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Purpose: To determine the feasibility of three-dimensional (3D) hybrid radial (stack-of-stars) MRI
with spatiotemporal total variation (TV) constrained reconstruction for dynamic contrast enhanced
myocardial perfusion imaging.
Methods: An ECG-triggered saturation recovery turboFLASH sequence with undersampled stack-
of-stars sampling with spatiotemporal TV constrained reconstruction was developed for dynamic
contrast enhanced myocardial perfusion imaging. Simulations were performed to study the depen-
dence of the approach to steady state on flip angle and saturation recovery time for this stack-of-stars
acquisition. Phantom studies were used to show the effect of the flip angle selection and imperfect
spoiling on image qualities. Studies were done in three humans to test the feasibility of the approach
for myocardial perfusion imaging.
Results: The simulation and phantom studies showed that imperfect spoiling and magnetization
changes during the readout were a function of flip angle and nonoptimized selection of flip angle
could degrade the images. Low flip angle acquisitions in the human subjects result in images with
good quality similar to multislice radial 2D images.
Conclusions: 3D stack-of-stars sampling with spatiotemporal TV constrained reconstruction pro-
vides a promising alternative for myocardial perfusion imaging. © 2012 American Association of
Physicists in Medicine. [http://dx.doi.org/10.1118/1.4738965]
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I. INTRODUCTION

MR myocardial perfusion imaging is an effective method to
evaluate perfusion defects and detect cardiac ischemia. Cur-
rent methods typically provide three to four 2D slices per
heartbeat at stress with parallel imaging.1–3 An echo pla-
nar readout can provide more than 10 slice spatial coverage
with in-plane spatial resolution as high as 1.5 mm.4 How-
ever, echo planar is sensitive to chemical shift and suscepti-
bility effects, which thus far have prevented its use in clinical
practice. Large spatial coverage of the heart with high spatial
and temporal resolution and good signal-to-noise ratio (SNR)
is important to improve the utility of cardiac MRI perfusion.
Greater spatial coverage makes it less likely to miss ischemic
areas and allows for better sizing of ischemia. High spatial
resolution can reduce the dark rim artifact5–7 which can mimic

subendocardial defects.8 High temporal resolution can also be
important in reducing dark rim effects and to accurately track
signal intensity changes.

Besides parallel imaging techniques, undersampling
with sophisticated reconstructions have been proposed to
obtain more spatial coverage and higher spatial and temporal
resolution for 2D perfusion scans. k-t SENSE methods using
Cartesian undersampling have been reported to give good
results for 3–4 slices with a net acceleration factor of 3–4 by
acquiring 23–33 phase encoding lines.9, 10 Compressed sens-
ing combined with parallel imaging was reported to achieve
an acceleration factor of 8 by acquiring 16–24 lines.11 Radial
undersampling patterns have been explored due to their
robustness to motion and undersampling. A constrained
reconstruction method with temporal and spatial total vari-
ation (TV) constraints was reported to acquire 10 slices per
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heartbeat at rest using 24 rays per slice.12 A different recon-
struction method (SW-CG-HYPR) was proposed with 16 rays
per slice and interleaved slices after each saturation pulse to
acquire 6–8 slices per beat.13, 14 Some of these accelerated
methods are sensitive to motion, or focus on high spatial
resolution and do not achieve high coverage.

Three-dimensional (3D) perfusion MRI might be advan-
tageous compared to 2D in terms of volume coverage and
consistent contrast for all slices. 3D also may be more ro-
bust to interframe motion and may permit greater undersam-
pling, although the longer 3D readout could be sensitive to
cardiac motion. Undersampled 3D Cartesian myocardial per-
fusion imaging with SENSE reconstruction was reported to
provide whole left ventricle (LV) coverage with 10 slices and
relatively poor spatial resolution of 3 × 4.4 × 10 mm3 with
an acceleration factor of 6, acquiring 110–115 phase encod-
ing lines.15 This 3D method was shown to perform better than
2D multislice imaging for estimating the size of perfusion de-
fects in a phantom.15 However, the limited spatial resolution
may make it hard to detect subendocardial ischemia as well
as making the acquisition prone to dark rim artifact. Recently,
an undersampled 3D acquisition was reconstructed with the
k-t PCA method and was reported to obtain an acceleration
factor of 7, acquiring 125 phase encoding lines and providing
10 slices with a spatial resolution of 2.3 × 2.3 × 10 mm3.16

A similar approach but using k-t SENSE was reported to give
an acceleration factor of 6.3 (Ref. 17) and shown to be useful
for detection of ischemia in patients.17

In this paper, a 3D sampling pattern with radial sampling
in the kx-ky plane and Cartesian encoding in the kz direction
is used. This sampling pattern has been termed 3D hybrid ra-
dial sampling or 3D stack-of-stars (3D SOS) sampling, and
has been applied to MR angiography applications.18, 19 When
using a saturation recovery sequence for perfusion imaging,
both 2D and 3D readouts are not at steady state. Due to its
longer acquisition, 3D imaging can have more magnetization
signal variation for different readouts than 2D, which may re-
sult in image artifacts. In this paper, simulations were per-
formed to show the dependence of the signal transients on
flip angle and saturation recovery time. Phantom studies were
used to analyze the effect of flip angle on image quality. Hu-
man studies were performed to further assess the approach.

II. MATERIALS AND METHODS

II.A. 3D stack-of-stars acquisition

An ECG-triggered, 3D turboFLASH sequence with SOS
k-space sampling and saturation recovery preparation as
shown in Fig. 1 was used. Figure 1(a) shows an example of
the sampling pattern. The 3D SOS pattern was chosen in-
stead of 3D radial to obtain a cylindrical field of view (FOV)
that better matched the heart. For stack-of-stars myocardial
perfusion imaging, inconsistent projections can cause severe
streaking artifacts in-plane12 and, as with 3D Cartesian imag-
ing, there can be cross talk artifacts in the slice direction.

FIG. 1. (a) Illustration of the stack-of-stars sampling pattern. (b) Schematic diagram for the 3D stack-of-stars acquisition with ECG gating.
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To reduce the effect of inconsistent projections in-plane, the
k-space data were acquired by sampling all in-plane radial
lines of one partition (one kz encode) with an interleaved pat-
tern, then sampling other partitions as illustrated in Fig. 1(b).
Centric ordering was applied in the slice (kz) direction. The
radial sampling was rotated in the temporal dimension and the
slice encoding direction so that with data sharing an evenly
distributed fully sampled 3D SOS sampling can be obtained.
Such changes in sampling patterns over time are essential for
the reconstruction method to be effective.

II.B. Numerical simulations

In order to minimize the signal inconsistencies for 3D SOS
imaging, simulation studies were done to determine the opti-
mal acquisition parameters. The signal of the nth readout of
saturation recovery turboFLASH is20

Mxy(n) = M(1 − e
− SRT

T1 )an−1 + M(1 − e
− TR

T1 )
1 − an−1

1 − a
,

(1)
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− TE

T∗
2 , a = cos(α)e− TR

T1 , and SRT is the
saturation recovery time between the saturation pulse and the
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From Eq. (1), it can be demonstrated that, when
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Mxy(n) is independent of n and the transverse magnetiza-
tion Mxy immediately reaches its steady-state value. This is
an important insight reported in Ref. 21—the readout of a
saturation recovery prepared signal can be obtained immedi-
ately at steady state, if SRT and TR and T1 are known and
α is selected by Eq. (2). This expression has been given for
the case of 2D spiral-based sequences21 and similar work
has been done in another context—to use saturation pulses
to bring spoiled gradient echo sequences to steady state
more rapidly.22 Since T1 is not known a priori, we eval-
uated the effect of varying T1 on the flip angle given by
Eq. (2).

Simulations with physiologically relevant parameters were
used to study the effect of nonsteady state readouts in more
detail. TR was fixed to 2.5 ms to keep the acquisition time
short. For each set of T1 (ranging from 100 ms to 2000 ms
with samples every 100 ms), SRT (from 50 ms to 300 ms
with samples every 1 ms), and flip angle (from 2◦ to 30◦ with
interval steps of 0.1◦), a signal intensity-readout index curve
was determined by Eq. (1) The coefficient of variation (CV),
the standard deviation divided by the mean value, was then
calculated to evaluate how much the signal varied over the
readouts. CV is a measure of the consistency of the signal in-
tensity relative to the readout index, so a perfectly steady-state
set of readouts would have CV = 0.

II.C. Phantom study

For comparison to the simulation results, a phantom was
imaged on a 3T Trio scanner with a 3D saturation recovery
turboFLASH sequence with slice encoding turned off. The
DC term (the sum of signal intensity over the excited volume)
of an 8 cm slab covering the center portion of the cylinder
phantom was recorded for 160 readouts after the saturation
pulse with SRT = 150 ms, TR = 2.5 ms, TE = 1.39 ms,
flip angle α = 8◦, 10◦, 12◦, 14◦, and 25◦, and FOV = 220
× 220 mm2. The 160 readouts were composed of 8 groups
of 20 readouts, which were each composed of 4 sets of inter-
leaved rays (flip angles [0◦, 36◦, 72◦, 108◦, 144◦], [18◦, 54◦,
90◦, 126◦, 162◦], [9◦, 45◦, 81◦, 117◦, 153◦], [27◦, 63◦, 99◦,
135◦, 171◦]).

To analyze the effect of the transient approach to steady
state on the image quality, the same phantom was also imaged
with slice encoding turned on. Image acquisition parameters
were: SRT = 150 ms, TR = 2.5 ms, TE = 1.39 ms, flip angle
α = 10◦ and 25◦, FOV = 220 × 220 mm2, number of rays per
slice = 20 in an interleaved fashion with an interleave factor
of 5 in the temporal dimension, 8 slices with partial Fourier
factor in slice direction = 6/8, slice oversampling factor
= 25%, spatial resolution = 1.7 × 1.7 × 10 mm3, total
readout time ≈ 300 ms for one time frame. Imaging was per-
formed twice to evaluate the random spoiling effect that has
been reported to show better spoiling in 2D radial imaging.23

The first time was with random RF spoiling that was imple-
mented with pseudorandom number generator that generates
numbers ranging from 0 to 32 767. The second was with
the standard built-in RF spoiling that uses a quadratic phase
increment of 50◦. Since there were no concentration changes
between time frames in the phantom, a sliding window
reconstruction method that combined the acquired data in five
adjacent time frames and then reconstructed with NUFFT
(Ref. 24) was used. The resulting images were used to com-
pare the effect of flip angles and different spoiling methods.

II.D. Human study

To determine the feasibility of stack-of-stars sampling
in vivo, experiments were performed using a 3T Trio or Verio
Siemens scanner under an IRB-approved protocol with an
ECG-gated, SOS saturation recovery turboFLASH sequence
and a 12-element coil array in three healthy subjects. A
dose of 0.015–0.05 mmol/kg of contrast agent (Gd-BOPTA
or gadofoveset trisodium), was injected at a rate of 5 ml/s
followed by a 25 ml saline flush at the same rate. Based
on the simulation results, SRT was set to 140–160 ms, and
flip angle was specified to be 10◦–14◦ [which is expected to
give an actual flip angle of ∼8◦–12◦ (Ref. 25)]. Other image
acquisition parameters were as follows: TR = 2.1–2.9 ms,
TE = 1.1–1.4 ms, FOV = (260–360) × (260–360) mm2,
number of rays per slice = 20–24 in an interleaved fashion,
8–10 slices with partial Fourier factor in slice direction = 6/8,
spatial resolution = (1.8–2.8) × (1.8–2.8) × (6–10) mm3,
total readout time ≈ 300 ms for one time frame.
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II.E. Comparison of 3D SOS and 2D radial

To compare the SNR, both 3D SOS and 2D radial imaging
were performed on a cylindrical phantom. The following
parameters were used: SRT = 140 ms, TR = 2.6 ms,
TE = 1.43 ms, flip angle = 14◦, FOV 220 × 220 mm2,
the number of projections 20, interleave factor = 5, slice
thickness = 10 mm. For 3D, the slice number was 8, and
25% oversampling was performed. For 2D, one slice was ac-
quired. The sliding window reconstruction method described
previously was used.

A 2D multislice myocardial perfusion imaging dataset
with radial sampling was also acquired in one healthy
subject with the same dose of 0.015 mmol/kg of gadofoveset
trisodium as with the 3D SOS imaging for comparison.
Image acquisition parameters for the 2D sequence were: SRT
= 20 ms, TR = 2.3 ms, TE = 1.4 ms, flip angle = 14◦, FOV
= 360 × 360 mm2, matrix size = 144 × 144, slice thickness
= 10 mm, the number of projections = 30, 10 slices were
acquired in 1 heartbeat with 5 slices after each saturation
pulse. The slices thus had SRTs of 20, 89, 158, 227, 296 ms
for each set of 5 slices. The slices with SRT = 158 ms were
used for comparing SNR and contrast-to-noise ratio (CNR).

II.F. Image reconstruction

After acquiring the 3D human data, the images
were reconstructed using spatiotemporal TV constrained
reconstruction,12, 26 with the cost function

C(m) =
Nf∑
t=1

‖W (t)FzGm(t) − d(t)‖2
2 + αTVtemporal(m)

+βTVspatial(m). (3)

Here, m(t) represents the complex image estimate for time
frame t, t ranges from 1 to the total time frame number Nf,
G is a nonuniform FFT applied to all slices24 that transforms
images from the x-y-z domain to the kx-ky-z domain, Fz is
a Fourier transform in the slice encoding direction that trans-
forms data from the kx-ky-z domain to the kx-ky-kz domain,
W(t) is the undersampled binary pattern of time frame t as
shown in Fig. 1(b), d(t) is the measured k-space data of time
frame t. And α, β are the weighting factors of the temporal
and spatial TV constraint terms,26, 27 respectively. The gradi-
ent descent method was used to minimize the cost function.
Different weighting factors for TV constraints were tried on
one dataset, and α = 0.7 and β = 0–0.2 were empirically
determined after setting the k-space center (the mean image
value) to be ∼102. These weights were used to reconstruct
other datasets based on the assumption that the reconstruc-
tion method was robust to small changes of the weights.28

The initial image estimate was an inverse nonuniform FFT
of the undersampled radial data, which is similar to doing
filtered backprojection of the undersampled projections. The
number of iterations was empirically chosen to be 50. The re-
constructed images changed little after 50 iterations. The re-
construction was applied independently to the data obtained
from each coil and the reconstructions from each coil were

then combined using the square root of the sum of squares.
The radial 2D data were reconstructed the same way as the
3D SOS except that it does not use Fourier transform in the
slice direction in Eq. (3).

II.G. Analysis

For the phantom experiment, SNR were calculated by the
ratio of the mean value of a 3 × 3 block from the center signal
area of the images and the standard deviation of the signal
intensities from a background area.

For the in vivo experiments, the reconstructed images were
evaluated using SNR and CNR. SNR was calculated by the
ratio of the mean and standard deviation of the signal inten-
sities in a uniform region of the myocardium at peak my-
ocardial enhancement time frame. CNR was computed by
(Myopost−Myopre)/σ , where Myopost is the mean of the signal
intensities from a uniform region in the myocardium at peak
myocardial enhancement time frame, Myopre and σ are the
mean and standard deviation of the signal intensities from a
similar region in the myocardium in a precontrast time frame.

III. RESULTS

III.A. Numerical simulations

Figure 2 shows the flip angle-SRT plot calculated using
Eq. (2) for three different T1 values. This plot shows that for
a given SRT, the flip angle depends only weakly on T1.

Figure 3 shows the results of CV values obtained from
simulations with different SRT and flip angle values using T1

= 700 ms. The sets composed of SRT and flip angle, such as
(110 ms, 12◦), (150 ms, 10◦), and (220 ms, 8◦), provide the
smallest CV values—meaning those readouts were closest to
steady state. Similar results were found for T1 = 300 ms and
1200 ms (not shown here).

III.B. Phantom studies

Figure 4 shows the measured signal intensity (DC term)
plotted against the readout number. The signal intensity-
readout curves as shown by the solid lines are obtained with

FIG. 2. The flip angle-SRT plot calculated using Eq. (2) for three different
T1 values. The flip angle that gives steady state readouts is relatively insensi-
tive to T1 changes.
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FIG. 3. The coefficients of variation with different SRT and different flip
angle when T1 = 700 ms and TR = 2.5 ms. The sets composed of SRT and
flip angle, such as (110 ms, 12◦), (150 ms, 10◦), and (220 ms, 8◦), provide
the smallest CV values.

SRT = 150 ms, TR = 2.5 ms using a 3D saturation recov-
ery turboFLASH sequence with slice encoding turned off and
the flip angles α specified as 8◦, 12◦, and 25◦. The periodic
fluctuations are consistent with in-plane radial angle (period
= five time frames, as described in the methods). The peri-
odic signal fluctuations that are consistent with the flip angle
changes are due to the gradient delay effect.29 The effect of
the signal fluctuations is negligible as described in Sec. IV.
The dashed lines are calculated from Eq. (1) and manually
fitted to the solid line. Lower flip angles: 6◦, 9◦, 18◦ are used
to give better fits. These flip angles are closer to the actual flip
angles.30

III.C. Effect of the approach to steady state
on image quality

Figure 5 shows the comparison of phantom images ac-
quired with SRT = 150 ms and flip angles of 8◦, 14◦, and
25◦ with random RF phase23 and with Siemens built-in RF
spoiling with a quadratic phase increment of 50◦ between RF
pulses. The five center slices are shown here. The images
acquired with a flip angle of 25◦ show more cross talk and

FIG. 4. The signal intensity changes with readout index acquired with
TR = 2.5, SRT = 150 ms and the specified α of 8◦, 12◦, and 25◦ are shown by
the solid lines, and the signal intensity is calculated by doing linear interpola-
tion to obtain the k-space center for each ray. The dashed lines are calculated
from Eq. (1) and manually fitted to the solid line. Lower flip angles: 6◦, 9◦,
18◦ are used to give better fits. These flip angles are closer to the actual flip
angles (Ref. 30).

FIG. 5. A set of phantom images acquired with SRT = 150 ms and different
flip angles with different RF spoiling pattern. The reconstruction is without
gradient delay correction. The top three rows are images with the standard
(50◦ base increment) RF spoiling with flip angles of 8◦, 14◦, and 25◦ (from
top to bottom). The bottom three rows are images with random RF spoiling
with flip angles of 8◦, 14◦, and 25◦. The arrows indicate artifacts including
cross talk artifact (right arrows) and smearing artifact (up arrows). The center
five slices are shown. The cross talk artifact is from signal inconsistency, and
the smearing artifact may be from imperfect spoiling.

smearing artifact as indicated by the up and right arrows, re-
spectively. Images with random RF spoiling have less smear-
ing artifact than that with the standard 50◦ base increment RF
spoiling.

III.D. 3D stack-of-stars in human subjects

Figure 6 shows three time frames of 3D SOS images ac-
quired from one subject, at precontrast, RV enhancement, and
LV enhancement phases after reconstruction with spatiotem-
poral TV constraints. The different slices show similar con-
trast and the edge slices show some cross talk artifact.

III.E. Comparison of 3D SOS and 2D radial

The SNR of cylindrical phantom using 3D SOS and 2D
radial imaging of the same slice are 42.7 ± 0.9 and 30.9 ±
1.2, respectively.

Figure 7 shows the comparison of myocardial perfusion
images using 3D SOS and 2D multislice imaging with spa-
tiotemporal TV constrained reconstruction. In this case, 3D
SOS with SRT = 140 ms provides a SNR of 21.5 ± 3.0 and a
CNR of 7.7 ± 1.0. The radial 2D image with SRT = 158 ms
has SNR of 19.8 ± 2.5 and CNR of 7.0 ± 0.8.
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FIG. 6. One set of eight slices (left to right) and three time frames at precontrast, RV enhancement and LV enhancement phases of 3D myocardial perfusion
images from a normal volunteer, each in a different row. A total of eight slice encodings were acquired. Partial Fourier factor = 6/8 in slice direction was used
so 10 slices were acquired. The two edge slices with the most aliasing artifacts were not used.

IV. DISCUSSION

This paper demonstrated the feasibility of 3D myocar-
dial perfusion imaging using 3D SOS sampling reconstructed
with spatiotemporal TV constrained reconstruction to achieve
large coverage with high spatial resolution. Simulation and
phantom studies were performed to show that the magnetiza-
tion transient is a function of flip angle and saturation recov-
ery time, and incorrect selection of flip angle and poor spoil-
ing may degrade images. The use of a small flip angle and
random spoiling is helpful to reduce image artifacts, as has
been reported for 2D radial imaging.23 The main limitation of
the study is that no conclusions regarding the clinical benefit
of 3D SOS over standard 2D methods can be made from this
study.

Compared to 2D multislice myocardial perfusion imaging,
3D myocardial perfusion imaging requires a longer temporal
acquisition window. However, it provides volume excitation
which may be more robust to through-plane motion and of-
fers contiguous volume coverage, which is reported to be ad-
vantageous for sizing perfusion defects.15 The 3D readout is
also advantageous because a single, long saturation recovery
time can be used for relatively high SNR. For 2D imaging, it
is not practical to have a long saturation recovery time unless
multiple slices are acquired after a single saturation pulse, in
which case the saturation recovery time and image contrast

FIG. 7. Image comparison of myocardial perfusion imaging using 3D stack-
of-stars (left) and radial multislice 2D imaging (right) reconstructed with spa-
tiotemporal TV constraints. Both of the images have high SNR.

are variable. This issue may be manageable31 but having the
same contrast for all of the slices may be an advantage of 3D
imaging. SNR measured in vivo is only a relative indicator
in this work, because spatiotemporal TV reconstruction may
change the noise characteristics of the images. The phantom
studies use fully sampled data with a noniterative reconstruc-
tion method and thus reflect the standard SNR measurement.

Compared to a 3D Cartesian acquisition, 3D SOS inher-
its the robustness to undersampling and motion of 2D radial
acquisition. However, 3D SOS is more restricted in terms of
requiring in-plane isotropic resolution with evenly distributed
undersampled projections. For myocardial perfusion imaging,
in-plane spatial resolution (maximum kx and ky) is desired to
be similar while the resolution in the slice direction (kz) is
much coarser, which makes it reasonable to apply a 3D SOS
sampling pattern.

The dependence of signal intensity on readout number is
determined by flip angle, T1, SRT, and TR. For a saturation
recovery spoiled gradient echo pulse sequence with any given
set of these parameters, there exists a null point in flip angle
where steady-state magnetization is reached immediately (at
the first readout). Thus, the degradation of the point spread
function (PSF) that arises from readouts that are not at steady
state vanishes at the null point, providing the potential for
substantially improved image quality. While this is a larger
effect with radial imaging due to the repeated sampling of
the k-space center, the different weighting of phase encodes
in Cartesian readouts also degrades the PSF.32, 33 Spatial vari-
ations in T1 and flip angle make it impossible to image at
the exact null point for all voxels, but the sensitivity to T1 is
weak near the null point (Fig. 2), making it possible to obtain
nearly optimal consistency across readouts by flip angle opti-
mization. The existence of this optimal flip angle was tested
using measured data, assuming that the T1 and spatial flip an-
gle variation can be ignored (Fig. 4).

Several artifacts arise in the phantom study. The images
of 8◦ and 25◦ (Fig. 5) show more cross talk than that of
14◦. The larger flip angle shows more smearing artifact. The
greater cross talk in the slice direction is due to the greater
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FIG. 8. One slice of a phantom image reconstructed with and without k-
space center offset, and their difference image. The offset of about 0.25 vox-
els was measured using method described in Ref. 35 and corrected by adjust-
ing this offset in the k-space sampling of the NUFFT reconstruction.

signal variation in the approach to steady state as simulated in
Fig. 3. The smearing artifact seen in Fig. 5 may result from
imperfect spoiling that has more effect on large flip angle im-
ages. This is supported by the experiment that random RF
spoiling helps to attenuate the artifact34 as is also seen in
Fig. 5. Gradient delays may bring streaking artifacts to radial
sampling, and this can be compensated through calibration.35

Figure 8 shows the effect of gradient delays and their reduc-
tion using an offset correction. However, this artifact is not
obvious in the myocardial datasets and a correction factor
was not incorporated beyond the standard implemented in the
scanner.36

For 3D myocardial perfusion imaging, the slice encoding
number is small due to the short acquisition window, result-
ing in cross talk or Fourier leakage.37 Also, the slab-excitation
profile (especially when a fast RF pulse is applied with a small
time-bandwidth product) is not perfect which will also de-
grade edge slices. From our results when reconstructing six
or eight kz encodes that were offset (partial Fourier), into
eight or ten slices, the outermost slice at each edge of the
slab showed significant aliasing. Discarding two slices at each
edge left approximately six central slices that appeared to be
free of aliasing. It is also possible to shorten the acquisition
time by reducing the number of readout lines in the higher
slice encoding planes. Preliminary results (not shown) indi-
cate this could enable significantly higher acceleration rates
with no cost to image quality.

The reconstruction time is demanding, especially when the
dataset size is large. In a MATLAB (The Mathworks, Natick,
MA) implementation on a desktop PC, it takes approximately
10 min to reconstruct one slab of 50–60 time frames for one
coil. Recently published papers have shown that computation-
ally intensive medical imaging tasks can be processed on a
graphics processing unit (GPU) to greatly increase computa-
tion speed.38 Taking the advantage of these techniques, clini-
cal implementation could be feasible.

The contributions of this paper include showing the de-
pendence of the transients on flip angle and saturation recov-
ery time, and analyzing the effect of the flip angle on image
qualities for 3D SOS perfusion imaging. The initial evalua-
tions show that 3D stack-of-stars myocardial perfusion imag-
ing with spatiotemporal TV constrained reconstruction is a
promising alternative to provide images with consistent con-
trast and contiguous volume coverage of the heart.
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