rapid
succession thereby capturing the contrast at multiple phases.
The 3D acquisition can be as short as a few seconds by using a
high bandwidth for short TR/TE, low flip angle (FA) of 15-20°,
a small number of thick slices, and partial Fourier imaging. For
example, at TR = 4 ms, a 24-slice volume with 256 x 160 ma-
trix (160 x 24 = 3840 phase encode steps) can be acquired in 4 s
with 2-fold parallel imaging and 50% partial Fourier imaging.
Two dimensional projection MRA is even faster (27, 28).
For feet, 5-8 s temporal resolution is acceptable. A higher
temporal resolution may be useful in patients with pedal
cellulitis or ulceration because these patients tend to have rapid
arterio-venous transit time and thus early venous enhancement.
In patients with claudication, slower (7-8 s) temporal resolution
is more appropriate because a lower temporal resolution allows
more time for higher spatial resolution (29). Vector subtraction
of a pre-contrast mask dataset used with 2D projection MRA
improves visualization of arteries that are smaller than the slice
thickness (28).

Time-resolved imaging of contrast
kinetics (TRICKS)

TRICKS is one of the refinements of key-hole imaging tech-
nique, in which the center of k-space is over-sampled while
the periphery of k-space is under-sampled. Oversampling of the
center of k-space improves the temporal resolution while mini-
mizing reduction in spatial resolution (29-33). TRICKS allows
a higher temporal resolution than what is possible with multi-
phase 3D MRA at the same spatial resolution. First, the system
acquires a mask scan for automatic subtraction of background

signal. Then, the 3D MRA is repeatedly imaged with the 3D
gradient echo sequence, which samples the central k-space data
every 5-8 s, referred to temporal resolution, during and after the
injection of 10 mL Gd-based contrast agent at arate of 1.5 mL/s.
Temporal resolution can be adjusted by manipulating the num-
ber of slices, matrix (especially the phase encoding steps), phase
FOV, bandwidth, and by utilizing the partial Fourier imaging.

The ideal imaging plane for feet is the sagittal plane. The
symptomatic foot is imaged with a narrow (~ 6—8 cm) sagittal
slab allowing high temporal and spatial resolution. It is also
possible to cover both feet in a wider sagittal imaging volume of
15-20 cm by using more and thicker slices, albeit at the expense
of both temporal and spatial resolution.

BOLUS CHASE 3D GD-MRA

Thigh compression

An important element of bolus chase 3D Gd-MRA is place-
ment of blood pressure cuffs around the thighs as high up as
possible toward the groin for venous compression (23, 34-36)
(Fig. 2). Due to the conical shape of thighs, ordinary cuffs tend
to slide down toward the knees and become loose. This problem
can be overcome by using curved cuffs with a conical shape op-
timized for thigh compression (Smart Tourniquet, TopSpins Inc,
Ann Arbor, MI, USA) (34). The blood pressure cuffs should be
inflated just before obtaining the mask images and maintained
at 50-60 mm Hg until the bolus chase MRA is completed. This
is important for optimal image subtraction. Since the cuffs tend
to leak, it may be necessary to give a few additional puffs during
the study to maintain the pressure. Inflation of the cuffs after
mask acquisition may change the leg position, thereby degrad-
ing the image quality after mask subtraction. In the patients with
a femoral-popliteal graft, it is appropriate to keep the cuff pres-
sure at 40 mm Hg due to the theoretical risk of graft thrombosis
with excessive compression.

K-space ordering

Image contrast is determined by the center of k-space (8, 37).
Therefore, the blood Gd concentration should be maximal in the

Figure 2. Dedicated peripheral vascular coil covers from mid-chest
to ankles. The blood pressure cuffs are placed on both thighs and
inflated to 60 mm Hg just before the 3D MR angiography mask
image acquisition. The pressure should be at the same level during
pre- and post-Gd acquisitions, and the cuffs should be deflated
immediately after the arterial phase to avoid prolonged venous
stasis.
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region of interest during the acquisition of central k-space data.
In the first station (abdomen-pelvis), sequential k-space ordering
is the best in order to avoid early sampling of the k-space center.
With sequential ordering, the sampling of k-space center occurs
in the middle of acquisition. For the second (thigh) and the third
(calf) stations, elliptical centric ordering is better in order to
simplify bolus timing. When using elliptical centric ordering, the
sampling of k-space center starts at the beginning of acquisition.

Prescribing coronal 3D volumes

Fast 2D time-of-flight (TOF) localizer pulse sequences take
only 30-60 s per station and can be viewed as a lateral projection
(e.g., MIP) for optimal positioning of the coronal 3D volume.
The coronal 3D MRA slabs for each station can be prescribed
with full FOV in order to maximize overlap (at least 3—-5 cm)
between stations (Fig. 3). Overlap at the common femoral bi-
furcation and the trifurcation regions provides images of these
important regions at two different phases of the bolus, thus en-
suring these areas are imaged adequately in at least one station.

I

Figure 3. Sagittal reconstruction of axial time-of-flight localizer im-
ages of abdomen-pelvis (A), thigh (B) and calf (C) stations demon-
strates the most anterior and posterior parts of the arterial tree.
Coronal MR angiography slabs (shown as rectangles) are pre-
scribed on these sagittal reconstructions. Note that when blood
pressure cuffs are inflated, the thigh may raise a few cm. Accord-
ingly, it is important to make sure there is sufficient room anterior to
the superficial femoral artery to anticipate this change in position.

Table 1. Typical acquisition parameters for three-station 3D bolus
chase MRA of peripheral arteries without parallel imaging

Abdomen-pelvis  Thigh Calf
TR (ms) <10 <10 <10
TE (ms)* <2 <3 <3
Flip angle 30 30 30
FOV (cm) 48 48 48
Slice thickness 4 3-4 2-3
(mm)**
Number of 3040 20-30 3040
slices™*
Frequency 512 512 512
encoding
Phase ~192 ~192 ~320
encoding**
NEX 0.5-1 0.5-1 0.5-1
Phase FOV 0.8 0.7 0.7
K-space Sequential Elliptical centric  Elliptical centric
ordering
Spatial 1x25x4=10 1x25x3=75 1x1x2=2
resolution
(mm3)
Imaging time 15-25 10-20 30-60
(seconds)

*If there are metal stents or clips, it is better to keep the TE shorter
(<1 ms).

**Zero-filling should be utilized in slice direction (2-fold) and in the
phase encoding direction (to achieve at least a 512 x 512 matrix after
interpolation). If parallel imaging is available, the number of slices and
phase encoding steps can be increased and the slice thickness can be
decreased to enhance the spatial resolution and coverage.

In order to minimize the number and thickness of slices, the
coronal volume can be prescribed slightly oblique on sagittal
2D TOF projection localizer images (Fig. 3). The number and
thickness of the slices can be adjusted to obtain sufficient cov-
erage with imaging times optimized to match the contrast bolus
flow down the legs. Typical slice number and thicknesses used
for each station are shown in Table 1. If necessary, one may
use slices as thick as 4 mm with two-fold zero-filling result-
ing reconstructions overlapping 4 mm slices every 2 mm, or
fewer phase-encode steps, i.e., 128 in the abdomen and thigh
stations in order to shorten the scan times in patients with
fast flow.

When utilizing a parallel imaging technique, larger imaging
volumes, e.g., more slices, can be obtained without time penalty.
When prescribing the 3D volumes for the thigh and calf stations,
it is important to anticipate elevation of the distal thighs by 1 or
2 cm due to inflation of blood pressure cuffs.

Bolus timing

When using sequential k-space ordering, in order to synchro-
nize the mid-point of the acquisition with the peak Gd concen-
tration in the region of interest, there should be a time delay
between the beginning of the injection and starting the acquisi-
tion. The time delay can be calculated by using the following
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anterior and posterior tibial arteries.

Figure 4. Time-resolved 2D projection MR angiography of the left foot following 6 mL Gd injection. A) 20 s, B) 24 s, C) 28 s,D) 32 s, E) 72 s.
Time to fill distal station 24 s, time to fill pelvis 2/3 (24 s) = 16 s, time for venous contamination = 60 s. The foot is supplied by widely patent

equation:

Scan Delay = Estimated Contrast Travel Time
+ Injection Time/2 — Scan Time/2. [1]

Of note, this equation only applies to a full k-space acquisition
and must be adjusted when using partial Fourier imaging (e.g.,
0.5 NEX) according to the manufacturer’s recommendations. If
the k-space is mapped centrically or elliptical centrically (38,
39), the equation is:

Scan Delay = Contrast Travel Time + ~ 6 s. [2]

The extra 6 seconds give time for Gd contrast concentra-
tion to peak and synchronize with acquisition of the k-space
center, and it helps to avoid early initiation of central k-space
data sampling during the rising leading edge of the bolus. The
6 seconds can be reduced if the absolute center of k-space is
recessed or delayed in a few seconds from the beginning of the
elliptical centric acquisition (40). It may also be made shorter for
younger patients with faster flow or longer for older patients with
slower flow.

When the contrast is injected into antecubital vein, estimated
bolus arrival time to the abdominal aorta is about 15 s for a
healthy young person, 20-25 s for individuals older than 70 years
of age, 25-30 s for patients with heart failure or abdominal aortic
aneurysm, and 40-50 s for patients with severe heart failure (41).
If the injection site is at the hand, it is necessary to add 3—4 s to
the estimated contrast arrival times.

Achieving good bolus timing for the thigh and calf stations is
also challenging owing to the variations in blood flow rates and
Gd arrival times (30, 41, 42). Contrast arrival time to the pedal
arteries and venous enhancement can be determined from the
time-resolved MRA acquisitions (Fig. 4). In an average patient,
the time for contrast to arrive in the common femoral artery is
24 £ 6 s, with an additional 5 &+ 2 s to reach the popliteal artery.

Contrast bolus travels from the popliteal artery to the ankle in
7 4 4 s. The total run-off travel time is about 36 s (41). If contrast
travel time to the mid-calf is < 25 seconds, the patient has fast
flow. If the time is > 30 seconds, the flow is considered slow. If
venous enhancement is identified immediately after contrast ar-
rival in the arteries, then the arterial phase window is exceedingly
short. In some patients, time-resolved MRA in coronal plane or
a large sagittal volume covering both legs may demonstrate an
asymmetry in contrast arrival times between the legs (Fig. 5). In
this case, the scan delay time should be adjusted according to
the contrast arrival time in the symptomatic or slower flow side
because it is better to image late than too early.

The recommended acquisition times for different patient
populations are summarized in Table 2. Using fewer phase

Figure 5. Coronal 2D time-resolved MRA images show asymmet-
rical contrast arrival in the calves with early enhancement of left calf
soft tissue. If the symptomatic side is on the left, use a 2-station
bolus chase (Table 2). If the right side is symptomatic, use a nor-
mal flow protocol may be better to allow adequate filling of right calf
arteries. If both legs are symptomatic, put blood pressure cuff on
only the left thigh and use the fast flow protocol.
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Table 2. Bolus timing recommendations

Contrast travel

time to calf Abdomen-pelvis  Thigh Calf
Normal 25-30s 20s ~15s ~50s
Fast flow <25s <20s <15s ~40's
Slow flow >30s 25s 20s ~60s
AV shunting*  variable <15s <12s ~30s
20s 30s —

*AV shunting refers to very rapid transit of contrast agent from arteries
to veins which occurs with cellulitis, ulceration, Charcot joints and AV
malformations. These patients can be scanned very fast with
three-station bolus chase MRA, or with a hybrid approach starting with
time-resolved MRA of the calf followed by two-station bolus chase
MRA with higher resolution.

encoding steps or fewer slices, utilizing parallel imaging, or
prescribing partial phase FOV can accelerate data acquisition.
Parallel imaging techniques (SENSE, ASSET, IPAT, GRAPPA,
and SPEEDER) reduce the scan time by using multiple receiver
coils in parallel, thereby accelerating data acquisition without
requiring high gradient performance (43—46). Parallel imaging
also compresses the center of k-space into a smaller duration,
thus reduce the sensitivity to motion and bolus timing artifacts.
Howeyver, a calibration scan that takes extra time and effort is
required prior to the actual acquisition. It also introduces arti-
facts if the FOV is too small in the phase encoding direction,
or if there is motion between the calibration scan and the ac-
tual MRA acquisition (referred to misregistration). In order to
minimize misregistration, different techniques (e.g., GRAPPA)
have been developed for interweaving a low resolution calibra-
tion scan into the actual scan, thereby concurrently acquiring the
calibration scan and the actual scan.

Older patients (>80 years) and patients with heart failure or
aortic aneurysm tend to have slow flow (time to calf >30 s) (41,
42, 47). In these patients, if data acquisition is too rapid, it is
possible to get ahead of the bolus with incomplete filling of the
thigh and calf arteries. Additionally, Gd arrival can be delayed
in vessel segments distal to stenosis or occlusions. Therefore, it
is recommended to prescribe a longer first station (up to 25 s).
The second station can be lengthened up to 20 seconds with
sequential k-space ordering instead of elliptical centric ordering.
The third station can be 1 minute long with at least 512 x 512
resolution and should also be repeated to capture the arteries in
the occasional patient with extraordinary slow flow.

Bolus timing is art more than science. The adjustments are
based upon the experience of the operator and the assessment
of flow rate for each individual patient. Fortunately, use of thigh
compression provides a longer time window of arterial enhance-
ment without venous contamination in the third station, so that
bolus timing decisions are now less of an issue.

Fluoroscopic triggering

Fluoroscopic triggering technique is an alternative method
for determining the contrast arrival into the abdominal aorta
and eliminates the need for calculation of scan delay. This

2D projection MRA technique uses a gradient echo pulse se-
quence and produces 1-2 real time images per second (48-50).
By watching these MR fluoroscopic images as they are recon-
structed in real time, the operator can identify the leading edge of
the contrast bolus arriving in the mid-aorta. However, in patients
with slow flow or aortic aneurysm, waiting until the complete
filling of the abdominal aorta is recommended to avoid ringing
artifact. Initiating sequential data acquisition and breath holding
within a few seconds of contrast arrival generally yields perfect
arterial phase images of abdomen and pelvis (49, 51). Itis helpful
to include a portion of the lower chest during real time fluoro-
scopic MRI. This allows the operator to observe the passage of
contrast media from pulmonary circulation to the left ventricle
and then to the thoracic aorta. Observing the contrast approach
into the proximal abdominal aorta provides confidence to the op-
erator for anticipating the contrast arrival to the mid-aorta and
helps to avoid false triggering of the actual 3D acquisition due
to the inflow signal in the proximal abdominal aorta.

Figure 6. A) Pre-contrast coronal mask images, B) arterial-phase
coronal Gd:MRA images, C); digital subtraction of the mask im-
ages from the post contrastimages creates a DSA-like arteriogram.
Note the indentations (arrows) of blood pressure cuffs inflated on
the thighs. The mask image should always be checked for correct
positioning and inflation of the cuffs before proceeding to the ar-
terial phase. The popliteal artery is occluded on the left (curved
arrow) with reconstitution of three runoff vessels. On the right side,
the trifurcation is occluded (asterisk) with proximal reconstitution
of three-vessel runoff.
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Figure 7. (A) 3D reconstruction of the source images demon-
strates occlusion of the aorta just below the renal artery origins.
Individual source image (B) shows an embolus to the aortic bifur-
cation and left iliac artery (arrows). Courtesy of James Meaney,
MD.

Acquisition parameters

Spoiled gradient echo pulse sequence used for 3D Gd—MRA
requires an echo time (TE) of <3 ms to minimize spin dephasing
signal loss caused by turbulent flow or post-stenotic flow jets.
Short TE also decreases the T2* effects, thus minimizes the
metal and tissue-air interface susceptibility artifacts caused by
metallic clips or stents, and bowel gas.

Repetition time (TR) should be as short as possible for fast
acquisition. TR can be shortened by using a wider bandwidth,

albeit with loss of SNR. This drawback can be balanced some-
what by increasing the Gd dose and injection rate, thereby in-
creasing the Gd concentration in the arteries during central k-
space acquisition.

FA can be in the range of 15°—45°. A lower FA is appropriate
for lower Gd dose, lower injection rate and/or very short TR
(e.g., <3 ms). For longer TR and higher dose/injection rate,
a higher FA is preferred. High FA (~60°) may be required in
patients with metallic stents to overcome the radiofrequency
shielding (Faraday Cage) effect of the stent. At 3 Tesla, SAR
limitations will determine the FAs which should be as high as
possible for the minimum TR (typically ~20°).

Receiver bandwidth is another parameter that impacts TE,
TR and SNR. Wider bandwidth allows shorter scan time at the
expense of SNR. Narrower bandwidth increases SNR but also in-
creases chemical shift and dephasing artifacts. However, chem-
ical shift artifact can be eliminated with fat suppression. Most
manufacturers have a fat suppression technique using a chemi-
cally selective inversion pulse that is applied only once per slice
loop so as to minimize interference with water protons and to
minimize the extra time required.

Zero-filling works by adding extra zeros to the k-space data
array at the periphery before Fourier transformation. When the
Fourier transformation is performed, zero-filling produces in-
terpolated voxels or slices allowing smoother oblique reforma-
tions and maximum intensity projection (MIP) images. Typi-
cally, 3D MRA data is not isotropic because the slice thickness
tends to be substantially greater than the in-plane voxel dimen-
sions. Therefore, zero-filling in the slice direction reduces the
angular “stairstep” artifact that occurs on the oblique recon-
structions. Generally, 2-fold zero-filling in the slice direction

abdominal aortic aneurysm (arrow).

Figure 8. (A) Bilateral hip prostheses cause severe signal drop-out on axial 2D TOF image which has a relatively long echo time,
~8 ms. (B) Gd-enhanced 3D MR angiography using a spoiled gradient echo sequence with a much shorter echo time, ~1 ms, mostly eliminates
the metal artifact, although there is still signal drop in the left common iliac artery under the “metal hip artifact” label. Also note 3 cm infrarenal

METAL HIP
ARTIFACT
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Figure 9. Coronal 3D MR angiography (A) shows segmental steno-
sis in the right common iliac artery (arrow). (B) The lateral view,
however, indicates that this segment of the common iliac artery
is outside the imaging volume creating a false image of arterial
stenosis on the coronal MIP.

is mandatory to increase the number of the overlapping recon-
structed images without sacrificing the SNR or lengthening scan
time.

The acquisition time for each station is determined by the
following equation:

TR x number of phase encode steps x number of slices/
SENSE factor. [3]

These parameters can be adjusted to achieve the optimal
anatomic coverage and also scan time for sharing the contrast
bolus between all three stations.

Post processing

Pre-contrast mask images acquired at all stations are sub-
tracted from post-contrast source images to eliminate the
remaining signals from fat and other stationary tissues. Subtrac-
tion creates DSA-like images (Fig. 6). However, if the inspiration
level is not identical during pre and post-Gd image acquisition
at the first station, or if there is leg motion during the second
and third stations, the images obtained by subtraction may be-
come worse than the source images. MIP images are 2D images
generated from 3D data by using a ray tracing algorithm that
displays the maximum pixel along each ray projecting through
the 3D data. MIP thickness should cover the whole vessel thick-
ness along its entire length or the segment of interest to avoid
misinterpretation of an excluded part as a stenosis or occlusion.
However, if the slice is too thick, overlapping background tissue
signal or the other vessels included in the volume may obscure
the region of interest and may lead to overestimation of stenosis.
Standard views are AP and oblique MIPs of each station, sub-
volume MIPs which are optimized for the aortic branch origins,
bifurcations and the trifurcations.

Source images may show important intraluminal details that
disappear on MIP images (Fig. 7). Therefore, analysis of the
3D data should always include reviewing the individual source
images in addition to multi-planar, sub-volume MIPs and refor-
mations of the source data.

PITFALLS
Metal artifact

Surgical metallic clips and intravascular stents can simulate a
stenosis due to the signal dropout caused by susceptibility effects

Figure 10. Ringing artifact in a 10-year-old patient referred to assess for vasculitis. (A) Early phase (10 s) of 3D TRICKS MR an-
giography demonstrates ringing artifact both in arteries (arrows) and veins (arrowheads) due to the early sampling of the center of
k-space while the contrast bolus is still arriving. Venous filling is early due to the fast flow. On subsequent phases, (B) 15 s, and
(C) 20 s, this ringing artifact disappears due to better synchronization of intravascular contrast peak with sampling of the k-space center.
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Figure 11. Coronal MIP from a 3D MRA of the calves. Delayed
sampling of the k-space center causes extensive venous enhance-
ment which obscures visualization of the arteries.

Figure 12. Coronal MIP shows arteriovenous fistula (arrow) in the
left calf causing early venous filling (arrowheads) that obscures the
arteries.

of the metals. Hip or knee prostheses can completely obscure
the vessels (Fig. 8). Metal artifacts can be identified by a signal
void accompanied by a characteristic bright signal build-up on
one side of the signal void, which is not seen with a true stenosis
or occlusion. Metal susceptibility can be minimized by using
very short TE (<1 ms). This may be managed by utilizing a
wide receiver bandwidth at the expense of SNR. TE can also
be shortened by reducing the number of pixels in the frequency
encoding directory by using fractional echo and/or by avoiding
partial Fourier imaging.

The composition of stent is important for MR imaging.
Nitinol, tantalum and platinum stents are non-magnetic and
create fewer artifacts compared to ferromagnetic stents (52).
The Faraday cage effect of the stent mesh attenuates the ra-
diofrequency, signal and thus reduces the FA within the stent.
This can be partially overcome by overflipping the spins with a
larger FA (53). Using a 60 degrees FA in patients with non-
magnetic stents may be helpful to visualize within the stent
lumen.

Pseudo-occlusion

If the prescribed imaging volume does not cover the arte-
rial anatomy entirely, the images may falsely resemble arte-
rial obstruction (Fig. 9). Whenever a stenosis is seen in the
common femoral artery, which is the most anterior segment,
or in the common iliac or popliteal arteries which are the
most posterior, it is important to check whether the 3D coro-
nal imaging volume sufficiently covers these arteries or not.
In order to avoid this problem, it is helpful to use a generous
slab thickness with a comfortable margin to accommodate po-
sitioning errors of at least 1-2 cm. A useful method for align-
ing the infra-trifurcation vessel with the abdominal aorta is by
placing either foam padding blankets or sheets underneath the
calves.

Ringing artifact and venous contamination

For optimal SNR and CNR, the center of k-space should
be acquired during the peak arterial Gd concentration. When

Figure 13. 3D MRA images of the calves following 20 mL Gd administration at (A) 15 s, (B) 30 s and (C) 45 s demonstrate rapidly enhancing
prominent varicose veins in the left leg (Klippel-Trenaunay-Weber Syndrome).
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Figure 14. Contrast-enhanced 3D MRA of the arm was performed
with the left arm raised above the head. Note the aliasing artifact
from the head (arrow) that was partially included in the imaging
volume.

the center of k-space data is acquired before the Gd concen-
tration peaks in the region of interest, an edge ringing ar-
tifact occurs (54) (Fig. 10). If the center of k-space is ac-
quired too late, venous and background enhancement may be
excessive.

Even when the acquisition is timed well for the arterial phase,
some patients have early venous filling (Fig. 11). Almost instan-
taneous venous filling occurs when there is an arteriovenous
fistula (Fig. 12). Arteriovenous malformations may also cause
rapid venous enhancement when the malformation is predom-
inantly arterial (Fig. 13). Capillary and venous malformations
are less likely to have venous contamination from early venous
filling. Cellulitis and ulcerations also cause early venous en-
hancement. The best way to evaluate these patients is utilizing
a time-resolved MRA technique with high temporal resolution
(< 6 seconds/frame).

Aliasing

Aliasing occurs when the FOV is narrower than the body part
being imaged in the phase encode direction (Fig. 14). This rarely
occurs with peripheral MRA using a 4648 cm FOV unless it
is prescribed highly rectangular. It is always useful to check the
pre-contrast mask images for aliasing so that the FOV can be
increased whenever necessary. Nevertheless, aliasing occurs on
both mask and arterial phase images; thus, it can be eliminated
by subtraction as long as there is no motion between the mask
and post-contrast images. When using parallel imaging, aliasing
is amore complex artifact and more difficult to remove after data

acquisition. Thus, a sufficiently large FOV is critical for parallel
imaging to completely avoid aliasing.

SUMMARY

Peripheral MRA has become a robust, reliable and accu-
rate technique for evaluating peripheral vascular disease without
risks of nephrotoxicity, arterial catheterization or ionizing radi-
ation. An optimized protocol includes time-resolved imaging of
the symptomatic calf/foot, two-or three-station 3D bolus chase
MRA using fluoroscopic triggering for bolus timing, and sub-
systolic venous compression for longer arterial only imaging
window. Multichannel phased array coils and parallel imaging
contribute to further improvements in image spatial resolution
and quality.
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