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Abstract

Purpose—To present a time-efficient technique for banding reduction in balanced steady-state
free precession (bSSFP) imaging by utilizing phase-cycled simultaneous multi-slice (SMS)
acquisition with CAIPIRINHA (controlled aliasing in parallel imaging results in higher
acceleration).

Theory—The proposed technique exploits the inherent phase modulation of SMS imaging with
CAIPIRINHA to acquire multiple phase-cycled images, which can be combined for efficient
banding reduction within the same scan time of a single-band bSSFP scan.

Methods—Bloch equation simulation, phantom and /in vivo brain, abdominal and cardiac
imaging experiments were performed on healthy volunteers at 3T using multi-channel head and
body array coils with SMS acceleration factors of two to four. The performance of banding
reduction was quantitatively evaluated based on the percent ripple of signal distribution and signal-
to-noise ratio (SNR) efficiency in both phantom and human studies.

Results—The banding artifact was successfully removed or suppressed using phase-cycled SMS
bSSFP imaging across SMS factors of two to four. The performance of banding reduction
improved with higher SMS factors along with increased SNR efficiency.

Conclusion—pPhase-cycled SMS bSSFP with CAIPIRINHA is a promising technique for
efficient band reduction in bSSFP without prolonged scan time. Further evaluation of this
technique in clinical applications is warranted.
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Introduction

Balanced steady state free precession (bSSFP) is a widely used fast imaging technique
characterized by its high SNR efficiency and the T,/T; contrast (1-3). Due to the unique
signal and contrast behavior, as well as the fast imaging time, bSSFP has been of interest to
a wide range of clinical applications including cardiac imaging (4), abdominal imaging (5),
angiography (6), functional MRI (7), and musculoskeletal imaging (8). However, a major
limitation of bSSFP lies in its sensitivity to the B field inhomogeneity resulting in the
banding artifact—signal voids at certain off-resonance frequencies.

Techniques have been proposed to alleviate or remove the banding artifact (9-12). One of the
common approaches is to perform multiple acquisitions with different RF phase cycling, i.e.,
different phase increment between sequential RF pulses. Taking advantage of the 2r-
periodic profiles of the bSSFP signal, multiple phase-cycled images with spatially shifted
banding artifact can thus be combined to form a composite image with reduced banding. As
demonstrated by Bangerter ef al. (9), the performance of the banding artifact reduction is
improved as the number of phase-cycled images increases. This inevitably lengthens the
total acquisition time, discounting the inherent benefit of the fast imaging nature of bSSFP
and making it susceptible to motion between the measurements. To overcome these
drawbacks, dynamically phase-cycled radial bSSFP (DYPR-SSFP) acquisition was recently
proposed where each radial projection was acquired with a small phase increment, and a
banding-free image can be attained from one single-shot measurement (13). However
DYPR-SSFP requires a large number of projections and a relatively lengthy magnetization
preparation.

The simultaneous multi-slice (SMS) excitation with the controlled aliasing in parallel
imaging results in higher acceleration (CAIPIRINHA) technique has recently been applied
for accelerated bSSFP imaging (14,15). The technique allows multiple imaging slices to be
excited simultaneously by using multiband (MB) composite RF pulses, followed by
separation of aliased imaging slices using the spatial sensitivity profile of the phased array
coil (16,17). To reduce the noise amplification, the CAIPIRINHA (18) technique was
applied such that the aliased slices are shifted relative to each other by modulating the phase
of the MB excitation pulses. However, modulating the phase of the MB excitation pulses in
bSSFP results in not only shift of the aliased imaging slices in space, but also shift in the off-
resonance profiles of bSSFP signals. For instance, an imaging slice that is FOV/2 shifted in
space is simultaneously shifted in its off-resonance profile by . In the work of Stéb et a/.
(15), a MB factor of two was realized by shifting the center frequency to yield an off-
resonance angle of +rt/2 for the two simultaneously excited imaging slices respectively, as a
tradeoff between achieving SMS acceleration and minimizing banding artifacts.

The purpose of this study is to present a new technique for banding artifact reduction by
utilizing the shifted off-resonance profile from the CAIPIRINHA shifted SMS (CAIPI-SMS)
bSSFP imaging. Hence, each un-aliased imaging slice is subject to different off-resonance
behavior similar to that of the phase-cycled single-band bSSFP, whereas the total scan time
is drastically reduced due to the SMS acceleration. Simulations were performed to predict
the behavior of the SMS bSSFP signal with varying number of ramp up preparation pulses.
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In addition, the proposed phase-cycled CAIPI-SMS bSSFP approach was compared with the
conventional multiple-acquisition phase-cycled bSSFP in a phantom study. Finally, the
feasibility of the presented technique for time-efficient banding reduction was demonstrated
with /n vivo brain, abdominal and cardiac imaging.

The proposed concept of phase-cycled CAIPI-SMS bSSFP exploits the inherent phase
modulation in CAIPIRINHA. Using a simple one-dimensional example, the signal intensity
of Psimultaneously excited slices p(y)capi can be expressed as (15):

N/2—1 P , ‘ P
p(y)CAIPI: Z (ZSJ<mAk) ® cupj(m)) X ezmAky:ij(y+ij>

m=—N/2 \j=1 j=1 [1]

where S is the k-space signal of slice j, ¢{m) denotes the phase of the /7+th pulse for slice /.
As the result of linear phase modulation, the image of slice jis shifted by Ay along the
phase encoding direction. The CAIPIRINHA technique was originally developed for
gradient echo sequences. For bSSFP imaging, however, the phase modulation of
CAIPIRINHA also yields frequency shift on the off-resonance profile. Therefore, the
CAIPI-SMS bSSFP signal po(V; wp)caipi-bssrp should be expressed as a function of both the
spatial location yand excitation frequency ay,

N/2—1 P P
p(y’wO)CAIPkaSFP: Z (257 (mAk, po) ¢ (m)> XeimAky:ij (iy"i'ijvWU"—ij)
m=—N/2 \j=1 j=1

(2]

where the A-space signal §; is a function of both A, and «y. Here we propose a linear phase
modulation as ¢{m)=2mjmlp, and the frequency shift in the off-resonance profile of slice
becomes

Awjm—2— j=1,...,P

TReP" [3]
and the FOV shift of slice jis
_jeFOV
Ayj= iz j=1,...,P 4]
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Using the proposed CAIPI-SMS bSSFP technique, simultaneously excited slices are evenly
shifted in both space and off-resonance profile.

Differing from previous work on SMS bSSFP (14,15) where slice acceleration is the sole
purpose, multiple imaging slices are acquired in the presented technique, yet each slice is
excited multiple times by the MB composite pulse with different phase cycling (or shifts in
off-resonance profile) using the CAIPIRINHA technique. Subsequently, multiple phase-
cycled images with evenly shifted off-resonance profiles are attained at each slice location
that can be combined to reduce banding artifacts. The number of different phase-cycled
images for banding reduction N is equivalent to the SMS acceleration factor. Excluding the
time for the reference scan for encoding the coil sensitivities, the imaging time for such a
scan would be identical to that of a standard single-band bSSFP acquisition, yet the latter
one is prone to banding artifacts.

For illustration purposes, an SMS factor of three with a FOV/3 shift is illustrated in Fig. 1.
Three slices are excited simultaneously with a spatial shift of FOV/3 (red), 0 (blue) and —
FOV/3 (green) along the phase encoding direction. This results in a 2rt/3, 0, and -2m/3 shift
in their off-resonance profiles, respectively, as shown in Fig. 1(d). The same strategy can be
applied for other SMS acceleration factors. As schematically illustrated in Fig. 1(a—c), the
phase-cycled CAIPI-SMS bSSFP technique can be progressively implemented in three
different schemes:

1. Sequential CAIPI-SMS imaging with repeated phase cycling

The most straightforward implementation is to sequentially acquire SMS slices from
superior to inferior or vice versa, as shown in Fig 1(a). The center slices will have a
complete set of phase-cycled images with shifted off-resonance profiles, which can then be
combined for banding reduction. However, the shortcomings of this technique include: a)
incomplete phase cycling for the boundary slices; and b) potentially high g-factor for small
inter-slice gaps.

2. CAIPI-SMS imaging with temporally modulated phase cycling

In order to avoid the incomplete phase cycling of the boundary slices, CAIPI-SMS can be
implemented at the same slice positions multiple times with temporally modulated phase
cycling, as shown in Fig. 1(b). Note the modulated phase cycling is carried out in time, in
addition to the CAIPIRINHA phase modulation for SMS imaging. Although the efficiency is
improved by acquiring full sets of phase-cycled images for all the imaging slices, this
method is still limited by potentially high g-factor for small inter-slice gaps.

3. Interleaved CAIPI-SMS imaging with temporally modulated phase cycling

The interleaved CAIPI-SMS imaging with modulated phase cycling is identical to the
former scheme, except that MB slices are acquired in an interleaved fashion with a larger
inter-slice gap, as depicted in Fig. 1(c). This approach is advantageous for dense multi-slice
imaging to cover a large imaging volume, without being limited by the potentially high g-
factor due to small inter-slice gaps as shown in scheme 1 and 2.
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To summarize, the purpose of the RF phase-cycling in the CAIPI-SMS bSSFP are two folds:
a) to generate the relative spatial shift in between the simultaneously excited imaging slices
to reduce the g-factor, and hence, the noise amplification in the parallel image
reconstruction; and b) to create the multiple phase-cycled images that can be combined for
banding reduction. Compared to the conventional approach with separate acquisitions of
each individual phase-cycled image, the proposed SMS bSSFP with CAIPIRINHA
technique is more efficient since all the phase-cycled images required for banding reduction
are acquired within the same imaging time as a standard bSSFP scan.

Bloch equation simulation was performed to study the behavior of the CAIPI-SMS bSSFP
signal using custom MATLAB programs (The MathWorks, Natick, MA). The effect of the
number of ramp up preparation pulses on SMS bSSFP signals was investigated. The
simulation was performed with the following parameters: TR/TE=4.2/2.1 ms, T1=1100 ms,
T»=100 ms, flip angle (FA)=30°, SMS factor=2, 3, and 4, and the number of ramp up
pulses=24 and 48. During the magnetization preparation, the identical composite MB
excitation pulses as those during CAIPI-SMS bSSFP scans were applied with a linear ramp
up of FA.

Phantom imaging

The FBIRN agarose gel phantom (19) with T and T, values mimicking those of brain tissue
were imaged on a 3T Siemens Prisma (Erlangen, Germany) scanner with a 32-channel head
coil. A small piece of paper clip was placed on the surface of the gel phantom to
intentionally create By field inhomogeneity and banding artifacts on bSSFP images. A total
of 12 phase-cycled slices were acquired using the three different CAIPI-SMS bSSFP
schemes as proposed in the Theory section. The positions of the 12 imaging slices were
identical across all the phantom experiments: SMS acceleration factors of 2 (with FOV/2
shift), 3 (with FOV/3 shift) and 4 (with FOV/4 shift). The MB inter-slice gap for scheme 1
and 2 were both 20 mm. For scheme 3, larger MB inter-slice gaps of 90, 60 and 45 mm were
selected for the SMS factor of 2, 3 and 4, respectively.

For comparison, single-band phase-cycled bSSFP scans were performed with multiple
acquisitions (A=2, 3 and 4). These single-band bSSFP scans simultaneously served as the
reference scan to encode coil sensitivities for the CAIPI-SMS bSSFP scans with acceleration
factors of 2, 3 and 4, respectively. The rest of the common imaging parameters were:
FOV=256x256 mm?2, matrix size=192x192, slice thickness=5 mm, TR/TE=4.06/2.03 ms,
FA=30°, bandwidth=555 Hz/Px, and phase encoding direction L-R. The image acquisition
time for each slice was 974 ms. The MB excitation pulse had a s/nc pulse shape with
duration of 1000 ps. The same MB pulses were applied in the /77 vivo brain and abdominal
imaging experiments.
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In vivo imaging

All the in vivo experiments were performed on a 3T Siemens Prisma system, according to a
protocol approved by the local Ethics Committee and written informed consent was obtained
from all subjects. Three healthy participants (age = 23+2 years, 2 female) were recruited for
brain imaging using a 32-channel head receiver coil. Another healthy participant (age=23
years, male) underwent abdominal and cardiac study using an 18-channel body matrix
receiver coil and 12-channel spinal array receiver coil. The detailed imaging protocols are
listed below:

Brain imaging—Using the same imaging protocol and parameters as the phantom study,
12 axial slices were acquired on the brain using both CAIPI-SMS and the conventional
multiple-acquisition phase-cycled bSSFP sequences. Further, the effect of the ramp up
preparation pulses was investigated (24 and 48 pulses). Additionally, in order to demonstrate
the capability of the proposed CAIPI-SMS bSSFP technique for a full-volume multi-slice
imaging, 24 axial slices without inter-slice gap were acquired using scheme 3 (Fig. 1(c)) to
cover the whole brain. The imaging parameters were: SMS factor=4, CAIPIRINHA slice
shift=FOV/4, MB acquisitions=6, and the MB inter-slice gap=30 mm. The total imaging
time for such a volumetric bSSFP acquisition was 47 sec.

Abdominal imaging—Using a CAIPI-SMS bSSFP sequence with temporally modulated
phase cycling (scheme 2, Fig. 1(b)), three axial slices were simultaneously acquired ina 9
sec breath-hold scan with an SMS acceleration factor of 3 and a FOV/3 slice shift (or 3 RF
phase cycling). The imaging parameters for abdominal imaging were: FOV=380x380 mm2,
matrix size=320x320, slice thickness=5 mm, spatial resolution=1.2x1.2x5 mm3, inter-slice
gap=45 mm, TR/TE=3.64/1.82 ms, FA=19°, bandwidth=558 Hz/Px, measurements=3, and
phase encoding direction A-P. The 9 sec image acquisition time included a dummy scan (an
option that comes with the vender sequence) and a 150 ms dead time in between the slice
acquisitions. The total scan time for abdominal imaging can be further reduced to ~4 sec by
removing the dead time and the dummy scan without affecting the performance of SSFP
banding reduction.

Cardiac imaging—Three short-axis cardiac images were simultaneously acquired using
an ECG triggered breath-hold CAIPI-SMS bSSFP scan (scheme 2, Fig. 1(b)), with an SMS
acceleration factor of 3 and a FOV/3 slice shift. The imaging parameters for cardiac imaging
were: FOV=320x240 mm?2, matrix size=160x122, slice thickness=5mm, nominal spatial
resolution=2x2x5 mm3, inter-slice gap=25mm, partial Fourier=6/8, readout asymmetric
echo allowed, TR/TE=2.6/1.09 ms, FA=51°, and bandwidth=800 Hz/Px. The acquired
readout and phase encoding steps were 126 and 92, respectively. Images were acquired
during the diastolic phase with an ECG trigger delay of 500 ms and an image acquisition
window of around 350 ms. RF duration was shortened to 600 us when RF mode was
selected as “Fast’ during cardiac imaging.

Quantitative analysis

All the aliased MB slices were reconstructed using the slice-GRAPPA (20) algorithm with a
kernel size of 3x3 (21). The resulting phase-cycled images were combined using both
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maximum intensity and sum of squares algorithms. For cardiac imaging, we also performed
non-rigid image registration using Advanced Normalization Tools (ANTS) to correct for
motion between temporally modulated phase-cycled acquisitions before image combination
to reduce banding artifacts.

To evaluate the effect of various SMS acceleration factors on banding reduction, both the
percent ripple and the spatial signal-to-noise ratio (SNR) efficiency within the banding
artifact affected regions, e.g. orbitofrontal cortex in brain images, were measured for
combined images across all the SMS acceleration factors. A region-of-interest (ROI) was
hand drawn in the orbitofrontal cortex of each subject. The percent ripple (9) defined in Eq.
[5] provides a quantitative measure of the performance of various combination techniques
for bSSFP banding artifact reduction:

SI X SI in
% ripple=100 x —=2X “HR
SIne'rln [5]

For the calculation of spatial SNR, the noise variance was determined by the mean of the
standard deviation of the image intensity from background ROIs of the corresponding SMS
reconstructed images. Since the imaging acquisition time for each slice using phase-cycled
CAIPI-SMS method is identical to that of standard bSSFP readout, the SNR efficiency n
(9,22) can be estimated as:

SNR

n=100 x -
g- Vtotal scan time [6]

Conventionally, a reduction in bSSFP banding is accompanied by a loss in SNR efficiency
from multiple-acquisition bSSFP combination techniques, due to lengthened total scan time.
However, using the proposed phase-cycled CAIPI-SMS bSSFP technique, there is minimal
loss in SNR efficiency besides the potential g-factor penalty induced by the SMS
acquisition.

The effect of the number of ramp-up preparation pulses on the bSSFP signal behavior is
illustrated in Fig. 2. As shown in Fig. 2(b), 48 ramp-up pulses clearly yield improved
stabilization of the bSSFP signal with reduced oscillations in 2rt/3 shifted signal curves, as
compared to those with 24 ramp-up pulses presented in Fig. 2(a). The implication is that a
longer ramp-up preparation pulse train is required to stabilize the CAIP1-SMS bSSFP signal.

Phantom imaging

The aliased CAIPI-SMS slices from the gel phantom were unfolded, resulting in multiple
phase-cycled images as shown in Fig. 3(a). Images collected at the same slice position using
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the single-band phase-cycled bSSFP were also displayed in Fig. 3(b). Overall, similar image
quality and banding behavior are observed between CAIPI-SMS and the multiple-
acquisition single-band bSSFP techniques. Notably, different phase cycling leads to variation
in the banding behavior, e.g., shifts in banding location, reflecting the shifted off-resonance
bSSFP profiles. As expected, the visual appearance in both maximum intensity and sum-of-
square combined images show the least amount of residual banding with A=4 for both
scenarios. These observations are further confirmed by the quantitative measurements
presented in Fig. 4.

Phase cycling with N=4 offers the lowest percent ripple values, as shown in Fig. 4(a), for
both maximum intensity and sum-of-square combined images. Quantified spatial SNR
efficiency values are displayed in Fig. 4(b), where the highest SNR efficiency is attained
with sum-of-square combined A=4 phase-cycled acquisition. The above findings were
similarly observed from phase-cycled CAIPI-SMS and multiple-acquisition single-band
bSSFP acquisitions. Further, the phase-cycled CAIPI-SMS bSSFP of scheme 3 outperforms
its counterparts of scheme 1 and 2 and single-band techniques in terms of SNR efficiency.

In vivo brain imaging

Figure 5 shows the multiple phase-cycled un-aliased bSSFP images acquired on brain using
interleaved CAIPI-SMS with temporally modulated phase cycling (scheme 3). The same
imaging slices were acquired with different phase cycling, i.e., MB-2 with FOV/2 shift (top),
MB-3 with FOV/3 shift (middle) and MB-4 with FOV/4 shift (bottom). Similar to results
from the phantom study, different phase cycling leads to drastic variation in the location of
the banding artifacts. Maximum intensity and sum-of-squares combined images indicate that
banding artifacts are suppressed effectively in all scenarios. Visually, the least amount of
residual banding artifact is seen in the MB-4 case. Hence, the performance of banding
reduction improves as the number of phase cycling or SMS acceleration factor increases.
These observations were further confirmed by the quantitative evaluation of the percent
ripple, as indicated in Table 1. In this case, sum-of-square outperforms the maximum
intensity combination scheme because of the overall lower ripple and higher SNR efficiency
measurements.

Figure 6 shows the effect of ramp-up preparation pulses on banding reduction. Combined
bSSFP images acquired with 24 and 48 ramp-up pulses are demonstrated in Fig. 6(a) and
(b), respectively. As shown in the zoomed region, combined image with fewer ramp up
pulses are prone to more pronounced residual banding, as well as the ripple artifact caused
by the residual bSSFP signal oscillations.

Figure 7 demonstrates the capability of the CAIPI-SMS for whole-brain multi-slice banding-
free bSSFP imaging. The CAIPI-SMS bSSFP scans with an acceleration factor of 4 and the
single-band bSSFP are shown in Fig. 7(a) and (b), respectively. Within the same imaging
time, the banding artifact is effectively removed in the latter case.

In vivo body imaging

Phase-cycled bSSFP imaging acquired with the CAIPI-SMS technique with an acceleration
factor of 3 is demonstrated for abdominal and heart in Fig. 8 and 9, respectively. Three
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aliased slices were successfully unfolded, and further combined to reduce the banding
artifacts. Due to the large FOV in abdominal imaging, multiple banding artifacts appeared in
the individual phase-cycled images, especially near the ribcage and within the abdominal
cavity (arrows). The banding artifacts were effectively suppressed in the maximum intensity
and sum-of-square combined images (Fig. 8). For cardiac imaging, banding artifacts also
appeared in individual phase-cycled images either near or in the myocardium (arrows),
which are suppressed in the combined images (Fig. 9). There is also artifact introduced by
the flowing spins in the presence of off-resonance in bSSFP imaging (e.g. 2"d phase of slice
3in Fig. 9). These flow related artifacts cannot be completed removed but are largely
suppressed in the combined images.

Discussions

In this work, a novel approach for time-efficient bSSFP banding reduction by utilizing
CAIPI-SMS imaging is presented. This technique exploits the inherent phase modulation of
CAIPIRINHA to acquire multiple phase-cycled bSSFP images. The imaging time of CAIPI-
SMS bSSFP is the same as that of a single-band bSSFP scan, however the amount of
imaging data acquired is multiplied by the SMS slice acceleration factor which matches the
number of phase cycling required for banding reduction. In the present study, we employed
two common signal combination algorithms — maximum intensity and sum of squares,
which showed promising results for banding reduction on brain, abdominal and cardiac
imaging. The performance of the proposed technique is expected to be further improved
with more advanced algorithms for recovering signal voids from phase-cycled images (12).
In the present study, we also noticed that the image contrast and signal intensity vary across
different phase-cycled bSSFP images due to the shifted off-resonance profile (see Fig. 9).
However, the combined images not only show reduced banding but also stable contrast
between tissues. This may facilitate clinical diagnosis and comparison of bSSFP images
across time.

In SMS imaging with CAIPIRINHA, coil sensitivity variations along both slice and phase
encoding directions are utilized (14). With the increasing availability of high-density phased
array RF coils, SMS imaging has drawn growing research interest in the past few years
(16,17). In the present study, we demonstrated that the presented technique can be applied in
brain imaging for efficient banding reduction using a 32-channel head coil. Potential
applications of the proposed CAIPI-SMS bSSFP technique for brain imaging include SSFP
based fMRI (7), MR angiography (MRA) and cerebrospinal fluid (CSF) imaging (6,23). In
addition, a proof-of-concept study was performed on the body with abdominal and cardiac
imaging, where the presented methodology may find wider applications, e.g., cardiovascular
MRI, where 2D multi-slice imaging has many advantages over 3D imaging and field
inhomogeneity is more severe than that in the brain. Since phase-cycled CAIPI-SMS images
are acquired consecutively in the proposed technique, motion between SMS acquisitions
may present a challenge especially for cardiac and abdominal imaging. With the use of
breath holding and cardiac triggering, we were able to effectively control motion for SMS
bSSFP imaging of body organs without performing offline image registration (see
supporting Fig. S1). Furthermore, non-rigid image registration algorithms can be applied to
minimize the motion effects before combination of phase-cycled images (24). Overall, the
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capability of acquiring multiple phase-cycled bSSFP images within a single scan is much
more advantageous than performing multiple phase-cycled bSSFP scans, especially for body
imaging.

In the present study, three schemes were proposed for the implementation of phase-cycled
CAIPI-SMS bSSFP. Scheme 1 represents the most straightforward technical
implementation, whereas scheme 2 and 3 involve temporally modulated phase cycling in
conjunction with CAIPIRINHA SMS imaging. From quantitative phantom results shown in
Fig. 4, the performance of scheme 1 and 2 are fairly comparable given the same g-factor for
SMS imaging. Scheme 3 offers higher SNR efficiencies than the rest of the techniques since
the MB inter-slice gap is larger for the interleaved acquisition. However, it is only suitable
for covering a relatively large volume with a high density of imaging slices. Therefore, the
three schemes of CAIPI-SMS bSSFP can be selectively applied for specific applications, and
scheme 2 and 3 are preferred since they provide complete set of phase-cycled images for all
slice positions. In this work, phase-cycled CAIPIRINHA shift was achieved by modulating
the phases of the MB RF pulses. An alternative approach to achieve the CAIPIRINHA shift
is to apply gradient blips in bSSFP imaging (25). The potential advantage of the gradient
blip approach is that MB slices would be acquired without different shifts along the off-
resonance profile, and phase cycling could be achieved in a conventional manner with
similar benefits as described above. This could be an interesting topic for future work.

While the advantage of the presented technique is reduction in scan time as compared to the
conventional phase cycling approach, specific absorption rate (SAR) of RF power increases
with the MB factor. We have not encountered a SAR limit in our experiments which were
carried out on 3T with a FA up to 51° and SMS factors up to 4. The potential SAR limit of
CAIPI-SMS bSSFP can be addressed with advanced MB RF pulse design that offers reduced
RF power deposition and peak power (26,27). Previous work (2) has shown that establishing
steady state of bSSFP signal is more challenging in the presence of off-resonance effects,
since the spin trajectory deviates from the simple oscillation around z. Similarly, since the
simultaneously excited slices in SMS bSSFP imaging are acquired with shifted off-
resonance profiles, it will take longer for SMS bSSFP signals to reach steady state compared
to standard bSSFP imaging. As demonstrated by both simulation and /in vivo experiments, a
longer ramp-up pulse train is required for the proposed CAIPI-SMS bSSFP technique.
Future work is required to develop more efficient magnetization preparation for CAIPI-SMS
bSSFP.

The proposed SMS bSSFP technique could be sensitive to eddy currents induced by varying
phase encoding gradients (28), given its requirement for accurate phase modulation with
CAIPIRINHA. In the present study, eddy current has not caused major artifact possibly due
to the linear A-space trajectory, which has small variation between consecutive encoding
steps. For alternative encoding schemes such as golden angle radial trajectories or
segmented phase encoding ordering for cardiac imaging, eddy currents may pose a challenge
for SMS bSSFP imaging.
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Conclusions

We introduced a novel approach for efficient banding reduction in bSSFP using phase-
cycled CAIPI-SMS imaging. The advantage of the proposed technique is the reduction in
scan time as compared to conventional phase cycling approach. Phase-cycled CAIPI-SMS
bSSFP images from the brain and body organs demonstrate the feasibility and effectiveness
of the proposed approach for banding reduction.
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Figurel.
Schematic diagram of the phase-cycled MB-3 bSSFP acquisition and the corresponding off-

resonance profile. (a-c) Different schemes to achieve phase-cycled CAIPI-SMS bSSFP
imaging. Each set of red, blue and green lines represent three slices that are excited and
readout simultaneously. Solid and dashed lines represent modulated phase-cycled bSSFP
acquisitions. (d) Magnitude (top) and phase (bottom) of bSSFP off-resonance profile.
Specifically, red, blue and green represent slices with a FOV/3, centered and - FOV/3 shift
along the phase encoding direction, or 21t/3, 0, -21t/3 shift in their off-resonance profiles.
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Simulated magnitude (top) and phase (bottom) of the MB-3 bSSFP signal with (a) 24 and
(b) 48 ramp-up preparation pulses. Red, blue and green slices match the color scheme used

in Fig. 1.
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MB-4

N=4

Figure 3.
Example un-aliased individual phase-cycled images acquired using (a) CAIPI-SMS bSSFP

with scheme 3 and (b) single-band bSSFP. A=2 (top), 3 (middle) and 4 (bottom) phase
cycling are shown. The location of banding artifacts shifts between different phase cycling.
The composite images are generated by maximum intensity and sum-of-squares
combination schemes.
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Figure 4.
Quantitative analysis of phase-cycled SMS bSSFP and single-band phase-cycled bSSFP. (a)

Percent ripple, and (b) SNR efficiency from the banding affected region.
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Figure5.
Un-aliased individual phase-cycled axial slices of the brain acquired using interleaved

CAIPI-SMS bSSFP with modulated phase cycling (scheme 3). The location of banding
artifacts shifts between different phase cycling. Composite images generated by maximum
intensity (left) and sum-of-squares (right) image combination at MB-2 (top), MB-3 (middle)
and MB-4 (bottom) acceleration are shown.
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Figure®6.
The effect of ramp up preparation pulses on multiple acquisition combined bSSFP images.

Maximum intensity combined images based on a CAIPI-SMS scan with acceleration factor
of 3 and a FOV/3 in-plane shift. (a) 24 and (b) 48 ramp-up preparation pulses.
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Figure 7.
Whole brain bSSFP images acquired with (a) interleaved CAIPI-SMS bSSFP with a SMS

factor of 4 and a FOV/4 shift, and (b) single-band bSSFP. Banding artifacts in the standard
bSSFP images (red arrows) are completely removed in the CAIPI-SMS combined images at
the corresponding locations.
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Figure8.
CAIPI-SMS bSSFP with MB-3 for abdominal imaging. Unfolded individual phase-cycled

images and the combined images with magnified views are shown.
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Figure9.
Enlarged sections of three short axis cardiac bSSFP images, acquired using CAIPI-SMS

bSSFP with a MB factor of 3 and a FOV/3 CAIPIRINHA shift. Unfolded individual phase-
cycled images and the combined images are shown.
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