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I agnetization-prepared 2DFT and 3DFT gradient echo tech-
riques are presented for acquisition of black blood cardiac
i rages. Both methods incorporate RF pulses for blood satu-
1 ition, centric or centric-like view ordering, data acquisition
¢ Jring late diastole, and breath-holding. In a series of 13 vol-
unteer studies, these methods have consistently provided
¢nod visualization of intraventricular structures.
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I:ITRODUCTION

i naging of the heart with magnetic resonance techniques
1 as been a long-active area of research work. The most
cinccessful earliest techniques employed RF refocused
¢ pin-echo imaging in conjunction with ECG gating (1}. A
- 1parate phase encoding measurement of a slice was ac-
« uired each cardiac cycle, leading to acquisition times of
. »veral minutes depending on resolution and averaging.
Ithough the image quality attainable with this tech-
irique may suffer from cardiac arrhythmia, flow, and res-
. iratory motion, RF refocused spin-echo imaging is still
.»garded by many as the method of choice for routine
i worphological cardiac imaging.
Gradient echo and echo-planar methods have also been
sed for cardiac imaging. Gradient echo methods are
sed principally for assessing dynamic function (2), al-
wough such techniques have also been demonstrated in
orphologic imaging with sub-second acquisition times
3, 4). Echo-planar methods (5) offer acquisition times of
-averal tens of milliseconds, and hence have an obvious
pplication to cardiac imaging. Results have been dem-
nstrated by several groups (6, 7). However, despite the
progress in fast scan techniques, breath-hold methods
:ave not substantially replaced or even supplemented
ated spin-echo methods in morphological cardiac imag-
ing. The reasons are likely due to a combination of fac-
s, including inadequate spatial resolution, inadequate
ignal-to-noise ratio (SNR), poor myocardium-to-cham-
er contrast and in the case of echo-planar methods, the
reed for special gradient hardware.
The purpose of this work was to investigate whether
hese limitations of gradient echo cardiac imaging tech-

iRM 30:271-275 (1993)

rom the Magnetic Resonance Research Laboratory, Department of Diag-
ostic Radiology, Mayo Clinic, Rochester, Minnesota (Y.L., S.J.R., RL.E.);
nd Biomedical Engineering Department, Duke University, Durham, North
arolina (Y.L.).

ddress correspondence to: Stephen J. Riederer, Ph.D., MR Research Lab-
ratory, Department of Diagnostic Radiology, Mayo Clinic, Rochester, MN
5905.

leceived February 19, 1993; revised April 22, 1993; accepted April 22,
993.

i740-3194/93 $3.00

opyright © 19983 by Williams & Wilkins

il rights of reproduction in any form reserved.

271

niques could be addressed with modification to the pulse
sequence. In doing so, acquisition times were allowed for
2DFT imaging which extended over several cardiac cy-
cles but still were within a single 16-sec breath-hold. For
further improved spatial resolution, 3DFT methods were
developed which extended over 16 breath-holds. In
terms of anatomic detail, we believe the images represent
a significant improvement over results generated previ-
ously with gradient echo and echo-planar techniques and
rival high quality gated spin-echo results.

METHODS AND MATERIALS

The 2DFT and 3DFT gradient echo methods are both
based on the same pulse sequence, as shown in Fig. 1. At
the start of each cardiac cycle a combination of nonse-
lective and selective 180° RF pulses is applied for satu-
ration of blood signal (8). This saturation pulse pair is
gated by the ECG signal with a trigger delay T of 100 ms
after the R wave. The data acquisition starts TI 300 ms
after the saturation pulse pair. At this point the recover-
ing negative longitudinal magnetization of blood ap-
proaches zero, and after four dummy repetitions it passes
through zero. After the dummy repetitions 16 phase en-
coding views are acquired. Readout parameters used
were 256 points sampled over an echo with a 4-ms du-
ration with a TE of 4.5 ms. With a TR of 10 ms the data
acquisition window is 160 ms 'long and located in the
diastolic phase of the cardiac cycle. For a single image a
longer data acquisition window than this tends to cause
image degradation by cardiac motion, while a shorter
window prolongs the total scan time for a given resolu-
tion and TR. In the 2D data acquisition, since averaging
was deemed necessary for adequate SNR, the phase-off-
set multiplanar technique (9) was also incorporated for
efficiency improvement. Two images at different spatial
locations are acquired in a single 16-s breath-hold.

The phase encoding order for the 2DFT acquisition is
centrically interleaved in k-space as shown in Fig. 2A.
With phase encoding resolution of 128 for each individ-
ual image, the equivalent of averaging of two excitations,
and assuming incorporation of the POMP technique, the
total number of phase encodings acquired is 256. Assum-
ing 16 measurements per cardiac cycle, the total acqui-
sition time is 16 cardiac cycles. As shown in the figure, in
each cycle, phase encodings are sampled every 8th start-
ing from the center of k-space and interleaved with those
sampled in other cycles. Because the low absolute value
k, views are sampled earliest within each cardiac cycle,
contrast between myocardium and chamber caused by
the RF pulse pair and TI delay tends to be preserved (10).

In an attempt to get superior SNR to that provided by
the 2DFT technique with averaging, 3DFT techniques
were also considered (11). 3DFT MRI acquisition has
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FIG. 1. Schematic diagram for cardiac imaging data acquisition
pulse sequences and time course of the longitudinal magnetization
for myocardium and blood. T = 150 ms, TI = 300 ms, TR/TE =
10/4.5 ms, and flip angle 30°. The acquisition pulse sequence
enclosed by line is repeated 20 times with four dummy repetitions
and 16 measurements.

potentially higher SNR and spatial resolution than 2DFT
acquisition, but typically requires a longer scan time. The
specific technique used was determined as follows. We
assumed that the in-plane resolution was a minimumni of
128, X 256,, and that a minimum of 16-slice partitions
would be used. This requires a total of 2048 phase en-
codings. Similar to the 2DFT case described above, if 16
measurements are made per cardiac cycle, then imaging
must occur for 128 cardiac cycles.”Because multiple
breath-holds are required for such an acquisition, the
time per breath-hold was relaxed from the 16 cardiac
cycles used for the 2DFT case to eight cardiac cycles.
This causes the number of breath-holds to be 16. There is
a 4-s pause between each breath-hold. Thus the total
acquisition time is approximately 3 min. The volumes
excited by the blood saturation pulse are superior and
inferior to the imaging slices and are partially overlapped
with the 3D slab. The four outer slices located at each
side of the 16-slice 3D slab are discarded because they are
saturated by the RF blood saturation pulses. The readout
parameters used for the 3DFT technique were the same as
for the 2DFT case.

The phase encoding view order used for the 3DFT ac-
quisition is illustrated in Fig. 2B, a plot of k,-k, space.
The order is based on central ordering of views for 3DFT
acquisition of magnetization not at steady state (12). Each
echo is represented by a point in the plot, and constitutes
a sample along the k, direction, orthogonal to the plane
of the plot.

Although 128 cardiac cycles are used in the actual
3DFT acquisition, for the purpose of illustration the Fig.
2B plot assumes only 16 cardiac cycles. All phase encod-
ings which are to be measured are first assigned along an
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FIG. 2. (A) Schematic of 2DFT data acquisition order for ECG
gated breath-hold short TR cardiac imaging. In each cardiac cycle,
data acquisition starts from the center of k-space and phase en-
coding views acquired from different cycles are interleaved. The
view numbers represent actual view locations in the k-space. (B)
Data acquisition in 3D k-space. Each @ represents a phase en-
coding view along k,. @, views acquired in the 1st cardiac cycle; @,
views acquired in the 2nd cycle. In each cardiac cycle, data acqui-
sition starts from center of the k,-k, plane along a trajectory drawn
by dashed line. For the purpose of illustration, a scan time span-
ning a total of only 16 cardiac cycles is assumed.

outwardly expanding square spiral, starting at or near the
origin of k,-k, space. Measurements made during a singie
cardiac cycle sample widely spaced points along this
square spiral trajectory, the spacing being equal to the
total number of cardiac cycles used. For example, the
first measurement of the first cardiac cycle samples the
point designated @ near the origin of Fig. 2B, the next
measurement samples the next point so designated along
the spiral, positioned in the first quadrant 16 points fur-
ther along the trajectory. This continues until all 16 mea-
surements are made for the first cardiac cycle. For the
second cardiac cycle the process is similar and starts
with the first point along the spiral which has not yet
been sampled. Just as for the 2DFT case, this sampling
scheme ensures that the central phase encodings of k,k,
space are measured when the myocardium-blood con-
trast is highest, at the outset of the data acquisition of Fig.
1.

Human studies were performed in seven volunteers
using the 2DFT method and in six volunteers using the
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3DFT techniques described above. All images were ac-
quired on a 1.5 T commercial MR scanner (GE Signa,
Milwaukee, WI) equipped with standard gradient hard-
ware. A four-element phased array multicoil was used for
improved SNR compared with that provided by the stan-
dard body coil. During the scan the volunteer was posi-
tioned supine and in the head first position. The field-
of-view (FOV) was 280 mm. For the 2DFT acquisition the
slice thickness was 8 mm and the slab thickness not
affected by the blood saturation pulses was 16 mm. For
the 3DFT acquisition a slab thickness of 64 mm was used
with 16 partitions, so each slice was 4 mm thick. For
purposes of comparison, gated spin-echo images were
also acquired on some volunteers with the parameters:
TE = 11 ms, acquisition matrix 128 X 256, FOV 280 mm,
slice thickness 8 mm, 2 NEX, and trigger delay 500 ms.
Respiratory artifacts were reduced by respiratory-ordered
phase encoding. TR was selected to be equal to the R-to-R
interval, which varied modestly from volunteer to volun-
teer but was typically just less than 1000 ms. Acquisition
times were 4.5 min with 2 NEX.

The 2DFT and 3DFT gradient echo images were eval-
uated by the authors with careful attention paid to the
depiction of intraventricular structure, myocardium to
blood contrast, and prominence of any artifacts.

RESULTS

Shown in Fig. 3 are 2DFT gradient echo images acquired
in sagittal and coronal planes. Intraventricular structures
such as the right ventricle (RV) trabeculae are clearly
delineated (a, black arrow). The right coronary artery
(RCA) is seen in the coronal image (b, white arrow).

In vivo images acquired from another volunteer using
the conventional gated spin-echo techniques (a), the de-
scribed 2DFT (b), and 3DFT gradient echo techniques
(c)-(f) are shown in Fig. 4. The direction of slice select in
2DFT and slab select in 3DFT case is anterior-posterior.
In (a) left and right ventricles are shown in the gated
spin-echo image. There are some flow artifacts in the
phase encoding direction, although blood saturation is
used. In (b) cardiac anatomy is revealed very well, respi-
ratory artifact is eliminated because of breath-holding,
and flow artifact is suppressed by effective saturation of
blood. Intraventricular structures such as the papillary
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muscles (d, arrow) are depicted with high resolution in
images of the contiguous sections in (c)-(f). The endocar-
dial surface is modestly better defined in (c)-(f) than (b)
because the slice thickness is now 4 versus 8 mm for the
2DFT case.

Cardiac images (3DFT) acquired in the sagittal plane of
another volunteer are shown in Fig. 5. Excellent resolu-
tion of the cardiac chambers is seen in all of images. The
left and right ventricles are depicted very well, with clear
delineation of small structures such as the papillary mus-
cles (b, arrow) and trabeculae (c, arrow). These structures
are often poorly visualized in gated spin-echo images.

In the volunteer studies, both the 2DFT and 3DFT gra-
dient echo techniques consistently provided good qual-
ity results. All seven 2DFT studies were successful in
that intraventricular structures were visualized, intra-
ventricular blood was well saturated, and respiratory ar-
tifacts as manifested by ghosting were negligible. Simi-
larly, the six 3DFT studies were also considered to be of
good quality using the same criteria. Only one of the six
3DFT studies was modestly degraded by ghosting arti-
fact, most likely due to some lack of consistency of the
breath-hold position.

DISCUSSION

We have demonstrated high resolution imaging of the
heart using 2DFT and 3DFT short TR gradient echo tech-
niques. We believe that the results presented demon-
strate an improvement in SNR and spatial resolution
compared to results presented previously with gradient
echo techniques. Based on the resolution with which
intraventricular structures, such as the papillary mus-
cles, moderator band, and trabeculae, are seen, the image
quality even rivals that of conventional spin-echo imag-
ing.

For the 2DFT case the improvement in image quality
over single shot methods (3, 4) is due to several factors.
First, the acquisition time has been extended from one to
several cardiac cycles, but still within a breath-hold. This
increase in time allows 256 X 128 resolution and signal
averaging. Second, the RF pulse pair and TI delay pro-
vide good myocardium-to-blood contrast. Third, the cen-
tric view order preserves this contrast in the resultant
image.

FIG. 3. 2DFT cardiac images ac-
quired using breath-hold gradient
echo techniques. Images are ac-
quired in 16 s. Small structures such
as RV trabeculae (black arrow) and
the right coronary artery (white ar-
row) are clearly depicted.
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FIG. 4. (a) is gated spin-echo image and (b) is 2DFT gradient echo image acquired at the same location for comparison. Parameters of
2D acquisition are: 128 X 256 resolution, 2 NEX, 8-mm slice thickness, and FOV 280 mm. From posterior to anterior, (c)—(f) are contiguous
in vivo coronal cardiac images acquired using 3DFT technique. Each slice has a thickness of 4 mm in a slab of 64 mm thick with 16 partition.

Papillary muscle is indicated by the arrow.

By extension of the acquisition time to several breath-
holds, 3DFT acquisition is allowed and permits even
improved image quality. Specifically, the SNR gain pro-
vided by simultaneous acquisition of multiple (in this
case 16) sections, more than compensates for the SNR
loss in going to a 4-mm section thickness. This is con-
sidered to be important in visualizing small intraventric-
ular structures. The same magnetization preparation is
used for the 3D as for the 2D case, and the square spiral
view order for the 3D case assigns the high contrast views

to the center of k-space. Both the 2DFT and 3DFT tech-
niques are less vulnerable to cardiac arrhythmia and
change of cardiac cycle than gated spin-echo imaging
because the TR used in the data acquisition is not tied to
the cardiac cycle.

Current limitations of both methods are related to any
lack of reproducibility of the myocardium from one car-
diac cycle to the next during diastole. Additionally, for
the 3D case the image quality is susceptible to any incon-
sistency in gross position of the heart over consecutive
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FIG. 5. (a)~(d) contiguous in vivo sagittal cardiac images from left to right. They are acquired using the 3D short TR gradient echo
acquisition. Small structures such as papillary muscles (short arrow) and RV trabeculae (long arrow) are clearly depicted.

breath-holds. Relatively artifact-free images were ob-
tained for five out of six volunteers studied. It remains to
be seen whether this level of performance can be attained
in clinical studies.

In summary, we have demonstrated that cardiac images
providing excellent visualization of intraventricular
structures and the endocardial surface can consistently
be obtained using breath-hold 2DFT and 3DFT magneti-
zation-prepared gradient echo techniques. These may
supplement gated spin-echo techniques for morphologi-
cal imaging.
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