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Rapid Three-Dimensional Angiography with Undersampled
MR Imaging
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Abstract: Techniques for subtraction angiography with magnetic resonance
imaging have been extended from two to three dimensions, and a novel
method that reduces the expected data acquisition time by at least an order of
magnitude is presented. Electrocardiogram-gated three-dimensional (3D)
images are acquired by Fourier transform technique, and flow contrast is ob-
tained by subtracting pairs of images acquired at different points in the cardiac
cycle. The vascular tree is shown in 3D perspective by means of a surface
detection and a 3D display program. Isotropic 3D angiography requires deter-
mining the disposition of the blood vessels in a matrix of cubical voxels. Using
orthodox Fourier transform technique, for an image matrix with 256 voxels to
the edge, a data acquisition with 256 x 256 = 65 K phase-encodings would be
needed. If gated, this would require ~1 day. In this study we abbreviate the
data acquisition by doing only 1/64 of the usual set of phase-encoding gradient
pulses. Spatial resolution is undiminished, but aliasing or ‘‘wraparound’’ re-
sults in each of the two phase-encoded coordinates of the 3D image. This
aliasing is rectified in a two stage process. First, 64 copies of the undersampled
3D arteriogram are juxtaposed in a two-dimensional grid pattern. This as-
sembles many copies of the complete vascular tree. Because they occupy only
a small fraction of ambient volume, these copies are unlikely to overlap or
collide with one another. Second, a single copy of the vascular tree is isolated
by a surface detection program that takes advantage of the fact that the vas-
cular tree is topologically connected. Studies of the abdominal aorta are pre-
sented. Index Terms: Magnetic resonance imaging, techniques— Blood, flow
dynamics— Angiography.

Methods for angiography with magnetic reso-
nance (MR) imaging have recently been published
(1,2). These methods use the distinctive signal
characteristics of moving protons to selectively en-
hance the signal of blood protons and reduce or
eliminate the signal of the static background
tissues. Suppose that a three-dimensional (3D) arte-
riogram could be acquired with MR, resulting in a
3D image with a positive intensity only in the arte-
rial lumina larger than, for instance, 2 mm in diam-
eter, and noise elsewhere. Such an image would
consist predominantly of empty space, with the ar-
teries taking up only a small fraction of the avail-
able volume. It seems wasteful to image all that
static tissue in 3D only to have to cancel it out later.
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This work presents a geometrically efficient
method for 3D vascular MR. The basic idea is that
by reducing the imaging field of view, 3D vascular
MR can be accomplished without sacrificing spatial
resolution. Image aliasing or ‘‘wraparound’’ arti-
fact is the usual result of a too-small field of view in
MR, but this effect is innocuous with angiographic
data: because the vascular tree is sparse, wrap-
around need not cause image overlap. Because the
vascular tree is topographically connected, its
image can be ‘‘unwrapped’ to yield accurate vas-
cular morphology at true scale.

THEORY

Data acquisition time is the nemesis of 3D MR
imaging. Two geometric variables contribute to the
MR image acquisition time: resolution and field of
view (3). Field of view in Fourier transform (FT)
MR imaging has a quite different meaning than it
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does in conventional X-ray imaging. The output of
an MR experiment should be described, not as a
single image, but as an infinite array of copies of an
image regularly spaced along a line. The width of
the field of view determines the displacement be-
tween adjacent copies in this array. If the field of
view is wider than the subject, its images appear
widely separated. If the field of view is narrower
than the subject, its images overlap, a phenomenon
called aliasing or ‘*wraparound.’” Each image coor-
dinate has an independent resolution and field of
view, but the phase-encoded coordinates are the
focus of this discussion as they are rate limiting
with conventional FT techniques. Routinely, MR
imaging software displays a single rectangular
image one field of view wide which has been ex-
tracted from this array. Hence, the full array can be
restored by concatenating copies of this image.
Figure 1 illustrates the basic relationships be-
tween the pattern of phase-encoding gradient
pulses, their intensity and number, and the image
resolution and field of view. The spatial resolution
of an image (in pixels per centimeter) is determined
by the range intensities spanned by the gradient
pulses. This corresponds to the height of the largest
gradient pulse. The field of view (in centimeters) is
inversely proportional to the intensity difference,
i.e., the increment in magnitude, between consecu-
tive gradient pulses. Intuitively, the intense gra-
dient pulses probe the short wavelength features
and determine the resolution, and the weak gra-
dient pulses probe the long wavelength features and
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Gradient Pulses:
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determine the field of view. When the size of the
increment between gradient pulses is increased, a
given range of gradient intensities is covered in
fewer steps, and the field of view is reduced.
Images with visible wraparound are said to have
been ‘‘undersampled’ because the increment be-
tween consecutive gradient pulses must have been
too great, and the field of view too small for the
subject under study.

Three-dimensional MR images are phase en-
coded in two dimensions and so a two-dimensional
(2D) wraparound must be considered. In a 3D an-
alog of Fig. 1 the copies of a 3D image are placed in
a rectangular grid pattern (a lattice) on an infinite
plane. The key observation for vascular imaging is
this: If the 3D image is an angiogram, its copies in
the grid pattern are unlikely to overlap each other
even if the displacements between them are smaller
than the diameter of the subject. Because the
branch vessels are relatively thin and sparsely dis-
tributed, the images of the vascular tree can inter-
digitate without collision. As a result, a satisfactory
3D angiogram can be obtained with a 3D field of
view only a fraction of the subject’s size. The per-
missible field of view reduction is limited roughly
by the aggregate cross-sectional area of the vessels.
As noted, a reduced field of view shortens the data
acquisition time pari passu. Because the vascular
tree is topologically connected, it is simple to ex-
tract a single image of the vascular tree from the
“*forest’’ in the lattice of copies. This step may be
automated by a surface detection program.

MR Images: Resolution and Field of Yiew

FIG. 1. Relationship between the
number and intensity of phase-en-
coding gradient pulses (left column),

image resolution, and field of view.

The middle column is a schematic ide-
alization of MR image data; right
column shows the images as they ap-
pear on the CRT screen. The top row

is a frame of reference. When the
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most intense gradient steps are de-
leted (middle row), the resolution (in
pixels/cm) is reduced, but the field of

view (in cm) is unchanged. When
every second gradient pulse is elimi-
nated (bottom row), the resolution is
not affected (the pulse of maximal in-
tensity has not changed), but the field

of view is reduced. The undersam-
pling caused by doubling the incre-
ments between gradients produces
wraparound (aliasing) with overlap.
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Note that in all three cases, the entire
volume of tissue is mapped on the
CRT screen once.
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MATERIALS AND METHODS

Imaging has been performed ina 1 m bore, 0.6 T
commercially available imaging system. The
imaging pulse sequence is shown in Fig. 2. This is
the 3D analog of the flow imaging method pre-
viously described (1,4) in which the phase encoding
is undersampled as discussed above. Electrocar-
diogram (ECG) gating is used to acquire a series of
five 3D images interleaved at 175 ms intervals after
the R-wave (such acquisitions have been called
“‘multiphasic’’). A maximum blood signal is ob-
tained at this short repetition time (TR) (175 ms) by
using a free induction decay-gradient echo pulse
sequence and a low tip angle radiofrequency exci-
tation determined by the Ernst equation (5). [The
equilibrium signal is maximal when the tip angle ¢
satisfies the Ernst equation: cos(¢) = exp(—TR/
T1). This gives & =30°fora TR = 175 ms and a T1
= TI blood =1,000 ms (6).] Background suppres-
sion and flow contrast are accomplished by sub-
traction of any pair of these 3D images (as sets of
complex numbers) because changes in arterial
blood flow velocity affect the magnitude and the
phase of the MR image data. (The first image in the
series cannot be used for subtraction because it has
a variable TR and consequently a T1 contrast dif-
ferent than the other images.) Depending on the
physiology, different portions of the vascular tree
may be seen with greater or lesser contrast when
different pairs of images are subtracted. Averaging
the difference images may provide more uniform
and complete definition of the anatomy at a small
cost in signal to noise. This process of acquisition

RF pulse = 45°

i Greadient echo
i TE = 15 ms.

and subtraction results in a single copy of the 3D
arteriogram with manifold wraparounds. This 3D
image is taken off-line for final processing.

Two additional processing steps are performed.
First, the 3D arteriogram is duplicated N x N
times in a rectangular lattice pattern (checker-
board), where N is the degree of geometric under-
sampling in each phase-encoded coordinate (sub-
ject diameter/field of view). Since the 3D image is
actually one 3D field of view sliced from an infinite
array of copies, duplication and catenation of these
3D images reassemble complete and uninterrupted
copies of the vascular tree. Second, a surface de-
tection program is initiated at the base of an arterial
tree close to the center of the checkerboard and al-
lowed to identify all the attached branches (Fig. 3
shows the 2D analog of this process). We have used
a version of the popular solid-modeling program
“*Movie BYU” (Brigham Young University) that
iteratively identifies voxels above a chosen
threshold intensity which are adjacent to previously
identified voxels and displays the result in 3D per-
spective. These perspective views of the arterial
tree are the final image.

RESULTS

Figures 4-7 show the elements of a complete
study. The acquisition is a study of the abdominal
aorta of a normal volunteer. A conventional 2D
projectional MR arteriogram (4 min study, coronal
view; Fig. 4) was used for localization. The 3D data
acquisitions used 32 x 32 = 1,024 phase-encoding

Date acquisttion:
256 samples @ 20 kH2
TR = 175 ms
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FIG. 2. Imaging pulse sequence with
electrocardiogram-gating, three-di-
mensional (3D) Fourier transform spa-
tial encoding (undersampling in y and Gy
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Z), and a gradient echo with a small tip
angle radiofrequency (RF) excitation
to minimize proton saturation. Each
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heartbeat triggers five sequential in- Gz
terleaved acquisitions at intervals of
175 ms. The echo time is 15.4 ms, and
the readout gradient has an intensity
of 0.14 G/cm, ~600 Hz/cm for protons.
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Subject: Undersampled
a Blood Vessel Image

Catenated Duplicates

FIG. 3. Steps of image processing are

illustrated in two dimensions. An ar-

Detected Surface

tery (upper left) is imaged with a re-
duced field of view (upper right). In
practice, this image would be the dif-
ference of undersampled systolic and
diastolic images. The undersampled
image contains precisely one copy of
the artery but it is disconnected. The
undersampled image is duplicated
and catenated as shown, assembling
complete and connected copies of the
vessel (lower left). Surface detection

- identifies one copy of the vessel and

g restores true spatial relationships

(lower right). Note that in 2D imaging,

a branched vascular tree will overlap

itself if field of view is substantially re-

duced.
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FIG. 4. Conventional MR coronal projection arteriogram
used for spatial localization. The pulse sequence is as shown
in Fig. 2 except that the encoding in z has been omitted, and
there is complete sampling and no reduction in field of view
in y. With two signal averages, the acquisition requires 512
heartbeats or ~7 min.

steps to achieve a 1.6 x 2.4 X 2.4 mm voxel size
(x, y, z, respectively) over a 40 x 7 x 7 cm field of
view (256 x 32 x 32 voxels), with a wraparound of
(4:1) x (4:1) = 16:1 in the y, z plane. The data ac-
quisition required 1,024 heartbeats ~16 min. Figure
5 shows stereo pairs of one prism of angiographic
data, after subtraction, but prior to surface detec-
tion (image 4 minus image 3, having ECG gate
delays of 525 and 350 ms from the R-wave, respec-
tively). Catenation of four prisms of these data re-
assembles one complete copy of the aortic bifurca-
tion and iliofemoral branches centrally, flanked by
overlapping copies (Fig. 6). Perspective views of
the aorta and common iliac arteries following sur-
face detection are shown in Fig. 7.

DISCUSSION

Tomographic imaging is currently the predomi-
nant format in MR, evident victor of a competition
that has included, among others, true 3D imaging.
Three-dimensional imaging is based on the acquisi-
tion of a massive data set that simultaneously rep-
resents each small volume within the subject
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FIG. 5. Processing of a three-dimensional (3D) MR angiogram of the aortic bifurcation (image data immediately after subtrac-
tion). A threshold image intensity has been set at ~50% of the maximum blood signal intensity. Voxels having data values
greater than or equal to threshold are shown in simulated 3D perspective on a vector graphics display screen. Aggregate
data undersampling of 16:1 is the product of independent 4:1 undersamplings in y and in z. A stereo pair of one rectangular
prism of data of 32 x 32 x 256 voxels is shown. The viewing angle corresponds to a left posterior oblique orientation. This
stereo view helps emphasize that the noise is actually more rarified in 3D than in a two-dimensional projectional view. The
arterial blood signal is on average 20 times as intense as the random noise and 5 times as intense as the unsuppressed back-
ground signal. This study did not use signal averaging.

FIG. 6. Four copies of image data (the rectangular prism of Fig. 5) are catenated to reassemble one copy of the aortic bifurca-
tion. In the actual image processing 16 such copies are catenated in a 4 x 4 grid pattern to accommodate the 16:1 data
undersampling. The four copies shown here comprise an L-shaped subset of this grid.
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tion of one copy of the aorta and common iliac arteries is
shown in perspective. A solid appearance is created by
shading that depends on the angle that each surface ele-
ment presents to a hypothetical light source, positioned at
upper right.

(voxel) with equal (isotropic) or nearly equal reso-
lution in all three dimensions. The trouble with 3D
imaging is the time it can take to acquire the data.
In MR the jump from 2D to 3D typically squares
number of steps needed for images with equal reso-
lutions: a 128 step 2D image becomes a 16,384 step
3D image, and a 2 min scan becomes a 4 h impossi-
bility. Nevertheless, the opportunity to see every
point within the subject with equal fidelity and
without bias in contrast or resolution defines an
ideal toward which practical imaging methods must
tend.

The invention of multislice tomography partially
undercut the need for 3D imaging. Using stacked
multislice data, investigators have used surface de-
tection to define the chambers of the heart and the
lumina of the great vessels of the chest and ab-
domen (7-9). It seems clear, however, that these
methods are unreliable for the identification of
vessels or pathology with dimensions much smaller
than the slice thickness plus gap, typically ~1 cm.
The current method enables the demonstration of
vascular anatomy with isotropic resolution in 3D.
Luminal morphology is defined with millimeter res-
olution in the great vessels, and it should ultimately
be possible to identify with this technique vessels
with diameter less than 1 pixel, as has been done in
MR projection angiography (1-4).

It is important to note that this method of under-
sampling and geometric unwrapping is actually
quite general. On the one hand, this method can
dovetail with most forms of flow MR technique

and, indeed, with all the methods that have been
successful in projective MR angiography (2.10).
On the other hand, more sophisticated 3D image
processing techniques can be used. The current
method for vessel identification by thresholding
and surface detection has at least one clear draw-
back: Thresholding collapses the image’s gray
scale, represented by up to 16 bits in current
imaging systems, down to 1 bit (above or below the
threshold). Graphics faithful to the dynamic range
of the data would facilitate quantitative flow mea-
surements in a 3D setting and would probably pro-
vide a truer sense of vascular morphology as well
(11).

The relationship between field of view reduction
and the image signal-to-noise ratio should be bricfly
addressed. Field of view reduction in the phase-en-
coded coordinates causes no change in the re-
corded signal/gram of tissue and no change in the
random noise per pixel compared with standard-
field images with an equal number of RF pulses
(12). To the extent that undersampling and wrap-
around are tolerable on pictorial grounds, they
permit the acquisition of equivalent signal in a frac-
tion of the time. It is not clear at this point whether
a similar conclusion will hold for the artifacts of
respiration and peristalsis, which are partially co-
herent noise sources.

The need to avoid overlap between the copies of
the vascular tree in the 3D image data is a serious
challenge to this method. Vessel overlap will cause
the surface detection routine to *'spill’”’ from one
copy of the vascular tree to the next and opacify
(by induction) some subarray of trees or the entire
forest. The theoretical limit of undersampling is
reached when the volume of the image matrix be-
comes as small as the net volume of the vessels
(their ‘‘displacement’’). This limit cannot be
achieved in practice. How closely it can be ap-
proached depends on both the vagaries of vascular
anatomy and our clinical intentions. If, for ex-
ample, we wish to assess the morphology of a soli-
tary vessel (e.g.. the abdominal aorta), the field of
view need be only marginally larger than the
vessel’s maximum cross section.

At this stage, a few recommendations can be
made to help decrease the likelihood of overlap and
the seriousness of its consequences. First, inter-
fering structures can be excluded using thick slice
or slab selection. For example, the right and left
carotid arteries could be imaged separately in a
multislice (multislab) acquisition. Second, struc-
tures with bilateral symmetry (e.g.. renal arteries,
aortic bifurcation) should be oriented asymmetri-
cally in the image coordinates to avoid obligatory
overlap. Phase variations of the blood signal may
serve as a supplemental clue to the identities and
locations of the vessels and partially mitigate the
effect of overlap. With the present form of flow
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contrast, the phase of the blood signal represents
the sum of two influences: velocity-dependent
phase shifts and position-dependent shifts of the
background phase. Both types of phase shifts can
cause destructive interference of signal where
vessels collide, enabling such vessels to be distin-
guished. Recently, Dixon et al. have demonstrated
a form of flow contrast in which blood signal is rela-
tively free of velocity-dependent phase shifts (2). In
this case variation of the background phase may
help locate the vessel location in 3D as they ob-
served in the context of projective imaging.

CONCLUSION

We have demonstrated a rapid and efficient
method for obtaining a 3D MR image of a vascular
tree. The basic notion of abbreviating imaging by
undersampling and reassembly is quite general. It
seems especially useful whenever the structure of
interest has high contrast and is continuous and
sparse. There would seem to be at least two good
reasons for persuing 3D angiography with MR:
morphology and physiology. Projective imaging
gives an incomplete representation of vessel mor-
phology, and biplane studies are only a partial solu-
tion. Although it is uncommon, biplane studies can
be imprecise. Moreover, biplane images are costly.
At a given resolution, 3D imaging must be evalu-
ated as superior to projection imaging. As to physi-
ology, it is well known that the sequence of flow
disturbances in the progression of pathology is flow
velocity first, pulse timing second, and flow volume
third. At present, projective MR angiography has
assured access only to the third of these param-
eters, equivocal access to the second, and none to
the first. Three-dimensional methodology has the
potential to provide the actual velocity distribution
throughout the vessel, relative to the cardiac cycle.
The spatial resolution of MR will not equal that of
conventional X-ray studies in the near future. In
consequence, the capability for velocity mapping

J Compuet Assist Tomogr, Vol. 11, No. 1, 1987

may be the key to the competitive success of MR in
vascular diagnosis.
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