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The introduction of digital subtraction angiography (DSA) in
1980 provided a method for real time 2D subtraction imag-
ing. Later, 4D magnetic resonance (MR) angiography
emerged beginning with techniques like Keyhole and time-
resolved imaging of contrast kinetics (TRICKS) that provided
frame rates of one every 5 seconds with limited spatial reso-
lution. Undersampled radial acquisition was subsequently
developed. The 3D vastly undersampled isotropic projection
(VIPR) technique allowed undersampling factors of 30–40.
Its combination with phase contrast displays time-resolved
flow dynamics within the cardiac cycle and has enabled the
measurement of pressure gradients in small vessels. Mean-
while similar accelerations were achieved using Cartesian
acquisition with projection reconstruction (CAPR), a Carte-
sian acquisition with 2D parallel imaging. Further accelera-
tion is provided by constrained reconstruction techniques
such as highly constrained back-projection reconstruction
(HYPR) and its derivatives, which permit acceleration factors
approaching 1000. Hybrid MRA combines a separate phase
contrast, time-of flight, or contrast-enhanced acquisition to
constrain the reconstruction of contrast-enhanced time
frames providing exceptional spatial and temporal resolu-
tion and signal-to-noise ratio (SNR). This can be extended
to x-ray imaging where a 3D DSA examination can be used
to constrain the reconstruction of time-resolved 3D vol-
umes. Each 4D DSA (time-resolved 3D DSA) frame provides
spatial resolution and SNR comparable to 3D DSA, thus
removing a major limitation of intravenous DSA. Similar
techniques have provided the ability to do 4D fluoroscopy.
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SOON AFTER HARVEY’S DESCRIPTION in 1628 of
the continuous flow of blood throughout the body, the
need for methods that would allow patterns, distribu-
tions, and rates of blood flow to be visualized and
quantified was recognized. It was not, however, until
after discovery of the x-ray over 200 years later that
pioneers from various backgrounds and countries
began to systematically explore ways in which these
dynamic features of the circulation could be recorded
and quantified in humans. Progress was quick and,
only some 30 years after Roentgen’s discovery, the
availability of mechanical film changers, mechanical
pressure injectors, and relatively nontoxic iodinated
contrast media converged so that investigators could
begin to perform clinically relevant angiographic stud-
ies (1–3). Additional technologic advances rapidly fol-
lowed and, by the middle of the 20th century auto-
matic film cassette changers, image intensifiers,
improved catheter materials, and a simple and safe
method of gaining percutaneous access to the vascu-
lar system were widely available; x-ray angiography
was established as a fundamental tool in the clinical
and experimental study of the vasculature.

X-RAY ANGIOGRAPHY BEFORE DIGITAL
SUBTRACTION ANGIOGRAPHY (DSA)

Shortly before the introduction of computed tomogra-
phy (CT) in 1972, x-ray angiography had evolved to a

stage where diagnostic angiograms were a routine
part of daily routine in most radiology departments.
Film changers had improved so that angiographic
acquisitions of many seconds could be recorded at
high frame rates; contrast medium had evolved so
that it was much safer than that previously available,
photographic subtraction, angiotomography, and
magnification angiography had been described, and
refined improvements in catheter materials and tech-
niques had evolved to a degree that adverse events
had become relatively uncommon. In spite of these
significant improvements, angiographic procedures
were still significantly limited by several factors. Per-
haps most important among these was the time, con-
trast medium dose, and radiation exposure that was
often required to achieve an image series that clearly
displayed relevant vascular anatomy. First, a stand-
ard single plane (or biplane if available) acquisition
was acquired. Films were removed from the film
changer, taken to the darkroom, developed, and,
often, photographic subtraction of key images was per-
formed; the time from an acquisition to viewing of the
images by physicians took as long as 20–30 minutes.
Frequently, it was necessary to obtain one or more
additional acquisitions, each done with a different
projection requiring, each time, an additional contrast
medium injection, radiation exposure, and time for film
development and processing. A comprehensive angio-
graphic study of the intracranial vessels could thus
easily require 2 hours or more for completion.

DIGITAL SUBTRACTION ANGIOGRAPHY (DSA)

In the early 1970s investigators at the University of
Wisconsin (4) were experimenting with a dual silicon
target storage tube system that was used in combina-
tion with a spinning filter wheel and peak kilovoltage
(kVp) switching to perform 3-spectrum K-edge imag-
ing of iodine. Due to the many adjustments needed to
tune this analog system, work began in 1976 on a
digital video image processor (5) that would permit
real-time adjustment of the image weightings needed
to cancel bone and soft tissue after a single x-ray
exposure. Inspired by work at the University of Ari-
zona using offline processing of time subtraction
angiographic data (6), the University of Wisconsin
group turned their attention to real-time processing of
angiographic data acquired with intravenous injec-
tions (7,8). The technique provided a real-time series
of subtraction images during the passage of contrast
and was initially named Computerized Fluoroscopy.
The ‘‘digital subtraction angiography’’ or simply ‘‘DSA’’
label was eventually suggested by Dr. Tom Meany
from Cleveland Clinic.

Because of the advantages of digital processing, it
was originally hoped that DSA would provide a means
by which high-quality angiography could be performed
using an intravenous (IV) injection of contrast medium,
thus reducing both the discomfort and the incidence of
complications that were associated with direct intraar-
terial injections. Rather quickly, however, it became
apparent that the IV DSA technique was limited by the
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fact that, even with biplane acquisitions, there were of-
ten problems due to suboptimal viewing angles and
vessel overlap that could only be eliminated by repeated
injections (and even then only if a projection could be
defined that would avoid overlap of relevant vascular
structures). Also, because of the limited amount of io-
dine signal associated with the IV injection of contrast
medium, adequate image quality of IV DSA was de-
pendent on there being both an adequate cardiac out-
put and minimal patient motion. For these reasons, IV
DSA was rather rapidly replaced by techniques that
combined digital processing with standard intraarterial
angiographic examinations.

Nevertheless, because it allowed a significant reduc-
tion in both the time necessary to perform an angio-
graphic examination and the amount of contrast
medium that was required, the availability of DSA
resulted in a significant reduction in the adverse
events associated with angiography. Over the ensuing
30 years, steady advancements in both hardware and
software have resulted in an improvement in DSA
capability so that now it can provide exquisite depic-
tion of the vasculature in both 2D and rotational 3D
formats (9,10).

MAGNETIC RESONANCE ANGIOGRAPHY (MRA)

The earliest MRA sequences were noncontrast-
enhanced sequences relying on phenomena like sys-
tole/diastole phase differences (11), inflow (12–14), or
flow generated phase differences (15). Following the
introduction of gadolinium to enhance T1 contrast
(16), a progression of nontime-resolved contrast-
enhanced techniques evolved, permitting high-resolu-
tion 3D MRAs in times typically on the order of 30
seconds. Methods such as bolus detection (17,18),
MR fluoro triggering (19), and elliptical centric phase
encoding (20) were developed to ensure that the cen-
tral portion of k-space was filled during periods of
adequate contrast. Basic improvements in MR data
acquisition, including radiofrequency (RF)-spoiled
FLASH sequences (21), were employed to increase
speed and provide optimal T1 contrast.

In spite of these advances, bolus timing remained
an issue and there was a desire to increase temporal
resolution so that dynamic vascular phenomena could
be assessed. This led to the development of time-
resolved MRA.

TIME-RESOLVED MRA

Keyhole Imaging

In the late 1980s, methods for time-resolved angiogra-
phy began to emerge using MRI. These techniques
generally provided less spatial and temporal resolu-
tion than DSA but offered time-resolved 3D sets fol-
lowing IV injection. These techniques took advantage
of the ability of MRI to selectively sample different
regions of k-space and to take advantage of the fact
that the central portion of k-space is dominant in
determining image contrast. The keyhole method of
Van Vaals et al (22) generated a time series of images

by combining rapidly acquired temporal samples of
the central k-space region with a single sample of the
outer regions of k-space, typically obtained at the end
of the scan. While providing some sense of the dy-
namics of the evolving contrast in the vessels, high
spatial frequency venous signals appear even in the
early arterial frames due to the combination of the
late high spatial frequency information.

TRICKS

In 1998, the time-resolved imaging of contrast
kinetics (TRICKS) technique was introduced by Koro-
sec et al (23). In this method the central portion of k-
space is sampled more frequently than the peripheral
regions and time frames are formed by temporal inter-
polation. This represented a significant improvement
over the keyhole method due to the ongoing updating
of high spatial frequency information. This technique
and its derivatives are currently the most prevalent
commercial methods for time-resolved MRA. However,
although good dynamic studies can be performed,
especially when augmented by parallel imaging tech-
niques, spatial resolution is limited and although
frames may be updated every few seconds, the data
used to form each time frame cover a substantial tem-
poral interval of ten seconds or more due to the tem-
poral interpolation that is required.

Undersampled 2D Radial MRA

In an attempt to increase the spatial and temporal re-
solution provided by traditional Cartesian acquisition,
where resolution is proportional to the number of
excitations, Peters et al (24) investigated the use of
undersampled 2D radial acquisition. These methods
had been investigated by Rasche et al (25) for catheter
tracking and by Scheffler and Hennig (26) for small
field of view (FOV) imaging. The latter study pointed
out that when radial acquisition is undersampled
there is a small FOV in which resolution depends only
on the number of readout samples and not on the
number of projections. Beyond this small FOV, streak
artifacts begin to appear and communicate with dis-
tant portions of the image. Peters et al hypothesized
that for the purposes of MRA, where the dataset is
exceptionally sparse, these artifacts might be tolerable
and allow faster acquisition in which spatial resolu-
tion would not be proportional to the number of exci-
tations. It was found that typical radial undersam-
pling factors of about four relative to the Nyquist
criterion resulted in acceptable artifact levels with sig-
nificant improvements in spatial resolution relative to
Cartesian acquisition.

Undersampled Radial 3D Vastly Undersampled
Isotropic Projection (VIPR)

Shortly thereafter, Barger et al (27) extended radial
undersampling to three dimensions using VIPR. When
undersampling is done in 3D the artifacts are more
effectively dispersed and play a lesser role than in 2D.
Undersampling factors for angiographic applications
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are typically 30 or more. Time-resolved series of VIPR
images are used in conjunction with a temporal tor-
nado filter that reconstructs images using a spatial
frequency-dependent temporal window that is typi-
cally on the order of 1 second or less at the center of
k-space and increases to a few seconds at the highest
spatial frequencies, thus incorporating some of the
strategy of the TRICKS sequence while supplying far
more spatial resolution in a given time interval. VIPR
has been extensively studied using a phase contrast
readout sequence which, when used with Navier-
Stokes analysis, has permitted measurement of vas-
cular pressure gradients and estimates of wall shear
stress (28–30; Bley TA et al, unpubl. data). This has
been made possible by an order of magnitude
decrease in voxel size relative to previous implementa-
tions of phase contrast using Cartesian trajectories.

Constrained Reconstruction

Any accelerated technique can suffer from increased
artifacts and a loss of signal-to-noise ratio (SNR) in pro-
portion to the square root of the acceleration factor.
Recently, the highly constrained back-projection recon-
struction (HYPR) technique (31), related to the con-
strained reconstruction techniques introduced by Webb
et al (32) 20 years ago, has been applied to time-
resolved MRA and a broad range of medical imaging
applications (33–36). The main idea of this approach is
that in a medical image series there is often a sequence
of images that have correlated spatial information with
each image in the sequence corresponding to some pa-
rameter like time, echo time, inversion time, diffusion
value, diffusion direction, etc. A composite image is typ-
ically formed from all or a subset of images from the se-
ries and is used to constrain the reconstruction of the

images associated with each value of the image param-
eter. For time-resolved MRA, in the absence of motion,
it is typical to form the composite from a sum of time
frames. The individual time frame is formed by convolv-
ing the individual undersampled time frames to form a
weighting image that is used to extract that portion of
the composite that is present at each point in time.
Because of the convolution, the SNR of the recon-
structed time frame is typically close to that of the com-
posite, as is the spatial resolution. This process greatly
reduces the traditional tradeoff between spatial and
temporal resolution.

There are now several variations of the HYPR algo-
rithm (37–40) that can be used in situations where
sparsity is not as favorable as in angiography. Many
of these involve iterative reconstruction which, given
the speed of present computers, is not a serious
limitation.

When HYPR is combined with VIPR acquisition,
acceleration factors as large as 1000, relative to tradi-
tional unaccelerated Cartesian imaging, have been
achieved, as demonstrated later.

Compressed Sensing

Recently, Candes et al (41) produced an alternative to
the traditional Nyquist theorem that points out that
we do not need n3 measurements to solve for n3 voxel
values if the image data are sparse and the noise is
incoherent. By iteratively minimizing various image
norms subject to data consistency constraints, it is
possible to generate accelerations on the order of 10
or less using compressed sensing reconstructions
(42). These methods are generally complementary to
the accelerations achieved with VIPR and HYPR and
can be used in conjunction with these methods to

Figure 1. Comparison of three
techniques: Iterative Sense (top
row), Iterative Sense þ Com-
pressed Sensing using L0 mini-
mization (middle row), and the
combination of both of these
with HYPR (bottom row). Cour-
tesy of Velikina and Samsonov
(43).
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further reduce artifacts and thus permit even higher
accelerations. These methods can be further
enhanced using parallel imaging, leading to exciting
possibilities for new applications that previously could
not be contemplated due to time constraints.

It is interesting to note that the VIPR angiographic
acquisition, while satisfying conditions for com-
pressed sensing methodology, intrinsically produces
greater acceleration than would the application of
compressed sensing methods.

Image quality improves when several acceleration
methods are employed (Fig. 1) (43). In this study, time
frames were generated using 10 projections, repre-
senting an undersampling factor of 40. Iterative
SENSE reconstruction was employed followed by com-
pressed sensing using L0 minimization and then
HYPR. Images formed with SENSE and compressed
sensing exhibit lower spatial resolution and SNR than
the images formed using the combination of all three
techniques.

Figure 3. Illustration of Hybrid
HYPR MRA. Serial 3D radial
scans are obtained during the
first pass of a contrast bolus.
Following the dynamic imag-
ing a separate composite
image is generated from a
scan with a longer acquisition
time, in this example a phase
contrast scan. The phase
contrast exam is used to con-
strain the generation of time
frames using HYPR resulting
in improved image quality
(bottom row).

Figure 2. Comparison of MR angiographic with CT angiographic results in patient suspected of having peripheral vascular
disease. Only subvolumes of full FOV CT and MR angiographic results are shown. a: Slightly oblique coronal reformation of
right leg from CT angiography. A stenosis is identified at the origin of the right anterior tibial artery (AT) (arrow). b,c: Maxi-
mum intensity projections (MIPs) from two consecutive time frames of MRA of the same region as seen on CT angiographic
result in (a) also show stenosis (arrow). d: Slightly oblique coronal reformation of left leg from CT angiography. A stenosis is
identified at the origin of the left anterior tibial artery (arrow). e: MIP from one time frame of MR angiography of the same
region as seen on CT angiographic result in (d) also shows stenosis (arrow), as well as another stenosis distally (arrowhead).
Figure and caption courtesy of Stephen Riederer (44).
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Highly Accelerated Cartesian MRA

Recently, highly accelerated Cartesian implementation
has been made possible using 2D parallel imaging
(Fig. 2). In the Cartesian acquisition with projection
reconstruction (CAPR) sequence (44), phase encodings
are arranged in a radial distribution. Readout is in
the through-plane direction. The density of these
phase encodings can be sparse, as in the Peters et al
undersampled 2D radial method. This combined with

large parallel imaging acceleration factors has enabled
acceleration factors on the order of 50. The method
has recently been combined with a compressed sens-
ing algorithm (45), which helps restore SNR loss that
accompanies accelerated imaging.

The real-time reconstruction of CAPR images has
been employed to trigger table motion in two-station
peripheral angiography of the thighs and calves (46).
Purely arterial time-resolved frames with minimal
venous contamination are acquired in both stations.

Figure 5. Right internal ca-
rotid aneurysm. The early ar-
terial frames identify an inflow
jet (arrow) and slower recircu-
lating flow along the wall of
the aneurysm. The streamline
images show the inflow jet,
impact zone, and slow flow
regions during systole and di-
astole. (Images courtesy of Yij-
ing Wu, PhD, and Ben
Landgraf.)

Figure 4. Selected frames from a hybrid phase contrast HYPR MRA series of a temporal lobe arteriovenous malformation of
the brain. Each frame was rotated 20� to demonstrate the 4D features of the exam. Voxel size: 0.33 mm3; temporal resolu-
tion: 0.75 seconds; frame time and temporal window of contrast-enhance information: 0.75; undersampling factor: 800 rela-
tive to the radial Nyquist sampling requirement associated with the achieved spatial resolution. Note the excellent delineation
of the cortical venous drainage (arrows). (Images courtesy of Yijing Wu, PhD.)
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Wang et al (47) used HYPR in connection with a 3D
time-resolved Cartesian acquisition employing ran-
dom phase encoding in-plane and through-plane
readout. This method produces good temporal resolu-
tion and significant SNR increases relative to conven-
tional unconstrained reconstruction.

Hybrid HYPR MRA

The idea of using a composite image formed from the
series of time frames following contrast injection can
be modified to include the generation of a composite
image from a separate scan of longer duration. For
example, a phase contrast scan or a time-of-flight
scan can be done before or after the dynamic contrast
scan to generate a HYPR composite of very high SNR

and spatial resolution (48,49). The combined use of
this kind of composite and the contrast-enhanced
scan decouples the spatial and temporal resolution
and eliminates the traditional tradeoff between these
attributes (Fig. 3).

A hybrid HYPR exam was performed using a phase
contrast (PC) composite image as the constraint to dis-
play the filling dynamics of a patient’s superficial tempo-
ral lobe arteriovenous malformation (AVM) (Fig. 4). The
resultant spatial resolution of 0.69 mm isotropic pro-
vided rapid enhancement of the cortical venous drainage
of the temporal lobe arteriovenous malformation and
showed it was due to shunting through the AVM nidus.

The phase contrast acquisition used for HYPR
reconstruction was also cardiac-gated and provided
quantitative measurements of blood flow velocity

Figure 7. Progression of VIPR
image quality obtained by
using HYPR reconstruction.
(a) Source image from the CE
VIPR time series, (b) CE VIPR
þ HYPR using a composite of
all the time frames as the con-
straint, and (c) same time
frame using a phase contrast
scan as the composite image.
(Images courtesy of Yijing Wu,
PhD.)

Figure 6. PC Hybrid HYPR images obtained with 1 cc of contrast. Representative arterial, mixed, and venous time frames
from a 60-frame series. Spatial resolution is 0.69 mm isotropic with 0.75 seconds temporal resolution. (Images courtesy of
Yijing Wu, PhD.)
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throughout the cardiac cycle in a third patient
(Fig. 5), which was very useful in treating a carotid
aneurysm. This technique provided an improved SNR
that produced high-quality images with a lower dos-
age of contrast material (Fig. 6). Image quality of a ba-
sic VIPR time series was improved with the use of a
tornado filter (27), HYPR processing, and the hybrid
technique with a phase contrast composite (Fig. 7).
The increased image quality using the hybrid tech-
nique is evident.

If a time-of-flight (TOF) composite is used, the time
normally spent in phase contrast for flow encoding
can be used to generate higher spatial resolution (Fig.
8) (Wu Y, et al, submitted to JMRI).

Figure 9 summarizes the degrees of acceleration
that have been achieved with various techniques,
beginning with the present commercial time-resolved
technique (TRICKS and related methods) progressing
through to those employing increasing degrees of par-
allel imaging, undersampling, and constrained
reconstruction.

Time-Resolved Noncontrast Inflow Techniques

Recent concerns regarding nephrotoxic systemic fibro-
sis have stimulated the development of noncontrast-
enhanced spin-labeled inflow techniques. The progress
in this area deserves a separate review article. We will
only provide a brief outline of these developments here.

Several variations of nontime-resolved noncontrast-
enhanced techniques have been introduced. These
include fresh blood inflow sequences that subtract
systolic and diastolic acquisitions (50) and magnetiza-
tion prepared sequences in which an inversion pulse
is used to identify blood flowing into or out of an
imaging region (51). Subtractive spin labeling techni-
ques employing sequences with two different prepara-
tion pulses have also provided promising results.
These are typically 3D sequences and are subject to
motion and potential variations in the optimal readout
delay, depending on pathology and patient-to-patient
flow variations. Edelman et al (52) recently introduced
the QISS technique, which is a sequential 2D slice

Figure 9. Representative accelerations
achieved using various MRA methods.

Figure 8. Selected frames for hybrid
TOF study. The isotropic voxel size is
0.125 mm3 with a 0.5-second temporal
window for all contrast enhanced infor-
mation including a tornado filter.
(Images courtesy of Yijing Wu, PhD.)
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technique tolerant of motion and spatial variations in
inflow. This sequence has provided excellent results
and appears to be clinically robust.

Spin-labeling techniques, typically employing a sub-
traction of a noninverted and an inverted tag, have
been extended to provide temporal resolution by vary-
ing the inflow delay following magnetization prepara-
tion (53–58). One of the attractive features of these
techniques relative to contrast-enhanced MRA is the

absence of the bolus dispersion associated with IV
contrast injection. This makes these sequences attrac-
tive for cases in which high temporal resolution may
be required. However, since the acquisition typically
takes several minutes, motion can be a problem.
Johnson et al (57,58) recently reported the combina-
tion of VIPR with a subtractive spin labeled sequence
that provides 0.7 mm isotropic resolution and time-re-
solution on the order of 70 msec (Fig. 10).

Figure 11. Schematic of the two pro-
jections used in 4D DSA
reconstruction.

Figure 10. Time-resolved inflow with
subtractive balanced SSFP using radial
trajectories. This approach has the
advantage of high temporal resolution
(100 msec) and does not require the
injection of contrast material (no bolus
dispersion). The resolution in this
example is 1.0 mm isotropic and the
scan time is 6 minutes. (Images cour-
tesy of Kevin Johnson, PhD.)
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4D DSA

While CT DSA may provide time-resolved 3D data sets
using multiple subsecond gantry rotations with wide
area CT detectors (59), these systems are not well
suited to interventional work and it would be
advantageous to be able to generate time-resolved
3D data sets using cone beam interventional systems.

The ideas of constrained reconstruction can be
extended to x-ray DSA on cone beam interventional
systems to produce 3D volumes at higher frame rates
than possible with rapid gantry rotation (60). These
systems presently produce 2D projection images and
3D volumes at a rate of one volume per several sec-
onds. The algorithms used for 4D DSA differ signifi-
cantly from the MRA algorithms where a well-sampled
3D image volume is used to constrain the reconstruc-
tion of a series of contrast-enhanced 3D time frames
of lower SNR and resolution. In the 4D DSA x-ray
case, a rotational DSA image volume is typically used
in conjunction with just two 2D projection images
separated in time. The use of two projections appears

to be adequate to resolve shadowing artifacts in which
back-projected arterial intensity might be deposited in
undesired vessels that might line up in a single pro-
jection. Figure 11 shows a schematic of the images
used in the reconstruction.

Figure 12 shows two rotational 3D DSA views that
contain no temporal information. Selected rotating
time frames are also shown along with separate
images of frames 1 and 47.

Contrast waveforms generated from the recon-
structed 4D DSA time frames agree well with those
obtained from the 2D projection information (Fig. 13).

For cerebral angiography, 4D DSA potentially pro-
vides substantially higher spatial and temporal reso-
lution than all competing techniques (Fig. 14). How-
ever, the temporal resolution of 4D DSA requires
some explanation. When just two projections are used
to form time frames, a vessel that does not fill until
the time of the second projection can appear at the
earlier time if it lines up with an early filling vessel in
the first projection.

Figure 12. Two views of 3D
rotational DSA reconstruction,
frames 1 and 47 and selected
MIPS through the 4D DSA
time-resolved volumes.
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For these cases the temporal resolution is reduced
to 2–3 frames per second. However, this situation
does not occur frequently due to the sparsity of the
angiographic volume. Although the pixel matrix pro-
vided by the flat panel detectors used in 4D DSA sug-
gest significantly lower voxel sizes than presently
available with CTA or MRA, careful application of C-
arm rotational calibration data will be required to
achieve this potential, and additional validation is
required to verify the expected resolution.

4D DSA has potential for significantly enhancing
the capabilities of interventional C-arm systems.
From a diagnostic perspective, the ability to rotate the
acquired series of time frames provides a unique
advantage over conventional DSA. The elimination of
the problem of overlapping structures and the
enhanced SNR provided by the constrained recon-
struction that is used reopens the possibility of effec-
tive low-dose IV angiography.

The 4D DSA time frames can also be used to pro-
vide simplified roadmaps for guidance of interven-
tional devices. Due to limitations of C-arm motion
there are often inaccessible fluoroscopic views, with-
out which some interventions cannot be performed.
Using a modified reconstruction related to the 4D
DSA reconstruction, it is possible to provide fluoro-
scopic images that can be rotated to even inaccessible
view angles without moving the C-arm gantry. This
process, which we call omni-plane fluoroscopy, pres-
ently requires a bi-plane fluoroscopy system (Fig. 15).
The temporal information from the two fluoroscopic
views is used to embed the time dependence into the
selected 3D roadmap, which can then be rotated in
arbitrary directions showing the relationship of the
vascular structures and the interventional device.
Having access to a complete temporal library of road-
maps should reduce the number of contrast injections
used during the interventional procedure, thus reduc-
ing radiation exposure and contrast dose.

A selected 3D roadmap and two fluoroscopic views
are combined to embed the fluoroscopic information
in the 3D vascular volume. Once this is done, the flu-
oroscopy can be viewed from any orientation without
moving the C-arm gantrys. These results have been
implemented in MatLab (MathWorks, Natick, MA) in a
postprocessing mode. Graphics processing hardware
implementation to permit real-time application is
under way. This mode requires a bi-plane system.

DISCUSSION

There has been a steady progression of methods for
time-resolved angiography over the past three deca-
des. In the last decade there has been a particularly
rapid acceleration in the ability of angiographic meth-
ods to combine high spatial and temporal resolution

Figure 13. Comparison of flow curves
obtained from fixed angle 2D projec-
tions (lower left) at 48� below lateral
and corresponding regions of interest
in a reconstructed AP view through the
4D DSA image volume. The curves
have been slightly offset so that they
can be separately seen. Also shown is a
projection through the rotational 3D
DSA volume.

Figure 14. Spatial and temporal resolution of several tech-
niques applied to cerebral angiography.
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while preserving SNR. The advent of parallel MRI has
led to the acceleration of traditional Cartesian meth-
ods (44). The use of highly undersampled 3D radial
acquisition (27) which can also be combined with par-
allel imaging leads to very high acceleration factors.
The implementation of 3D radial imaging will require
a major commitment from industry both in the imple-
mentation of required trajectory corrections and also
in the processing in the larger amount of data gener-
ated in any given amount of time.

The traditional SNR loss associated with accelerated
acquisition has been significantly reduced with the
advent of constrained reconstruction techniques such
as HYPR and its derivatives. It is our opinion that
there is little reason not to apply this kind of process-
ing to any time-resolved angiographic application. In
selected applications like Hybrid MRA, acceleration
factors on the order of 1000 have been achieved. The
addition of compressed sensing methods can add
another factor of five or so by reducing artifacts and
permitting greater degrees of undersampling (48).

The ability to simultaneously provide high spatial
and temporal resolution has opened the way for new
application such as the noninvasive measurements of
arterial pressure gradients and shear stress using
phase contrast MRI with ECG gated time-resolved ac-
quisition, providing exquisite information on flow dy-
namics. However, this application presents the high-
est requirements for data handling, with 36,000
images generated in some time-resolved examinations
(eg, 30 3D volumes with 400 slices and three flow

directions). Clearly, advanced visualization techniques
will need to be developed to permit interpretation of
these data.

Commercially, the implementation of advanced
acceleration techniques is a lengthy process. At this
point all major manufacturers have implemented 1D
and 2D parallel imaging techniques which by now
have undergone extensive validation. These have been
used in conjunction with TRICKS and related techni-
ques typically to improve spatial or temporal resolu-
tion. However, the implementations of techniques
such as VIPR require detailed k-space corrections
which, although they have been robustly implemented
in university laboratories, require a substantial engi-
neering effort to create reliable products. Compressed
sensing and constrained reconstruction techniques
such as HYPR should be easier to implement, but
even for these primarily postprocessing techniques
commercial availability will lag behind the reported
academic studies.

Although the implementations are quite different in
the case of 4D DSA, there is no question that the de-
velopment of accelerated methods for MRA inspired
the development of this technique. The additional
speed and SNR provided by 4D DSA provides signifi-
cant advantages of the original DSA method intro-
duced 30 years ago. A combination of the early DSA
method with retrospective electrocardiogram (ECG)
sorting was used in early attempts to perform IV coro-
nary angiography, but as with other IV DSA applica-
tions, overlap of structures was prohibitive.

Figure 15. Schematic of omni-plane fluoroscopy.
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Application of 4D DSA to intravenous coronary angi-
ography is in its early stages.

Presently, work is also proceeding on the extension
of 4D DSA to provide 4D perfusion measurements
with subsecond temporal resolution. This requires
significant modification of the algorithm shown in Fig-
ure 11 due to the need for more than just two
projections.

In conclusion, it already seems quite probable that
4D DSA will provide significant dose savings in the
interventional suite. The 4D fluoroscopy capabilities
have the potential to ensure that patients will not
have to be sent to surgery for lack of views presently
inaccessible due to C-arm gantry motion restrictions.
However, it will require some time to fully validate the
technique and to identify the most important
applications.
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