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REVIEW

Technical Aspects of Contrast-enhanced MR Angiography:
Current Status and New Applications

Stephen J. Riederer’’, Eric G. Stinson', and Paul T. Weavers?

This article is based on a presentation at the meeting of the Japanese Society of Magnetic Resonance in
Medicine in September 2016. The purpose is to review the technical developments which have contributed
to the current status of contrast-enhanced magnetic resonance angiography (CE-MRA) and to indicate
related emerging areas of study. Technical developments include MRI physics-based innovations as well as
improvements in MRI engineering. These have collectively addressed not only early issues of timing and
venous suppression but more importantly have led to an improvement in spatiotemporal resolution of
CE-MRA of more than two orders of magnitude compared to early results. This has allowed CE-MRA to be
successfully performed in virtually all vascular territories of the body. Contemporary technical areas of
study include improvements in implementation of high rate acceleration, extension of high performance
first-pass CE-MRA across multiple imaging stations, expanded use of compressive sensing techniques, inte-
gration of Dixon-based fat suppression into CE-MRA sequences, and application of CE-MRA sequences to

dynamic-contrast-enhanced perfusion imaging.
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Introduction

In the time since its early description in the mid-1990s!2 con-
trast-enhanced (CE) MRA has undergone major technical
advances which have improved the speed, reliability, and
extent of applications. MR imaging physics-related innova-
tions as well as MR engineering developments have contrib-
uted to this advance. Using the specific metric of
spatiotemporal resolution to quantify performance, modern-
day CE-MRA is superior to that of initial CE-MRA reports by
well over two orders of magnitude. Multiple individual tech-
nical improvements contributing to this have been docu-
mented in the literature over this time period, and there have
also been a number of review articles which have covered
various aspects of this evolution.>* This work, which is based
on a presentation made at the September 2016 Japanese
Society of Magnetic Resonance in Medicine, briefly reviews
these major advances which have led to the current high level
of performance. These include means for providing reliable
timing and venous suppression, and multiple techniques such
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as view sharing and parallel acquisition for increasing the
frame rate. This work also identifies contemporary applica-
tions and directions of CE-MRA and related methodologies,
including acceleration optimization, fluoroscopic tracking,
compressive sensing, Dixon-based CE-MRA, and dynamic-
contrast-enhanced MRI.

Contributors to Current Performance of
CE-MRA

Identification of initial challenges

Early developers of contrast-enhanced MRA not only recog-
nized the potential value of the method but also identified a
number of major limitations which, if addressed, would pro-
vide improved performance. These early limitations included
a fundamental image-quality-related metric of inadequate
spatial resolution as well as reliability issues such as mis-
matched timing of the MRI data acquisition to the arterial
contrast bolus passage and undesirable venous enhancement.
The first of these, limited spatial resolution, is common to
many MR imaging sequences, and selection of resolution is
done while considering multiple factors such as scan time
and signal-to-noise ratio (SNR). Because the contrast agent
provided such a large increase in the signal in the T,-weighted
gradient echo sequence, it was possible to reduce to reduce
the TR, still retain much of the signal, and provide improved
spatial resolution per unit scan time. Investigators quickly
implemented shorter TR times vs. the 14 msec TR used in
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early studies.? The repetition time of a gradient echo sequence
is limited by the gradient system, and identification of the
value of short TR times in CE-MRA as well as in other speed-
sensitive applications as cardiac MRI provided the impetus
to equipment manufacturers to develop improved gradient
systems. Today on whole body MRI scanners repetition
times in the 3—5 msec range are used for CE-MRA, the spe-
cific value depending on various factors such the number of
readout points and signal bandwidth.

Synchronization of acquisition to contrast bolus

The reliability-related issue of mismatched timing can to
some extent be addressed with faster acquisition. However,
specific means were developed to address these which are
still used today. With one approach a small, -2 ml test bolus
was imaged with a low resolution, rapid scan to first deter-
mine the time delay from injection to contrast arrival, and that
delay was then used in the subsequent high-resolution scan.’
An alternative method used bolus monitoring® or fluoroscopic
triggering’ both of which continuously monitored the tar-
geted vascular site using real-time MRI immediately after
injection and triggered the high-resolution 3D scan once con-
trast arrival was observed.

Reduction of venous enhancement

Venous enhancement can be avoided if the CE-MRA acquisi-
tion is limited to the arterial, pre-venous phase. However,
even with contemporary gradient systems this is not always
possible. This was addressed by the development of sam-
pling strategies of 3D k-space which timed the central
k-space sampling to the arterial phase of the contrast, prior to
the venous phase.®® Such view ordering is referred to as
“centric.” From an MRI physics standpoint, such ordering
samples the low frequency k-space values of 3D k-space at
the optimum time in the scan when contrast is highest (peak
arterial, pre-venous) and samples the remaining k-space
values subsequently (late arterial, venous) while providing
enough k-space samples for a high-resolution result. Centric
sampling continues to be used today for single-phase
CE-MRA, and variants of an interleaved approach!? are also
used in non-contrast-enhanced magnetization-prepared
imaging'! and in view-shared, time-resolved sequences.'?

Improvements in speed — view sharing

Additional methods were applied to CE-MRA acquisition in
an attempt to provide improved speed. For time-resolved
imaging the method of view sharing is commonly done. This
was first described in the context of 2D acquisition.!> With
this technique, samples of k-space are shared from one
reconstructed image to the next, with updating of only a
subset of the samples. This allows the rate of image updates
to be faster than the rate to fully sample k-space for a single
image. For Cartesian-sampled acquisition, central k-space
can be sampled more frequently than peripheral k-space, pro-
viding improvement in apparent temporal resolution. View

sharing was first applied to 3D time-resolved CE-MRA with
the time resolved imaging of contrast kinetics (TRICKS)
technique,'* and other sequences using view sharing have
also been developed such as keyhole,' time-resolved angi-
ography with interleaved stochastic trajectories (TWIST),'¢
cartesian acquisition with projection like reconstruction
(CAPR)," and dIfferential subsampling with cartesian
ordering (DISCO).!® These are further explained in a review
article within the context of temporal acceleration
techniques.

Improvements in speed — parallel acquistiion

A pivotal development for increasing the speed of acquisi-
tion in CE-MRA is parallel acquisition. This has been
well reviewed in the literature, 22! with the fundamental
approaches based either in image space?? or k-space.?* For
both cases the rationale is to sample the MRI signal simulta-
neously with multiple receiver coils and to use the differen-
tial sensitivity of individual coil elements across the volume
to discriminate the magnetization at different pixels. This
provides a reduction in the number of repetitions of the
acquisition by the acceleration factor R. Similar to view
sharing, this too was first described in the context of 2D
acquisition, but extension to 3D acquisition®* was particu-
larly valuable for CE-MRA. The unraveling of the individual
magnetizations from the measured signals comes with a pen-
alty of reduction of SNR in proportion to VR and the
g-factor.’> However, similar to the argument made earlier
with respect to reduction of TR, the high vascular signal of
the contrast-enhanced blood allows some SNR reduction
with little penalty in diagnostic quality.

CE-MRA was identified as an early application of accel-
eration techniques.? Subsequently, acceleration factors have
arguably been pushed to the highest practical values in
CE-MRA vs. any other application in MRI. There are reasons
for this. First, because CE-MRA is generally performed with
a 3D acquisition, it immediately lends itself to acceleration
performed along the phase encoding and slice encoding
directions; i.e. 2D acceleration. For a given acceleration
factor R, 2D acceleration better retains SNR than 1D accel-
eration. Second, CE-MRA is generally performed in a cor-
onal or sagittal format in which the frequency direction is
superior-inferior (S/I). This means that the phase and slice
encoding directions are within the transverse plane. Accel-
eration is particularly robust in terms of low g-factors when
coil elements can be placed on opposite sides of the patient
and face each other along the acceleration direction. When
the phase encoding plane is transverse, circumferentially ori-
ented coil arrays provide this for 2D acceleration. Third, the
CE-MRA signal is sparse in the sense that the number of
pixels which enhance due to the arterial phase contrast pas-
sage makes up a very small fraction of the total number of
pixels in the volume. This reduces the signal power of pixels
which are erroneously not fully resolved. An example of 2D
acceleration illustrating these points taken from a 3D
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Fig. 1 Illustration of 2D sensitivity encoding (SENSE) in contrast-
enhanced MRA. (a) Acquired images of an axial section just distal
to the knees from eight coil elements formed with acceleration
factor R = 4 (left/right) x 2 (anterior/posterior) = 8. Note the dif-
ferences image to image, owing to the different coil sensitivities
across the object. Also note the relatively low signal level of the
unenhancing background tissue. (b) Reconstructed axial image
using the data of (a). (c) Maximum Intensity Projection (MIP) from
contrast-enhanced magnetic resonance angiography (CE-MRA)
study of the calves. The level of the axial section used in (a) and
(b) is identified.
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CE-MRA exam acquired with R = 8 is shown in Fig. 1. This
study and results from all other human studies presented in
this work were conducted with the approval of the Institu-
tional Review Board (IRB).

These methods for improvement of the spatio-temporal
resolution are summarized in Table 1. Also indicated is
the method of partial Fourier acquisition,?® commonly
used in many applications in MRI but used in CE-MRA
(REFS) as well, 2”8 and the general method of compressed
sensing which is an area of ongoing study to be discussed
presently.

Technical facilitators

Multiple technical factors have also contributed to the
improvements in CE-MRA seen over the last two decades.
These are also shown in Table 1. As mentioned previously,
high performance gradients, as typically specified by peak
amplitude and maximum slew rate, allow reduced repetition
times. Use of magnets with field strength of 3T has become
much more common than at the 1.5T fields widely used in the
1990s, providing improved intrinsic SNR and further ena-
bling methods designed to provide increased speed at the
expense of SNR. Critical to the implementation of accelera-
tion methods is the availability of high-count coil arrays
having appropriate geometries. Many modern systems have
arrays with literally dozens of elements built into the patient
table and come equipped with additional multicoil arrays.
Distinct from the coil arrays themselves, the number of
receiver channels available on MRI systems has also grown
in number, allowing data from multiple coil elements to be
sampled simultaneously. Finally, although not specific to
MRI, improvements in fundamental computation speed have
also been important. This allows a time series of high-resolu-
tion 3D CE-MRA images to be reconstructed in clinically
acceptable times, e.g. within 5 minutes of completion of the
acquisition.

Contemporary Applications

Acceleration optimization

As stated earlier, 2D acceleration is well-matched to 3D
CE-MRA, and this synergy has led to the routine use of
high acceleration factors, e.g. R > 8. This in turn has iden-
tified what is another important choice or degree of
freedom, namely how should the acceleration be imple-
mented in the 2D undersampling of k,-k, space. Several
approaches have been developed to address this. One is the
technique of Controlled Aliasing in Parallel Imaging
Results IN Higher Acceleration (CAIPIRINIHA)? in
which multiple undersampling kernels which all provide
the same net undersampling are considered. Depending on
the object under study, the directions and displacements of
possible aliased points can be more benign with some ker-
nels vs. others. Related to this has been the development of
acceleration apportionment.’* When applied to 2D SENSE
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Table 1. Summary of techniques providing improvement in spatiotemporal resolution of contrast-enhanced MR angiography.
Comments and values are with respect to imaging on a standard whole body system at 1.5T in 1995

Technique

Description

Physical basis / Comments

Improvement factor

TR reduction

Partial fourier
acquisition

View sharing

Parallel
acquisition

Compressed
sensing

Reduce repetition time of gradient echo
sequence

Use known mathematical symmetry
properties to sample only half of data
space

Share phase-encoded “views” from one
image to the next in the reconstruction of
a time series

Measure MR signal simultaneously from
multiple receiver coil elements and
exploit differential coil sensitivities across
the object

Synthesize unsampled data on the basis
of statistical information

Technical Facilitators

Gradients
Field strength

Multi-element
receiver coils

Computation
hardware

Higher peak amplitudes and faster
risetimes

3T and higher vs. 1.5T

MRI systems with multiple receive
channels and coils with potentially
dozens of elements

Ongoing improvements in available
computation speed

Large signal of contrast-enhanced blood
compensates for signal loss in reducing
TR from 14 to 3 — 5 msec.

Requires adequate knowledge of
magnetic field inhomogeneity; can be
applied in multiple directions.

More frequent sampling of central vs.
peripheral k-space allows the apparent
temporal resolution to be improved.

Implement in image space (SENSE) or
k-space (GRAPPA); both approaches
allow periodic k-space undersampling.
Applications in two phase encode
directions allows higher acceleration
than along only one direction. The
penalty is diminished SNR.

Minimize the error between the final
image and the data set subject to
possible constraints; topic continues to
be of ongoing study

Improved gradients allow shorter RF
pulses, reduced TEs, and shorter TRs.

Increased field provides higher intrinsic
SNR.

Multi-element coils are required for
effective implementation of parallel
acquisition.

Speed improvements have in general
allowed the above techniques to be
implemented in clinically reasonable
(<5 min) reconstruction times.

3-5 x

1.5-1.8 x

2-4 x

2-10 x

2-4 x

GRAPPA, Generalized autocalibrating partially parallel acquisitions; SNR, signal-to-noise ratio.

this method optimizes which acceleration pair (R, R,)
provides noise-optimized performance for a given accel-
eration R = R, x R,. Implementation of CAIPIRINHA and
2D SENSE in practice requires that coil calibration data be
collected, typically prior to the contrast-enhanced run.
This information can then be used in an optimization rou-
tine which quickly determines the optimum acceleration
parameters. An example of Acceleration Apportionment is
shown in Fig. 2.

Another approach which can be used to improve per-
formance is to attempt to identify pixels which should
have zero signal and in effect exclude them from the
reconstruction. Although this is commonly done for such
pixels in the air outside the object, this can also be applied
to pixels within the object which are known to not have
the targeted behavior such as contrast enhancement or
some other temporal pattern. Examples include use of

prior information in constrained reconstruction,?! iterative
support detection,’? and vascular masking.??

Fluoroscopic tracking

Fluoroscopic tracking integrates many of the individual
methods discussed thus far to provide a means for per-
forming CE-MRA along the extended field of view of the
peripheral vasculature with table advance accurately syn-
chronized to transit of the arterial phase of the contrast
bolus. Assume for purposes of discussion that three table
stations are necessary (pelvis, thighs, calves) and the goal
is to get diagnostic quality 3D CE-MRA images of the
arterial phase at each station. The idea of fluoroscopic
tracking is to start by imaging the most proximal (pelvis)
station with a time-resolved CE-MRA sequence and recon-
struct the images in real time. When the contrast bolus has
traversed the entire S/I field of view, the operator then
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triggers table advance. This advance is completed within
several seconds, and imaging of the next (thighs) stations
ensues. The process is then repeated: when the operator
observes that contrast has traversed the thigh station, he/
she triggers table advance to the final (calves) station.

Fig. 2 Illustration of acceleration apportionment. (a) Still image
from time-resolved contrast-enhanced magnetic resonance angi-
ography (CE-MRA) exam of the feet acquired with 2D sensitivity
encoding (SENSE) with R = R, x R, = 2 x 4 = 8. Note region of
patchy noise (white arrows) which occurs in areas with a high level
of aliasing with these acceleration factors. (b) Still image made
from the same subject as (a) but acquired in a CE-MRA exam on a
different day. Acceleration apportionment resulted in higher accel-
eration factor R = Ry x R, = 2.87 x 3.37 = 9.67 but also reduced
noise in the problematic region identified in (a). Subtle differences
in the degree of filling of contrast in the vasculature are due to
slight day-to-day physiological differences. (Reprinted, with per-
mission, from Weavers et al.??).

Vol. 17, No. 1

Technical Aspects of CE-MRA

Although perhaps easy to conceptualize, the method is
particularly challenging because of the rapid advance of
contrast, particularly in the thigh station. The acquisition
sequence needs to have an adequately short frame time to
allow accurate portrayal of bolus advance but also provide
high spatial resolution so that the real-time images them-
selves have diagnostic quality. This latter requirement that
the real-time images themselves be of diagnostic quality is
the critical differentiator of fluoroscopic tracking with
fluoroscopic triggering. For triggering, the images are
coarse, 2D sections with limited spatial resolution, inade-
quate for diagnosis but perfectly adequate for visualizing
contrast bolus arrival.

The initial experimental implementation of fluoroscopic
tracking is described by Johnson et al.*, and sample results
are shown in Fig. 3. More recently, to provide a shorter frame
time (2.1 vs. 2.5 sec) for the thigh station as well as increased
resolution per unit time for the calves station, the coil arrays
have been modified.’ The thigh array now uses narrower
tapered elements for improved fitting of the array to the body
habitus, and the calf coil uses 16 vs. 8 elements, as shown
in Fig. 4.

Compressive sensing

Another distinct area that has had an impact in CE-MRA
is compressive sensing, a method by which undersampled
data can be accounted for statistically.’® This can be used
in various ways. Examples include increased frame rates,?’
retention of some of the lost SNR due to acceleration,®
reduction of the temporal footprint of view-shared acquisi-
tion to improve the fidelity in portrayal of transient

Fig. 3 Illustration of fluoroscopic tracking acquired in 81-year-old male. (a) Coronal Maximum
Intensity Projection (MIP) showing the peak arterial frame for each of the three stations used.
(b) Sagittal MIP. (c—e) Targeted MIPs taken from region S1 from the first (pelvis) station of (a)
showing the progressive filling of contrast-enhanced blood as seen in the real-time display.
Frame time was 2.5 sec. Upon detecting distal arterial filling in the first (pelvis) station, the
operator triggered table advance. (f) Targeted MIP taken from Region S2 of (a) from the second
(thigh) station. This image was formed from data from only two 2.5 sec long frames. (g) Targeted
MIP taken from Region S3 of (a) from the third (calves) station. Frame time is 5.2 sec. Although
this subject was recruited as a healthy volunteer, multiple low-grade stenoses are seen in the
thigh and calf arteries, and the anterior tibial artery seen in (g) is partially occluded. (Reprinted,
with permission, from Johnson et al.>4).
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signals,* and resolution of both respiratory and cardiac
phases in time-resolved CE-MRA.!'2 Because these methods
typically require identification of a statistically optimum
solution, often done iteratively, the implementation is more
computationally involved than, say, performing a deter-
ministic 3D Fourier transformation of a fully-sampled data
set. Ongoing improvements in computation speed have
facilitated the practical implementation of compressive
sensing.*

Dixon CE-MRA

Fat-water imaging based on the Dixon technique*! has been
used extensively in MRI for many applications.**** How-
ever, recently it has been of interest to use Dixon methods in
CE-MRA. The rationale is as follows. In many applications
of CE-MRA, it is necessary to subtract a pre-contrast mask
image from the contrast-enhanced image to eliminate the
relatively bright signals of fat in the unsubtracted gradient
echo images. However, if there is any subject motion between
acquisition of the subtracted and unsubtracted images, the
resultant motion artifacts can interfere with interpretation.
Dixon CE-MRA avoids this by performing fat suppression as
part of the contrast-enhanced acquisition. The contrast-
enhanced blood is included within the water image. Although
the water-containing, non-enhancing background tissue is
still retained in the final water image, it is generally of low
enough signal that it does not interfere with visualization of
the enhancing vasculature. The application of dual-echo
Dixon acquisition to CE-MRA was described recently by
Leiner et al.*>.

Dixon CE-MRA requires that the magnetic field inho-
mogeneity AB,, be determined. Together with the complex-
valued water and fat magnetizations, this results in five
unknowns. However, using a signal model*® which assumes
that fat and water have the same initial phase ¢, immediately
after excitation reduces the number of real-valued unknowns
to four (W, F, AB,, ¢,), where W and F are the real-valued
magnitudes of the water and fat magnetization vectors. This
system of unknowns can be unambiguously determined
using two complex-valued measurements as provided in

dual-echo Dixon acquisition. Even with this simplification,
accurate determination of AB is one of the most challenging
aspects of Dixon imaging. In particular, when the inhomoge-
neity gets larger than several ppm, determination of AB,
typically requires that 2m wraps in the phase difference
between the two echo times be accurately resolved. A number
of recent publications describe how this can be done.*”#
A related aspect of dual-echo Dixon imaging is the selection
of the echo times. These are conventionally chosen so that
the phase difference between the complex fat and water mag-
netizations at the two echo times used is approximately 7
radians. For example, at a field strength of 3T with a corre-
sponding fat-water frequency difference of approximately
440 Hz, the times between the two echoes used should be
(1/2) x (440 Hz)™' = 1.1 msec or an odd multiple thereof.
Modern approaches provide some flexibility with this.*
Sample dual-echo Dixon results are shown in Fig. 5.

It is possible to perform Dixon-based fat-suppressed
CE-MRA with a single echo.’*3! This requires that a cali-
bration be performed prior to the single-echo scan which
provides information about AB; and the assumed fat and
water post-excitation phase ¢,. However, assuming that
these two quantities do not change in the subsequent
contrast-enhanced scan, one complex echo can be used to
solve for the two remaining unknowns, W and F. SNR for
single-echo Dixon acquisition is optimized when water and
fat can most readily be distinguished in the complex signal.
This occurs when the phase angle between them is largest,
namely at w/2, 37/2, 57/2, etc. radians. At a field strength of
3T this corresponds to gradient echo times of 0.56 msec and
odd multiples thereof.

Another aspect of Dixon CE-MRA which should be
noted is the superiority of both SNR and contrast-to-noise
ratio (CNR) vs. conventional time subtraction. This has been
analyzed theoretically and shown in phantom studies,’! and
corroborated in measurements made from clinical CE-MRA
exams.® Interestingly, this superiority over conventional
subtraction holds not only for dual-echo but even for single-
echo Dixon CE-MRA. Sample results from that analysis are
shown in Fig. 6.

Fig. 4 (a) Schematic diagram of 16-element
circumferential receiver array for imag-
ing the calves. (b) Coronal Maximum
Intensity Projection (MIP) from image
taken from time-resolved contrast-
enhanced magnetic resonance angiogra-
phy (CE-MRA) study of the calves using
the coil of (a). Acquisition was done using
R=RyxR,=6x2=12as well as par-
tial Fourier undersampling of 1.8, yield-
ing net acceleration factor of 21.6. Frame
time was 3.5 sec with T mm isotropic
spatial resolution.

Magnetic Resonance in Medical Sciences
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Fig. 6 Plot of the ratio of signal-to-noise ratio (SNR) of Dixon vs.
conventional time subtraction contrast-enhanced magnetic reso-
nance angiography (CE-MRA) as a function of the fat-water phase
angle between the gradient echo times used for an assumed 8 mm
contrast concentration. For the single-echo case the angle is the
absolute angle between the complex fat and water magnetizations.
(Reprinted, with permission, from Stinson et al.>").

Applications to DCE-MRI
Organ perfusion is commonly assessed in MRI by intrave-
nous administration of contrast agent followed by generation
of a time series of images of the target organ. Two general
approaches are used: (i) Dynamic Susceptibility Contrast
(DSC) MRI and (ii) Dynamic Contrast-enhanced (DCE)
MRI.*? The first of these uses an echo-planar sequence with
adequately long gradient echo time to allow signal modula-
tion due to R2". The second uses a T -sensitive gradient echo
acquisition and associates signal level with bolus transit.
That is to say, the pulse sequence used for DCE-MRI is virtu-
ally identical to that used for CE-MRA. Thus, many of the
innovations and developments which have contributed to the
technical advance of CE-MRA are also applicable to DCE-
MRI sequences.

Although both CE-MRA and DCE-MRI use a
T,-weighted gradient echo sequence, there are some dif-
ferences in how it is applied in the two applications.

Vol. 17, No. 1
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Fig. 5 Example of dual-echo Dixon contrast-
enhanced MR angiography. (a) Coronal partition
of the water image showing the bright, con-
trast-enhanced blood, the gray, unenhanced
muscle which is included in the water image,
and the black, suppressed fat. (b) Coronal
Maximum Intensity Projection (MIP) of the
water image at a late contrast phase showing
the enhancing arteries and veins. The overly-
ing skin has been first been removed. Note in
particular the high visibility of the veins con-
tained within the subcutaneous fat (arrows).

Rather than the coronal or sagittal format of CE-MRA, an
axial slab is typically used for DCE-MRI, such as for
prostate or liver. This casts slice encoding along the S/I
direction. Second, the signal of interest is no longer just
the arterial phase of the contrast bolus, but rather the
potentially more gradual onset and washout of contrast
within the target organ. This signal change is typically
smaller in magnitude than the arterial enhancement. Third,
because the enhancement occurs in regions of organs
rather than blood vessels, the resultant 3D image is no
longer as sparse as for CE-MRA of the same volume.
These factors all represent alterations from those dis-
cussed earlier which synergistically match 3D CE-MRA
with 2D acceleration. Consequently, it is unlikely that the
large acceleration factors (R > 8) of CE-MRA are attain-
able with DCE-MRI.

Figure 7 shows images taken from a DCE-MRI exam of
the prostate. The pulse sequence used is an adaptation of that
developed for time-resolved 3D CE-MRA of the abdomen.
Slab selection and slice encoding are along the S/I direction.
The acceleration factor used was Ry x R, =2.49 x 1.12 =
2.78. As with accelerated 3D CE-MRA it is important that
the coil array effectively allows the targeted acceleration.
Figure 7a—c was formed with a 32-element receiver coil, and
Fig 7d—f using 12 elements from the same contrast-enhanced
acquisition. As reported recently in a 50-patient series,>® the
32-element coil consistently provided improved SNR, as
suggested in these results.

Conclusions

Contrast-enhanced MRA has undergone major improve-
ments since its initial description 20 years ago which have
collectively provided two orders of magnitude improvement
in spatiotemporal resolution. The physics innovations and
engineering developments which have provided this include
reduced repetition times as facilitated by improved gradients,
various parallel acquisition approaches, particularly in two
directions, methods such as view sharing which enhance
frame rate, and multiple coil arrays which make high
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Fig. 7 Illustration of dynamic contrast-enhanced-magnetic resonance imaging (DCE-MRI) of the prostate. Images are all subregions of an
axial section through the prostate gland acquired with a DCE-MRI sequence with 6.5 sec frame time. The prostate is contained within
the dashed box of (a). Images (a—c) were acquired with a 32-coil array at 32.5, 45.5, and 58.5 sec post intravenous injection of contrast
material and illustrate progressive enhancement of posterolateral lesion (b, arrow) and central region (c, arrow). Images (d—f) were formed
with using data from only 12 of the 32 coils, illustrating loss of signal-to-noise ratio (SNR).

acceleration factors practical. Although outside the scope of
this work, 3D CE-MRA has been applied to virtually all vas-
cular territories of the body.

Topics of a more contemporary nature related to and
originating from 3D CE-MRA include means for best deter-
mining how to implement high acceleration factors, the
method of fluoroscopic triggering for generation of time-
resolved CE-MRA images along the entire peripheral vascu-
lature, multiple uses of compressive sensing, the application
of Dixon-based fat suppression to CE-MRA, and the applica-
tion of technologies developed for CE-MRA to dynamic
contrast-enhanced perfusion MRI.
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