
High Temporal and Spatial Resolution 3D Time-Resolved
Contrast-Enhanced MR Angiography of the Hands and Feet

Clifton R. Haider, Ph.D., Stephen J. Riederer, Ph.D., Eric A. Borisch, M.S.E.E., James F.
Glockner, M.D., Ph.D., Roger C. Grimm, M.S., Thomas C. Hulshizer, B.S., Thanila A.
Macedo, M.D., Petrice M. Mostardi, B.S., Phillip J. Rossman, M.S., Terri J. Vrtiska, M.D., and
Phillip M. Young, M.D.
Department of Radiology, Mayo Clinic, Rochester, MN 55905

Abstract
Methods are described for generating 3D time-resolved contrast-enhanced MR angiograms of the
hands and feet. Given targeted spatial resolution and frame times, it is shown that acceleration of
about one order of magnitude or more is necessary. This is obtained by a combination of 2D
Sensitivity Encoding (SENSE) and homodyne (HD) acceleration methods. Image update times
from 3.4 to 6.8 sec are provided in conjunction with view sharing. Modular receiver coil arrays are
described which can be designed to the targeted vascular region. Images representative of the
technique are generated in the vasculature of the hands and feet in volunteers and in patient
studies.
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INTRODUCTION
Ever since the introduction in the mid-1990s of contrast-enhanced MR angiography (CE-
MRA) (1) there has been steady improvement in the technique. Early investigations
identified a number of performance targets, including the desire for high spatial resolution
3D images, the need to synchronize the data acquisition to the arterial phase of the contrast
bolus passage, and the desirability of minimal venous enhancement. These early targets
were addressed to a great extent with the development of short repetition time (TR) gradient
echo pulse sequences, non-real-time (2) and real-time (3,4) means for determination of
accurate timing, and development of centric view orders allowing extended acquisition
times into the venous phase (5). CE-MRA is now widely used in imaging multiple vascular
territories (6).

Imaging the vasculature of the hands and feet with CE-MRA has its own specific challenges.
The fine vascular detail requires very high spatial resolution, which can translate into long
acquisition times. Also, because these arterial beds are so distal from the heart, particularly
for the feet, the inter-subject range of transit times from contrast injection to the arterial
phase can be broader than for virtually any other vascular region (7).
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To place this current work into context, Table 1 presents summaries of performance
parameters for 3D contrast-enhanced MRA over approximately the last decade for the hands
(a) and feet (b), with data taken from Refs. (8–15) for the hands and from Refs. (16–24) for
the feet. Another approach studied previously but not included in the tables is one using high
frame rate 2D acquisition (25,26). Figures 1a and b show plots for the hands and feet,
respectively, of spatial resolution vs. frame time using the data of Table 1, where spatial
resolution is defined as the voxel volume. Points marked with an asterisk indicate that the
volume calculation used interpolated pixel sizes along at least one direction. As seen in the
points becoming closer to the origin of each plot, there has been a general trend over this
past decade for improved spatial and temporal resolution. The methods described in this
work are designated by the diamond (◆) in each plot.

The purpose of this work is to describe recent developments in time-resolved contrast-
enhanced MR angiography (CE-MRA) of the hands and feet which allow simultaneous
levels of performance in spatial and temporal resolution which have not previously been
attained. The technical enablers of the method are 2D parallel acquisition (27) with high
(R≥8) acceleration factors, modular multi-element receiver coil arrays, and special purpose
methods for effectively sampling k-space. These are discussed and the results from in vivo
studies are presented in the next sections. This work is based on a presentation at the 2009
Meeting of the ISMRM (28).

METHODS
k-Space Sampling for Time-Resolved CE-MRA of the Hands and Feet

The k-space sampling and data acquisition for this work is based on the Cartesian
Acquisition with Projection Reconstruction-like sampling (CAPR) method (29). As a
reference the sampling pattern for the phase encoding (kY-kZ) plane for the assumed 3DFT
acquisition is shown in Fig. 2A, and the playout of phase encoding “views” and data sorting
are shown in Fig. 2B. Details have been provided previously in (29), but briefly, all
sampling is done on a rectilinear grid of points. However, only those points which fall
within the central orange zone at the k-space center or one of the colored vane sets in the
surrounding annular region are actually sampled. In Fig. 2A each individual vane is
diametrically opposed by a gap between other vanes. Points within these gaps are not
sampled, allowing a reduction in the number of measurements by a factor of 1.8 vs. full
sampling. Values at these unsampled points are estimated using homodyne reconstruction
which exploits symmetry properties of the k-space data and a measurement of the phase map
using data in the central orange zone. This process is more familiarly done in reducing the
number of phase encoding measurements in 2DFT acquisition or in performing partial echo
acquisition (30,31).

The playout of sampling is shown in Fig. 2B, with acquisition starting at central orange k-
space followed by one of the colored vane sets, black in this example. The sampling order
used is elliptical centric (5). The process repeats with central k-space again sampled
followed by another vane set, here green, and continues cyclically. Images are reconstructed
using the data sorting also shown in Fig. 2B. Each image is formed from samplings of all
four vane sets as well as central orange k-space. This provides for samples of all identified
regions of Fig 2A to be included in image formation. Given that central k-space is sampled
four times during the time required to sample all four vane sets in peripheral k-space, there
are options how to use the central k-space sampling. As discussed in Ref. (32), we have
found that the sorting shown in Fig. 2B works well for the depiction of vasculature, with
other choices either blunting the appearance of the bolus leading edge, causing artifactual
signal in advance of the leading edge, or causing diminished lateral spatial resolution. The
second image designated, Img 2, is formed by updating the central orange k-space and the
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earliest vane set (here black) used for Img 1. Samples of the other vane sets (green, blue, and
red) are shared from Img 1 to Img 2. This process continues for data selection for
subsequent images in the series. The temporal footprint identified in Fig. 2B is defined as
the total duration over which any data are used to form an unsubtracted image. It accounts
for the characteristic of view-shared sequences that the image acquisition time is not as short
as the frame time (29).

The CAPR sequence shown in Fig. 2 was initially developed for CE-MRA of the
vasculature of the brain (29) and then of the calves (33). In this current work it has been
adapted to imaging the vasculature of the feet and the hands. A coarse estimation of the level
of acceleration necessary can be determined as indicated in Table 2. For the feet the spatial
resolution was targeted as being somewhat finer (0.75 × 0.75 × 0.90 mm3) than the 1 mm
isotropic previously attained in the calves in Ref. (33). The targeted frame time was kept at 6
sec with a temporal footprint approximately four times larger, 24 sec. A sagittal acquisition
was assumed with a field of view (FOV) encompassing both feet: frequency encoding
direction superior/inferior (S/I), phase encoding anterior/posterior (A/P), and slice encoding
left/right (L/R) with typical respective values of 30.0 × 24.0 × 19.8 cm3. These
specifications can be converted into a rectangular kY-kZ space sampling pattern. If the k-
space corners are not sampled (34), as indicated in Fig. 2A, this reduces the number of
necessary samples by about π/4, leading to an overall requirement of about 52,000 samples.
For a repetition time (TR) of 5.85 msec, as used in this work, the acquisition time necessary
for this number of samples is about 300 sec. The net level of acceleration is approximately
equal to the ratio of this unaccelerated acquisition time with the desired temporal footprint,
300 sec/24 sec = 12.5. For this work this was obtained using a combination of 2D SENSE
and 2D homodyne methods.

For bilateral imaging of the hands similar considerations were used. The target resolution
was 0.75 × 0.75 × 1.0 mm3 with the targeted frame time set to be smaller (3.5 sec) than for
the feet to allow better temporal resolution. This resulted in a targeted temporal footprint of
15 sec. Coronal acquisition was assumed, with the frequency encoding direction placed
along the long axes of the arms, phase encoding L/R, and slice encoding A/P, with typical
field of view (FOV) values of 30.0 × 22.5 × 10.8 cm3. Analysis similar to that used for
imaging the feet again leads to the requirement for acceleration factors of about 10 or
higher.

Receiver Coil Arrays for CE-MRA of the Feet and Hands
The development of receiver coil arrays for the calves for 2D SENSE-accelerated CE-MRA
has been discussed in Ref. (33). One notable finding of that work was that because the two
directions of the parallel acquisition for the coronal-format CE-MRA acquisition lie within
the transverse plane, the placement of coil elements circumferentially around the calves
provides both good SNR and low g-factors. The same reasoning applies to the sagittal
format used here for imaging the feet.

For this work several multi-element coil arrays were used, all designed for circumferential
placement around the targeted anatomy, feet or hands. The design of each array was similar.
First, a basic element size was specified, with the length chosen to allow imaging along the
extent of the S/I FOV and the width selected to provide moderate falloff of sensitivity along
the transverse FOV. Second, two elements were then overlapped to minimize mutual
inductance and attached to form a two-element module. Next, a sufficient number of
modules were then attached together using detachable clasping into an extended linear array
for placement around the region under study. The leading and trailing modules of the array
were attached to each other using the same clasping arrangement for circumferential
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placement. The modular design accommodates patients of different sizes. Figure 3 shows
individual modules and the placement of the coil used for imaging of the hands.

In Vivo Experiments
The ability of the CAPR sequence to resolve known, small indentations which simulate
stenoses in otherwise smooth bore tubes of diameters ranging from 3 to 10 mm has
previously been demonstrated (33), and given this technical performance, in vivo studies
were performed. The CAPR sequence was used in conjunction with 2D SENSE and 2D
homodyne reconstruction for imaging volunteers and clinical patients for whom CE-MRA
was clinically indicated. The study was done using a protocol approved by the Institutional
Review Board of our institution, and written consent was obtained from all volunteers. In all
cases, a fast spoiled gradient echo pulse sequence was used for data acquisition with the
following parameters: repetition time (TR) 5.85 msec; echo time (TE) 2.7 msec; flip angle
30°; and bandwidth ±62.5 kHz. A TR this long was necessary to accommodate the fully-
sampled echo consisting of a relatively high number of readout points, 400, to provide the
desired spatial resolution.

Prior to the contrast-enhanced run, a SENSE calibration was performed by using a fast
gradient echo sequence with similar parameters to the above but with a flip angle of 10°,
bandwidth of ±31.25 kHz, and twofold reduction of resolution in both the Y and Z directions
vs. that used for the actual CE-MRA run. For the actual CAPR CE-MRA, 20 mL of
Multihance (gadobenate dimeglumine, Bracco Diagnostics, Princeton NJ) was injected into
an arm vein at a rate of 3 mL/sec followed by 20 mL of saline also at 3 mL/sec by power
injector (Spectris, Medrad, Indianola PA). This contrast dose was selected as it corresponds
to approximately 0.1 mmol/kg for the typical 90 kg subject in our CE-MRA practice. The
injection rate of 3 mL/sec prolonged the extent of the bolus to the approximate image frame
time. For imaging the feet the subject’s feet were strapped to a custom-built wedge to
provide immobilization. The wedge was constructed of polycarbonate and acrylic plastic
and had a flat surface of dimensions 19 cm × 27 cm onto which the feet were placed and
which provided approximately 30 degrees of extension from a neutral foot position. The foot
wedge was designed so the custom built coil array could be easily wrapped around it. Prior
to the actual injection the CAPR sequence was initiated and at least one contrast-free image
of the region under study was acquired. For each subject the CAPR sequence was applied
repetitively until 36 image sets were acquired at the chosen frame time interval. Automated
reconstructions were performed on a custom system interfaced to the MRI scanner (35).
Typically all reconstructions including source images and Maximum Intensity Projection
(MIP) images along the slice select direction were completed and returned to the proprietary
MR imager viewer within two minutes after the end of the contrast-enhanced run for
immediate clinical review. Several combinations of SENSE acceleration and multicoil
arrays were tested and evaluated. Acquisition parameters including receiver coil dimensions
used for all studies presented are shown in Table 3.

In selected studies the time series of 3D contrast-enhanced MR angiograms was additionally
used to generate a time-of-arrival (TOA) map. Such a map is a presentation in a single 3D
image of the arrival time post-contrast-injection at each pixel (36).

RESULTS
Figures 4 and 5 illustrate results from two volunteer studies of the feet. Both studies were
acquired using the identical CAPR acquisition with Rnet = R × RHD = 8 × 1.8 = 14.4, where
RHD is the acceleration due to the partial Fourier and homodyne process allowed by the
undersampled vane-like pattern in Fig. 2. Results from Fig. 4 were acquired using an eight-
element coil, while those in Fig. 5 were acquired using a 12-element coil. In both cases
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progressive filling of the vasculature is apparent over several consecutive 6.8 sec frames,
with the leading edge of the advancing contrast bolus clearly depicted. A supplemental
video of the study of Fig. 5 is provided in SV1.

Figure 6 illustrates results in a patient with diabetes for whom bypass surgery was being
considered to improve perfusion of the right great toe to improve healing of a chronic
infection.

Figure 7 shows results from two studies of the hands in the same volunteer. The first was
done using the same eight-element receiver coil as for the foot studies of Figs. 4 and 6, with
2D SENSE acceleration of R=8, and net acceleration Rnet=14.4. The second study,
performed two days later, was done using a 12-element hand array with R=12 and
Rnet=21.6. A supplemental video of this latter study is provided in SV2.

Figure 8 shows results from a bilateral study of the hands of a patient suspected of
Raynaud’s syndrome. Images were acquired using the 2D SENSE acceleration R=8 and Rnet
=14.4. A TOA map was also generated (Fig. 8E). See also supplemental videos SV3 and
SV4.

DISCUSSION
We have shown how the combination of the three methods of parallel acquisition, multi-
element receiver coil arrays, and k-space sampling techniques can be used to generate 3D
data sets of the hands and feet which have both high spatial and high temporal resolution.
For both regions the FOV used allows simultaneous imaging of both extremities. For the
hands, images are formed at update times of 3.4 – 4.5 sec with sub-mm in-plane and 1.0 mm
through-plane resolution. For the feet, images are formed at an update time of 6.8 sec with
sub-mm resolution in all three directions. The methods were demonstrated in volunteer and
patient studies. At these levels of high spatial and temporal resolution, it was possible to
readily perceive time-dependent phenomena in the arterial vasculature without noticeable
venous contamination. Examples included differences in left vs. right arrival of contrast,
asymmetric filling patterns, and dorsalis pedis vs. plantar artery dominance in the feet.

The first method exploited, parallel acquisition, improves the speed by allowing the requisite
k-space samples to be measured in a shorter time. In this work both 2D SENSE and 2D
homodyne techniques were used. The SENSE accelerations were R=8 or 12, and when
combined with the acceleration typically provided by homodyne, RHD=1.8, yielded a net
acceleration Rnet=14.4 to 21.6.

The second method, exploiting receiver coils, preserves the signal-to-noise ratio (SNR)
which is otherwise lost by acceleration techniques due to both a reduction in the number of
kY-kZ samples used for reconstruction and the noise amplification intrinsic to the
reconstruction process (37). For this work an array having eight or more elements was
placed circumferentially around the targeted anatomy, hands or feet. This arrangement has
been shown previously (33) to provide good SNR and to have mean g-factors only slightly
larger than unity, thereby controlling the noise amplification alluded to above. Results
generated for R=8 were routinely deemed to have more than adequate SNR, even when only
eight coil elements were used. For the one case in which R=12 SENSE acceleration was
performed using 12 elements (Figs. 7b, d, f, h), the SNR was still considered more than
adequate for diagnosis. In addition to the receiver coils, another factor contributing to the
retention of the SNR is the signal enhancement effect intrinsic to accelerated CE-MRA by
which the peak contrast-enhanced signal is present over a greater extent of k-space due to
the acceleration process (38).
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The third method used was the CAPR k-space sampling technique. This makes use of view
sharing, elliptical centric view ordering, and more frequent updating of the k-space center.
Moreover, the sorting of the acquired data is designed to provide temporally compact
sampling of the k-space center and consistent sampling of k-space from frame to frame.
These qualities have been shown to provide sharp depiction of the contrast bolus leading
edge, accurate depiction of the velocity of the advancing contrast bolus, good lateral
resolution across the contrast-enhanced vessel lumen, and small “anticipation” artifact in
advance of the contrast bolus (32). The sequence is flexible, allowing tradeoffs in spatial and
temporal resolution and other factors, as illustrated in the range of parameter sets in Table 3.
In contrast to the CAPR method, keyhole acquisition (21,39) uses an extended temporal
footprint by which high spatial frequency information is sampled long (ca. 50 sec or more)
after the central views are sampled. This can lead to degraded spatial resolution if the
arterial signal has waned over the interim or artifactual venous signal if the veins are
contrast-filled during the sampling of the high spatial frequency views.

We believe the patient studies presented in Figures 6 and 8 are illustrative of the potential
clinical value of the method. For the study in Fig. 6, the method allowed identification of a
patent, reconstituted native right medial plantar artery in a diabetic patient who had a major
perfusion defect of the right great toe. Based on this CE-MRA study this artery was chosen
as the target site of distal anastomosis for a bypass graft, and the patient has subsequently
done well post-surgery. The CE-MRA study of Fig. 8 allowed visualization of more subtle
abnormalities of the digital arteries and right radial artery in addition to the more obvious
left radial artery occlusion.

This work suggests further areas of investigation. For the hands in particular the small frame
time (3.4 – 4.5 sec) and temporal footprint (12.5 – 16.0 sec) might allow a reduced duration
of contrast. Cursory analysis of the signal curves in the hand studies presented indicates that,
although variable from subject to subject, the arterial signal is within 80% of peak for four
time frames or more, i.e. a time more than adequate to allow formation of an image with the
full sampling resolution. This suggests that a smaller injection duration may be allowed,
permitting smaller contrast dose at the same injection rate or an increased injection rate with
no dose reduction for possible higher signal. Another possible area of study is the use of the
acquisition technique with an intravascular contrast agent. Such an agent might allow
images with increased SNR at lower contrast dose due to the higher T1 relaxivity. Such
studies have been done previously but not at the levels of acceleration used here (15,23).

This study has limitations. Perhaps the principal one is that rather than being a prospective
study of the imaging capabilities of the technique in a specific patient population with
independent corroboration using another imaging procedure such as DSA, this was primarily
a study of feasibility. However, we believe that the quality of results we have demonstrated
in volunteers and the specific findings in the two patient studies illustrate the potential of the
method and the rationale and justification for a more detailed clinical study.

In conclusion, we have shown that 3D CE-MRA image sets with spatial resolution of 1 mm
or finer can be generated with frame times of about 3.5 sec for the hands and 6.8 sec for the
feet. For each region the temporal footprint is approximately four times longer than the
frame time. The principal technical enablers are specific methods for sampling k-space,
techniques for 2D acceleration of ten-fold or higher, and multi-element coil arrays placed
circumferentially around the targeted region.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Plots of voxel volume vs. frame time for contrast-enhanced MRA of the hands (A) and feet
(B) using the data from Table 1. The methods reported in this work are indicated by the
diamond (◆) in each plot. Points identified with an asterisk indicate that the voxel volume
was determined using pixel dimensions which resulted from interpolation along at least one
dimension.
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Figure 2.
A. Plot in kY-kZ space of the sampling pattern for the CAPR sequence.
B. Temporal playout of the k-space sampling of (A) and sorting of the measurements into
the first two fully sampled images, Img 1 and Img 2.
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Figure 3. Example of modular receiver coil arrays used for CAPR CE-MRA
A. Single module formed from two elements with overlap selected to minimize mutual
inductance. Each element shown is 6.2 cm × 25 cm.
B. Combination of two two-element modules into a four-element array. Modules are
attached to each other by mechanical clasps (arrows).
C. Illustration of how a 12-element coil formed of six modules illustrated in (A) and (B) is
placed for imaging the hands. The subject lies prone in the magnet with hands placed into
the coil array. The leading and end modules are attached to provide circumferential
placement about both hands. Additional padding (orange) provides mechanical support.
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Figure 4.
CAPR imaging of the feet of a volunteer acquired with 2D SENSE acceleration R=8 and the
eight-element receiver coil. (A) – (C) MIP projection images of the full FOV at approximate
55 degree angulation away from A-P showing progression of contrast material through the
arterial vasculature during consecutive 6.8 sec time frames. (D) – (F) MIP projections of the
left foot for three more time frames subsequent to (C) shown at respective angulation of 65,
75, and 85 degrees away from A-P illustrating the high isotropic spatial resolution.
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Figure 5.
CAPR images of the feet of a volunteer acquired with 2D SENSE acceleration R=8 and a
12-element receiver coil. (A) MIP projection at approximately 45 degrees oblique from A-P.
Arterial phase time frame with right and left dorsalis pedis well filled (arrows). Targeted
MIPs of left foot from subsequent time frames: (B) 6.8 sec after (A), 60 deg rotation; (C)
13.6 sec after (A), 70 deg rotation; (D) 20.4 sec after (A), 80 deg rotation. (E) Time-of-
arrival map of left foot at 80 degree rotation from coronal. For the color scale at the bottom
of the image each hash mark denotes an individual 6.8 sec time interval and the leftmost
limit corresponds to 27.2 sec post-injection. See also supplemental video SV1.
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Figure 6.
CAPR images from a bilateral foot study of a diabetic patient who was a candidate for a
bypass graft procedure to improve perfusion of right great toe secondary to chronic
infection. (A) Slightly oblique (17 degree) near-coronal view of both feet at early arterial
time frame. Image of right foot shows occluded dorsalis pedis and occluded distal anterior
and posterior tibial arteries and partial reconstitution of plantar arteries including a small
patent medial plantar artery (arrow). (B) MIP sub-volume of only the right foot at 22 degree
angulation, taken from the next frame, 6.8 sec after (A), shows continuity of medial plantar
artery identified in (A) to right great toe (arrows). (C). MIP sub-volume of right foot at 30
degree angulation for frame 6.8 sec after (B) already has extensive venous signal, making
interpretation difficult, and illustrating the desirability for high spatial and temporal
resolution.
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Figure 7.
CAPR images of the hands of a volunteer. Parts A, C, E, G were acquired with 2D SENSE
R=8 acceleration, frame time 4.1 sec, and an eight-element coil (Coil #1 of Table 2). Parts
B, D, F, H were acquired two days later with 2D SENSE R=12 acceleration, frame time 3.4
sec, and a 12-element receiver coil (Coil #3 of Table 2). A, B: full coronal MIP images after
arrival of contrast material in distal digital arteries. C, D: coronal MIPs of left hand for time
frame showing contrast arrival in the hand. E, F: MIP images at 30 degree oblique rotation
one time frame later than C, D. G, H: MIP images at 60 degree oblique rotation one time
frame later than E, F and corresponding to the same time frame as A, B illustrating the high
resolution in the slice encoding (A-P) direction. See also supplemental video SV2 made of
the study of parts B, D, F, H.
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Figure 8.
CAPR imaging of the hands of a patient with Raynaud’s phenomenon. (A) Coronal view of
both hands at early filling stage. Irregular narrowing of right radial artery is well seen
(arrow). Angulated image of the left hand made at subsequent time frames: (B) 40 degree
rotation; 4.5 sec after (A). Occlusion of left radial artery is well seen (arrow). (C) 110 degree
rotation, 9 sec after (A) illustrating the spatial resolution along the slice encoding direction,
approximately left-right in this image. (D) 170 degree rotation, 18 sec after (A) illustrating
poor filling of digital arteries, likely due to spasm (arrows). (E) Time-of-arrival map of the
left hand shown in an approximate dorsal view. The color scale is shown at the bottom of
the image where each hash mark denotes an individual 4.5 sec time interval and the leftmost
limit corresponds to 22.5 sec post-injection. See also supplemental videos SV3 and SV4.
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