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Myocardial First Pass Perfusion: Steady-State Free
Precession versus Spoiled Gradient Echo and Segmented

Echo Planar Imaging

Yi Wang,"** Khurram Moin,** Olakunle Akinboboye,** and Nathaniel Reichek**

The imaging sequences used in first pass (FP) perfusion to date
have important limitations in contrast-to-noise ratio (CNR),
temporal and spatial resolution, and myocardial coverage. As a
result, controversy exists about optimal imaging strategies for
FP myocardial perfusion. Since imaging performance varies
from subject to subject, it is difficult to form conclusions with-
out direct comparison of different sequences in the same sub-
ject. The purpose of this study was to directly compare the
saturation recovery SSFP technique to other more commonly
used myocardial first pass perfusion techniques, namely
spoiled GRE and segmented EPI. Differences in signal-to-noise
ratio (SNR), CNR, relative maximal upslope (RMU) of signal
amplitude, and artifacts at comparable temporal and spatial
resolution among the three sequences were investigated in
computer simulation, contrast agent doped phantoms, and 16
volunteers. The results demonstrate that SSFP perfusion im-
ages exhibit an improvement of approximately 77% in SNR and
23% in CNR over spoiled GRE and 85% SNR and 50% CNR over
segmented EPl. Mean RMU was similar between SSFP and
spoiled GRE, but there was a 58% increase in RMU with SSFP
versus segmented EPl. Magn Reson Med 54:1123-1129, 2005.
© 2005 Wiley-Liss, Inc.

Key words: myocardial first pass perfusion; contrast agent;
pulse sequence; SNR; upslope

MR myocardial contrast first pass (FP) imaging can pro-
vide important information about regional myocardial per-
fusion. When combined with pharmacological stress test,
it is a promising diagnostic tool for the assessment of
ischemic heart disease (1,2).

The goal of MR myocardial FP is to image the early
distribution of contrast agent in the myocardium at a high
spatial and temporal resolution through bolus administra-
tion of a T,-shortening contrast agent. Typically, multiple
slices per heartbeat are acquired during first pass of the
contrast through the myocardium, using T,-weighted fast
gradient echo sequences. Short TE, TR, and magnetization
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preparation are commonly utilized to increase tissue T,
contrast in the myocardial region. Standard magnetization
preparation includes slice-selective (3) or non-slice-selec-
tive (4) 90° saturation recovery (SR) (5) or 180° inversion
recovery pulses (6,7). T, weighting and the rapid data
acquisition requirement are usually met by incorporating
gradient echo techniques. For example, spoiled GRE (Tur-
boFLASH), a gradient echo technique with very short TR
and TE, is one of the first T,-weighted techniques applied
in MR FP and most MR FP publications reported thus far
are based on this imaging sequence (8). Segmented EPI,
another gradient echo technique, uses an echo-train read-
out (9) to improve the temporal resolution. Instead of
reading one frequency encoding line for every radiofre-
quency (RF) excitation pulse, segmented EPI reads two to
four lines for each RF pulse by rapidly switching the
readout gradient polarity. Thus, the data acquisition time
is greatly reduced. However, both techniques suffered
from suboptimal signal-to-noise ratio (SNR), especially if
the scan duration is prolonged. Limited SNR also pre-
cludes consistent reproducibility of MR FP perfusion with
either visual assessment or myocardial flow quantification.
Although MR perfusion imaging has clear advantages over
other modalities in terms of ease of use, being noninvasive,
and having higher spatial resolution, it is currently not a
standard clinical tool for assessment of ischemic disease.
Improved SNR on perfusion images will likely enhance its
success for clinical application. Recently, steady-state free
precession (SSFP) techniques such as TrueFISP have been
applied successfully to cardiac MR cine imaging and have
demonstrated exceptional contrast between blood and
myocardium (10). SSFP, as a coherent gradient echo tech-
nique, recycles the transverse magnetization for each data
acquisition, unlike that of incoherent techniques that tend
to spoil all the transverse magnetization. Preliminary re-
search using the new SSFP perfusion technique (11) has
been published and demonstrates higher SNR and/or bet-
ter resolution in FP images (7,12). However, for FP imag-
ing, unlike cine SSFP, the steady state of magnetization
must be disturbed and re-established with every heartbeat
because of the magnetization preparation pulse require-
ment to enhance the T, contrast in the myocardium. In our
SSFP perfusion sequence, a set of dummy pulses was
played prior to the actual data acquisition to establish the
steady state (13) for each ECG triggering pulse. To better
understand the SSFP perfusion mechanism and perfor-
mance compared to other perfusion techniques, a system-
atic evaluation is needed. Some preliminary studies have
been reported on this topic (11) (12), but no study has been
done with the same resolution on the same subject, as
described in this study.

1123



1124

The purpose of this study was to directly compare the
SSFP technique to other more commonly used myocardial
first pass perfusion techniques, namely spoiled GRE and
segmented EPI. We evaluated and compared signal behav-
ior of saturation recovery SSFP, segmented EPI, and
spoiled GRE perfusion images in computer simulations,
contrast agent doped phantoms, and human subjects stud-
ied with multiple FP sequences at the same sitting with the
same spatial resolution.

METHODS
Computer Simulations

In order to compare signal performance in various tech-
niques, a computer model was created with the following
equation to simulate MR signal from both SR SSFP and
spoiled GRE sequence (14).

The signal for SR spoiled GRE sequence Sy can be
expressed as

Stpn = My(1 — E1))(1 — exp(—TI'T,))exp(—TE/T?)
% sin /(1 — E1 * cos o). [1]

The signal of saturation recovery SSFP sequence Sy, is
(15)

Strr = My(1 — E1)(1 — exp(—=TVT,))exp( — TE/T?)
#sin o/(1 — (E1 — E2) * cos « — E1 * E2), [2]

where « is the RF flip angle, TI is the saturation time (the
time between center of saturation pulse to that of data
acquisition), and M, is the equilibrium magnetization;
E1 = exp(—TR/T,) and E2 = exp(—TR/T,). The signal of
SR segmented EPI sequence was not simulated separately
because of its similar behavior as SR spoiled GRE in Eq. [1]
(16). The effect of T,/T, dependence of SR SSFP signal
will be discussed later.

Contrast agent changes the apparent T,, which should
be inversely proportional to contrast agent concentration,
as shown below:

1/T, = 1/ Ty, + R,[Gd], (3]

where T,, is the tissue T, without contrast agent (all in
seconds), [Gd] is the gadolinium concentration in milli-
moles per liter (mM), and R, is the longitudinal relaxivity
of gadolinium chelate/(mmol/liter) - s. The R, for the con-
trast agent we used in all our experiments, Omniscan
(Amersham, Princeton, NJ, USA), is 4.5 mmol/liter - s.

The first simulation was designed to verify the linear
relation between the signal intensity and contrast concen-
tration for our sequence and contrast agent dosages. A T,
of 100 ms was used to mimic the contrast concentration of
2 mM in the ventricular blood pool, while a T, of 200—
500 ms was used to mimic the concentration of the myo-
cardium. Linear regression analysis was performed for
both SR SSFP and spoiled GRE signal versus concentration
curves.

Matlab software (The MathWorks, Inc., Natick, MA,
USA) was used for simulation. In our model, TR/TE/TI =
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3/1/90 ms, T, = 250 ms, T, = 100 ms, flip angle was 50°
for SSFP and 15° for spoiled GRE. Blood pool and myo-
cardial signals for spoiled GRE and SSFP at different flip
angles were simulated according to Egs. [1] and [2], respec-
tively.

Phantom Studies

We verified that signal intensity was inversely propor-
tional to contrast agent concentration within the range of
interest by all three sequences with parameters similar
those used in human study on Gd-DTPA doped tubes
(3 cm in diameter) with a smaller field of view and use of
a head coil. To examine the relative signal intensity, re-
ceiver gain was kept the same for all sequences. Regions of
interests (ROI) were drawn on each tube image obtained
after signal reached steady state.

Tubes with varying contrast agent concentrations (Gd
with saline solution) were used. The T, of each tube was
estimated by using an inversion recovery spin echo se-
quence with a long TR. The estimated T, range of 90 to
1100 ms corresponded to concentrations ranging from 0.05
to more than 2 mM, according to Eq. [3]. ROIs were drawn
across the whole cross section of tubes. Linear regression
analysis was performed for each curve.

Volunteer Studies

Sixteen volunteers (38 to 73 years old, 5 females) without
a clinical history of coronary artery disease underwent
informed consent after enrollment in this study with in-
stitutional IRB approval. The study was performed on a
1.5 T Siemens Sonata scanner (Siemens Medical Solu-
tions, Malvern, PA, USA) with a circular polarized body
array flex coil and a gradient system capable of switching
at 40 mT/m. First pass MR perfusion studies in each vol-
unteer were performed with two pulse sequences in ran-
dom order (spoiled GRE versus SSFP on 8 volunteers and
segmented EPI versus SSFP on the other 8), with a 20-min
washout period between contrast injections. First pass
breath-hold perfusion imaging was obtained over 50 car-
diac cycles with data acquisition starting 2 cardiac cycles
prior to contrast agent administration.

The gadolinium-based contrast agent in MRI shortens T,
relaxation and enhances myocardial signal on the satura-
tion recovery MR images. Its effects depend on the dosage,
rate of delivery, and distribution volume. Higher contrast
concentration improves SNR, but only to a certain extent
(17-19). Fast injection tightens the bolus, but the effect
presents more clearly in the dynamic signal from left ven-
tricle blood, not so much as in the myocardium. Ishida
suggested 5 cc/s as a reasonable injection rate to use (20).
We picked the same dosages (0.05 mmol/kg) and injection
rate (6 cc/s) according to most clinical application pub-
lished. According to our computer simulations, those pa-
rameters will keep image amplitude of all sequences in
linear range.

Volunteers were instructed to hold their breath at the
expiration as long as possible and to take shallow rapid
breathes thereafter until data acquisition was complete.
The i.v. contrast agent bolus was injected with a Spectris
MR power injector (Medrad, Indianola, PA, USA) at a rate
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of 6 mL/s and a half dose of (0.05 mmol/kg body wt)
gadodiamide (Omniscan, Amersham, Nycomed, Prince-
ton, NJ, USA). Breath-hold first pass perfusion imaging
was obtained within 50 cardiac cycles with data acquisi-
tion starting 2 cardiac cycles prior to contrast agent admin-
istration.

The sequence parameters for the SR-SSFP were TR/TE/
TI/FA = 2.6 ms/1 ms/90 ms/50°, raw data matrix of 60 X
128, rectangular field of view 21 X 34 ¢m?®, bandwidth
(BW) per pixel 980 Hz, and voxel spatial resolution 3.5 X
2.6 X 8 mm®. Four slices were acquired per RR interval
(three short-axis slices from base to apex, one four-cham-
ber-view long-axis slice). A separate saturation pulse was
applied to each slice. Five dummy scans had been applied
before real data acquisition started in order for the SSFP
magnetization to reach equilibrium. For the SR-spoiled
GRE pulse sequence, parameters were TR/TE/TI/FA =
2.4 ms/1 ms/90 ms/15°, pixel BW 850 Hz, and the same
pixel resolution as used for SSFP. The acquisition time per
image was the same with both sequences, 160 ms.

For comparison of SSFP and segmented EPI, partial
k-space SSFP data were acquired (21). This technique
utilizes the symmetric property of the k-space data to
predict and interpolate all of k-space with only part of the
k-space data in phase encoding direction. The parameters
for SR-segmented EPI were as follows: TR/TE/TI/FA =
5.6 ms/1.17 ms/30 ms/30°, EPI factor = 4, 6—7 slices ac-
quired per RR interval, and voxel spatial resolution was
the same at 2.7 X 3.4 X 8 mm®. The acquisition time per
image was the same with both sequences, roughly 120 ms.

Data Processing

Siemens Argus software was used for SNR and CNR anal-
ysis. For SNR analysis, ROIs were placed in the left ven-
tricular cavity and background, as well as the septum,
lateral, anterior, and inferior wall from the last perfusion
image at a time when the contrast signal in myocardium
had stopped changing rapidly. SNR was calculated from
the ratio of mean signal intensity in certain ROI and the SD
of the signal intensity of a background ROI. A total of six
circular ROIs (ventricular blood, background, and four in
different area of myocardium) for each slice of any perfu-
sion study were drawn within the myocardial contours as
large as possible. For CNR analysis, ROIs were placed
using mean curve at the similar locations on the images
with peak contrast signal, as well as on the baseline image
of the same perfusion series. The CNR was calculated from
the difference of these two signals dividing by the back-
ground signal SD. The mean and SD of both SNR and CNR
for all slices and all subjects were compared for each
sequence pair.

MASS (Medis Medical Systems, Leiden, The Nether-
lands) software was used to plot myocardial signal inten-
sity over time. Epicardial and endocardial contours were
manually traced on an image from each slice with good
contrast between blood pool and myocardium. The con-
tours were then propagated through the whole perfusion
series in that slice, with manual correction to compensate
for respiratory motion when needed. The myocardium was
clockwise divided equally into six segments, starting from
the posterior atrioventricular node of septum, posterior
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FIG. 1. Simulated saturation recovery SSFP and spoiled GRE sig-
nals versus contrast concentration (corresponding to T, from 500 to
100 ms).

septum, anterior septum, anterior wall, anterior lateral
wall, lateral wall, and posterior wall. Signal from all pixels
in each segment was averaged. Normalized signal intensi-
ties were obtained by dividing each value by the precon-
trast signal intensity to compensate for the surface coil
induced penetration effects (details in Discussion and
Conclusion). A dynamic signal upslope for each time point
was calculated from four adjacent time points using a
linear least squares fit. The maximal upslope for each
myocardial segment was then identified. An ROI was also
placed in the left ventricular cavity for each slice and a
maximal upslope of the ventricular signal was calculated
in the same fashion as in myocardium except with two
adjacent time points used for fitting. To correct for differ-
ences in input function, the myocardial upslope was nor-
malized by dividing the upslope of the left ventricular
signal intensity curve. The final corrected upslope was
termed the relative maximal upslope (RMU). To avoid
variation from artifact and breathhold position change be-
tween two scans, the middle three slices were used to
compare the RMU. Paired Student ¢t test with two tails was
used to analyze the results.

RESULTS
Computer Simulations

Figure 1 shows the simulated signals from SSFP and
spoiled GRE over T, from 100 to 500 ms (equivalent con-
centration 0.26 to 2.04 mmol/liter (or mM)) at saturation
recovery time of 90 ms. T, of 100 ms was used to represent
peak ventricular blood concentration of gadiomide, which
is achievable with tight i.v. bolus contrast agent adminis-
tration even at a relatively low contrast agent dosages. The
SSFP signal was higher than the spoiled GRE signal, and
this was even more marked when contrast concentration
increased. Signals from both sequences are relatively lin-
ear with concentration change within the range. However,
the SSFP signal started to show curve shape at high con-
trast concentration, while the spoiled GRE signal remains
linear. A linear regression analysis of signal versus con-
trast concentration showed that R* was 0.99 and 1 for
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FIG. 2. Optimal flip angle for both saturation recovery spoiled GRE
(upper) and SSFP (lower).

SSFP and spoiled GRE, respectively, with P < 0.0001 for
all curves.

Figure 2 shows that the optimal flip angle varies with the
T, or contrast concentration. For spoiled GRE, the optimal
flip angle was between 15 and 20 ° under these conditions;
SSFP uses a higher flip angle and yields better signal. Due
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FIG. 3. Phantom signal with saturation recovery SSFP, segmented
EPI, and spoiled GRE sequence versus different contrast concen-
tration (corresponding to T, from 90 to 1100 ms).

to the SAR limitation, a flip angle of 50° was used in our
SSFP perfusion studies.

Phantom Studies

Mean SSFP, segmented EPI, and spoiled GRE signal am-
plitudes of tube phantoms with different concentrations
using parameters similar to those used in volunteer study
are shown in Fig. 3. T, was determined using an inversion
recovery spin echo sequence. As seen from the plot, signal
from all three sequences follows the contrast concentra-
tion reasonably well. However, both absolute signal am-
plitude and the slope of signal amplitude against concen-
tration are lowest with segmented EPI and highest with
SSFP. A linear regression analysis of signal versus contrast
concentration showed that R* was 0.96, 0.97, and 0.99 for
SSFP, spoiled GRE, and segmented EPI, respectively, with
P < 0.0001 for all curves.

Volunteer Studies

Perfusion images from all three sequences demonstrated
reasonable quality with adequate contrast between myo-

FIG. 4. Perfusion images when contrast
agent reaches left ventricle (a), at maximal
signal in left ventricle (b), and at maximal
signal in myocardium (c) with spoiled GRE
(upper panel) and SSFP (lower panel), re-
spectively. In this case, spoiled GRE was
used first, and SSFP was used 20 min later.
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FIG. 5. Perfusion images at contrast reaches left ventricle from
segmented EPI (upper six images) and SSFP (lower six images).
Segmented EPI was used first, and SSFP was used 20 min later in
this case.

cardium and blood pool. This is illustrated in Fig. 4, which
shows in an example snapshot of one short-axis slice when
contrast agent reaches the left ventricle (Fig. 4a), at maxi-
mal concentration in the left ventricle (Fig. 4b), and at
maximal concentration in the myocardium (Fig. 4c), for
both spoiled GRE (upper panel) and SSFP (lower panel),
respectively. Likewise, Fig. 5 shows six slices with seg-
mented EPI (upper panel) and partial Fourier SSFP (lower
panel) at contrast arrival in the left ventricle. Although the
TR of the SSFP perfusion sequence is slightly longer, fat
appeared brighter and a dark susceptibility induced arti-
fact was occasionally seen between myocardium and
blood pool.

The average myocardial SNR for spoiled GRE was 24.1 *
7.7 versus 42.6 * 12.8 for SSFP, P < 0.001, while the
average myocardial SNR for segmented EPI was 14.0 * 4.2
versus 25.7 = 9.3 for partial Fourier SSFP, P = 0.013, as
shown in Fig. 6.

1127

Average myocardial CNR for spoiled GRE was 124.3 *
11.7 versus 153.1 = 10.3 for SSFP, P = 0.004. Average
myocardial CNR for segmented EPI was 107.2 * 7.5 versus
158.6 * 10.6 for partial Fourier SSFP, P = 0.003, as shown
in Fig. 7.

The average myocardial relative maximal upslope for
spoiled GRE was 10.3 = 5.5 versus 10.1 = 1.4 for SSFP,
P = 0.58. The average myocardial relative maximal up-
slope for segmented EPI was 5.7 = 0.6 versus 9.0 * 0.4 for
partial Fourier SSFP, P = 0.001, as shown in Fig. 8.

The SNR and CNR difference across all sequences con-
sistently favored SSFP, while relative maximal upslope
was comparable for spoiled GRE and SSFP and favored
partial Fourier SSFP over segmented EPI.

DISCUSSION AND CONCLUSION

These results were obtained from resting perfusion images
without pharmacological stress. SSFP perfusion images
may show similar SNR and CNR improvement over
spoiled GRE and segmented EPI in stress perfusion imag-
ing. However, effects of motion and susceptibility artifacts
associated with fast heart rates during stressing require
further evaluation. Nevertheless, promising results have
been reported from at least one preliminary study (22).
The data acquisition window we used ranged between
120 (segmented EPI) and 160 ms (spoiled GRE). We occa-
sionally observed dark bands surrounding the left ventric-
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FIG. 6. SNR comparison SSFP versus spoiled GRE (upper graph)
and SSFP versus segmented EPI (lower graph) by left ventricle and
myocardial regions in volunteer studies. The average myocardial
SNR for spoiled GRE was 24.1 + 7.7 versus 42.6 = 12.8 for SSFP,
P < 0.001, while the average myocardial SNR for segmented EPI
was 14.0 = 4.2 versus 25.7 = 9.3 for partial Fourier SSFP, P =
0.013.
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FIG. 7. Myocardial CNR comparison for SSFP versus spoiled GRE
(upper graph) and SSFP versus segmented EPI (lower graph) by
myocardial region in volunteer studies. Average myocardial CNR for
spoiled GRE was 124.3 + 11.7 versus 153.1 = 10.3 for SSFP, P =
0.004. Average myocardial CNR for segmented EPl was 107.2 = 7.5
versus 158.6 = 10.6 for partial Fourier SSFP, P = 0.003.

ular blood pool, especially on images acquired during
systole using a long data acquisition window. Such band-
ing artifacts can be quite problematic as they can easily be
confused with flow defects, especially when high spatial
resolution imaging is used to depict regional subendocar-
dial perfusion. These artifacts are not limited to SSFP
images, but are more visible in SSFP images due to its
higher CNR. The cause of this type of artifact has not been
studied extensively, and the only reported solution is min-
imizing the data acquisition window (23).

One of the concerns often raised with regard to SSFP
perfusion imaging is that since SSFP signal results from
both T, and T, related effects, the T, contribution to the
tissue contrast and the relative lower proportion of T,
contribution than found with spoiled GRE or segmented
EPI might compromise the detection of perfusion defects.
Further studies are needed to address this issue.

In order to expedite the steady state of SSFP magnetiza-
tion, 5 dummy « /2 pulses were applied immediately prior
to each data acquisition. Compared to 20 dummy pulses
used the conventional inversion recovery SSFP sequence,
fewer pulses were used because the improved contrast
from the contrast agent in perfusion images shortens the
time needed for the magnetization to reach steady state.

To avoid the coil sensitivity spatial variation effects,
dynamic signals were commonly normalized by dividing
averaged signal amplitude from the same areas before con-
trast arrival. However, the myocardial signal amplitude
before contrast arrival is low due to the saturation pulse;
the normalization may be subject to large variations. In our
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perfusion signal normalization, we used averaged signals
of the same areas from all images before contrast arrival,
since the signal before contrast agent is not totally annihi-
lated, because of the use of saturation instead of inversion
pulse.

We used two contrast injections on each volunteer
study. The elimination half-lives of Omniscan is 77.8 =
16 min (mean *= SD). To minimize the effect of residue
contrast agent from the first injection to the second injec-
tion, we waited 20 min between two injections for contrast
agent to wash out and randomized the order of study
imaging sequence pair.

Both in vivo MRI compatible monitor (In vivo Research,
Orlando, FL, USA) and Siemens Active Electrodes per-
formed ECG triggering well when used in any of three
sequences.

In summary, our results demonstrate that myocardial
signal amplitude using the SSFP perfusion saturation re-
covery sequence demonstrates a linear relationship to con-
trast concentration within the dosage range used, while
SSFP images consistently showed better SNR and CNR
than spoiled GRE and segmented EPI, and relative myo-
cardial upslope was greater with SSFP than with seg-
mented EPI and similar for Spoiled GRE and SSFP. Further
studies to evaluate SSFP stress perfusion imaging results
and their relationship to quantitative coronary angio-
graphic findings are required. Improved SNR in SSFP im-
ages may permit more reliable diagnostic stress perfusion
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FIG. 8. Myocardial relative maximal upslope (RMU) comparison
SSFP versus spoiled GRE (upper graph) and SSFP versus seg-
mented EPI (lower graph) on three middle short axis slices (S1, S2,
S3) in the volunteer study. The average myocardial relative maximal
upslope for spoiled GRE was 10.3 = 5.5 versus 10.1 = 1.4 for SSFP,
P = 0.58. The average myocardial relative maximal upslope for
segmented EPI was 5.7 + 0.6 versus 9.0 = 0.4 for partial Fourier
SSFP, P = 0.001.
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imaging and improved myocardial blood flow quantifica-
tion as well as further improvements in spatial coverage
using parallel imaging (24).
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group in Chicago for their help, especially Drs. Orlando
Simonetti and Qiang (Al) Zhang, as well as the teamwork
of the entire St. Francis Hospital cardiac MR research
group including Sunil Mathew, MD, Andressa Borges, MD,
Williams Schapiro, RT, Kathy McGrath, RN, and Mar-
guerite Roth, RN. The authors also thank James Goldfarb,
PhD, for the valuable discussion and the preparation of the
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