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Fat-Water Separation with Alternating Repetition
Time Balanced SSFP

Tolga Çukur∗ and Dwight G. Nishimura

Balanced SSFP achieves high SNR efficiency, but suffers from
bright fat signal. In this work, a multiple-acquisition fat-water
separation technique using alternating repetition time (ATR) bal-
anced SSFP is proposed. The SSFP profile can be modified
using alternating repetition times and appropriate phase cycling
to yield two spectra where fat and water are in-phase and out-
of-phase, respectively. The signal homogeneity and the broad
width of the created in-phase and out-of-phase profiles lead to
signal cancellation over a broad stop-band. The stop-band sup-
pression is achieved for a wide range of flip angles and tissue
parameters. This property, coupled with the inherent flexibility
of ATR SSFP in repetition time selection, makes the method
a good candidate for fat-suppressed SSFP imaging. The pro-
posed method can be tailored to achieve a smaller residual
stop-band signal or a decreased sensitivity to field inhomogene-
ity depending on application-specific needs. Magn Reson Med
60:479–484, 2008. © 2008 Wiley-Liss, Inc.
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INTRODUCTION

Fully-refocused steady-state free precession (SSFP) imag-
ing (1–3) (also known as balanced SSFP, FIESTA, True-
FISP), provides high signal-to-noise ratio (SNR) efficiency.
However, the T1/T2 dependence of the SSFP signal causes
fat tissue to appear bright in the reconstructed images. The
tissues of interest usually have a comparable or smaller
balanced SSFP signal. Therefore, fat-water separation or fat
suppression methods have commonly been coupled with
SSFP imaging to improve depiction of the structures of
interest.

A number of interesting strategies have been devised for
reducing or suppressing the fat signal. The transient SSFP
signal can be manipulated during the course of acquisi-
tion (4,5). However, transient signal oscillations may lead
to artifacts (6), 3D imaging is difficult, and images can be
blurred due to overweighting of the central part of k-space.
The phase difference due to the chemical-shift between fat
and water can be used to separate the two components
using single and multiple acquisition techniques (7,8),
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though for these techniques, partial volume effects lead to
estimation errors.

A variety of effective SSFP fat suppression methods
reduce the fat signal by creating a stop-band around the
fat-resonance (9–14). Linear combination SSFP (LCSSFP)
(10) uses two separate phase-cycled acquisitions and com-
bines them to yield a spectral stop-band around the fat-
resonance. The width of the stop-band and the separation
between the pass- and the stop-band are determined by the
repetition time (TR). On the other hand, alternating repe-
tition time (ATR) SSFP (14) can create a broad stop-band
by aligning the spins precessing at the fat-resonance back
to the longitudinal axis. LCSSFP puts stringent limitations
on the optimal repetition times, whereas fat-suppressing
(FS) ATR SSFP allows for a broader range of repetition
times without significantly increasing the sensitivity to
homogeneity.

We propose a fat-water separation method comprising
in-phase and out-of-phase ATR SSFP images. The individ-
ual ATR SSFP spectra are flatter compared with regular
balanced SSFP, and the in-phase and out-of-phase pro-
files are nearly identical to each other. Therefore, the
proposed method creates a wide stop-band with a small
amount of remnant signal and an increased immunity to
field inhomogeneity. The inherent flexibility of ATR in the
selection of the repetition time allows for a greater range
of parameter prescriptions. A number of fat-suppressed
SSFP imaging applications may benefit from this tech-
nique such as musculoskeletal imaging (15), coronary
artery imaging (16), and peripheral and renal angiography
(17,18).

THEORY

Alternating TR SSFP uses two separate repetition times,
TR1 and TR2, consecutively. The RF excitations, RF1 and
RF2 (at the beginning of periods of duration TR1 and TR2),
have the same flip angle. Assuming only the TR1-period is
used for acquiring data and TR2 is relatively short, the main
task for this second period is changing the shape of the fre-
quency response to create a stop-band with an appropriate
phase-cycling scheme (14). The magnetization at the fre-
quency of the stop-band null should be longitudinal during
the acquisition period (TR1). Following the terminology in
Ref. 14, the resulting relationship between the repetition
times and the phase of the second RF pulse (ψ2) is,

ψ2 = 360◦τ/(τ + 1), [1]

where τ = TR2/TR1. Fat suppression can be achieved if the
separation between the centers of the pass- and the stop-
band determined by 1/(TR1+TR2) equals the frequency
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shift between fat and water. At 1.5 T, this corresponds to
the following condition,

TR1 + TR2 = 4.6 ms. [2]

The phase of the signal has 180◦ jumps across the signal
nulls inherent in SSFP sequences. Furthermore, there is a
null at the center of the stop-band and another at the tran-
sition from the stop-band to the pass-band. As a result, the
signal for frequencies to the right of the stop-band null is
out-of-phase with the pass-band signal. On the other hand,
the signal for the frequencies to the left of the stop-band
null is in-phase with the pass-band signal. Since the loca-
tion of the stop-band null can be adjusted by changing ψ2,
the in-phase or out-of-phase portions can be selectively
extended.

If the stop-band null is shifted to the boundary between
the pass- and stop-bands; i.e., halfway between the water
and fat resonances (approximately −110 Hz at 1.5 T), by
decreasing ψ2, the entire band around the fat-resonance
becomes in-phase with the on-resonance water signal. On
the other hand, increasing ψ2 creates an equal amount
of shift in the other direction (to −330 Hz at 1.5 T)
and yields a fat signal out-of-phase with the water sig-
nal. It is important to note that changing ψ2 affects the
shape of the stop-band profile and turns it into a rela-
tively flat pass-band. The exact values for the phase of
the second RF pulse that yield the desired signal profiles
are,

ψ
i,o
2 =

{
180◦τ/(1 + τ ), for in-phase fat signal,
540◦τ/(1 + τ ), for out-of-phase fat signal.

[3]

The resulting in-phase (ψ i
2 = 45◦) and out-of-phase (ψo

2 =
135◦) magnetization profiles for α = 60◦, TR1/TR2/TE =
3.45/1.15/1.725 ms and the T1/T2 ration = 1000/200 ms
(for arterial blood) are displayed in Fig. 1a. It is impor-
tant to note that there is a phase difference between the
pass-band signals of the different profiles. This phase
difference does not depend on the flip angle and the
T1/T2 ratio of the tissue. Therefore, it is a constant
number for a given prescription of sequence parame-
ters. The water-only image can be obtained by a sum-
mation of the in-phase and out-of-phase profiles after
the compensation of this phase difference. Similarly, a
subtraction following this compensation yields the fat
image. The water-only and fat-only spectra are shown
in Fig. 1b. A balanced SSFP sequence has a symmet-
ric steady-state because subsequent precession intervals
(TRs) are identical. However, the inherent asymmetry
in ATR SSFP allows for a greater amount of preces-
sion in TR1 without creating a signal null (19), result-
ing in a broader and flatter pass-band. The cancellation
of the fat signal in the stop-band is due to this flat
shape of the in-phase and out-of-phase magnetization
profiles.

Looking at Fig. 1b, it can be observed that the fat-only
profile can also be used for fat-suppression if the center
of its pass-band for the fat-only spectrum is shifted to the
water-resonance. This shift can be achieved by changing

FIG. 1. (a) The in-phase (ψ i
2 = 45◦) and out-of-phase (ψo

2 =
135◦) magnetization profiles for the frequency range [−600 200] Hz,
α = 60◦, and TR1/TR2/TE = 3.45/1.15/1.725 ms assuming T1/T2
= 1000/200 ms. Note the phase difference between the out-of-phase
and in-phase profiles at −220 Hz. (b) The summation and subtraction
of the in-phase and out-of-phase profiles after compensation for the
phase difference yield the water-only and fat-only spectra respec-
tively. (c) The in-phase (ψ i

2 = 45◦) and out-of-phase (ψo
2 = −45◦)

magnetization profiles. (d) The corresponding water-only and fat-only
spectra.

the phase of the second RF pulse:

ψ
i,o
2 =

{
180◦τ/(1 + τ ), for in-phase fat signal,

−180◦τ/(1 + τ ), for out-of-phase fat signal.
[4]

The resulting in-phase (ψ i
2 = 45◦) and out-of-phase (ψo

2 =
−45◦) magnetization profiles are displayed in Fig. 1c. The
water-only and fat-only spectra are shown in Fig. 1d. At
the expense of a 10.52 percent reduced signal compared
with the ψ

i,o
2 = (45◦, 135◦) pair, the water-only profile for

the ψ
i,o
2 = (45◦, −45◦) pair has a broad stop-band with

approximately 1/τ times the width of the pass-band.
The proposed method offers flexibility in the selection

of the parameters TR1 and TR2 as it is based on ATR
SSFP. In addition, a range of total TR (TR1+TR2) values
can be prescribed without significantly compromising the
stop-band suppression. As the total TR is increased, the
widths of the stop- and pass-bands (∝ 1/(TR1 + TR2)) will
be smaller. The center of the profile (midway between the
centers of the pass- and stop-bands) can be aligned with
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a point halfway between the fat- and water-resonances.
Given the fat-water frequency separation �ffat−water (< 0),
the required frequency shift �f is:

�f = |�ffat−water| − 1/(TR1 + TR2)
2

. [5]

Equivalently the phase of the RF1 and RF2 pulses can be
selected to yield the desired frequency shift. The following
terms should be added to the phase increment between the
RF1 pulses (φ1) and the RF2 pulses (ψ i,o

2 ) respectively:

�φ1 = −360◦(TR1 + TR2)�f , [6]

�ψ2 = −360◦(TR1)�f . [7]

The similarity between the in- and out-of-phase profiles
over the fat-resonance is higher for the ψ

i,o
2 = (45◦, 135◦)

pair. As a result, the stop-band suppression of this pair is
more robust than that of the ψ

i,o
2 = (45◦, −45◦) pair. On the

other hand, the ψ
i,o
2 = (45◦, −45◦) pair has a slightly broader

pass-band and a very broad stop-band. Hence, there is a
trade-off between the broadness of the bands and the level
of stop-band suppression, comparing the two pairs. If the
stop-band width of the ψ

i,o
2 = (45◦, 135◦) pair is enough,

it will yield better suppression. In contrast, the increased
band-broadness of the latter pair achieves more robust fat-
suppression in the presence of high field-inhomogeneities,
at higher field strengths, or with longer TR1+TR2.

The increased frequency separation between fat and
water at 3 T would suggest the use of TR1+TR2 = 2.3 ms
for the ψ

i,o
2 = (45◦, 135◦) pair. If this constraint cannot be

satisfied, then TR1 (3.45 ms) and TR2 (1.15 ms) can be
kept the same while the frequency responses of the in-
and out-of-phase profiles are shifted to align the stop-band
with the fat-resonance (−440 Hz at 3 T). Leupold et al.
proposed using ψ2 = 180◦ to achieve this alignment for
the FS-ATR profile (14). Similarly, adding 90◦ to the orig-
inal ψ

i,o
2 = (45◦, 135◦) pair -such that ψ

i,o
2 = (135◦, 225◦)-

shifts the stop-band to the desired location. The profile for
the ψ

i,o
2 = (45◦, −45◦) pair already has a stop-band around

the fat-resonance; therefore, no change in the phase cycling
scheme is required.

METHODS

The average remnant stop-band signal compared with the
pass-band signal can serve as an appropriate measure for
the effectiveness of the stop-band suppression. This mea-
sure can be used to analyze the robustness of a given
method to variations in tissue and scan parameters, and to
allow a fair comparison between different methods. Simu-
lations were performed to compute the ratio of the average
pass-band signal (±80 Hz around the water-resonance)
to the average stop-band signal (±80 Hz around the fat-
resonance) for two different flip angles (α = 30◦ and 60◦),
a broad range of T1/T2 ratios (1–10) to be found in vivo,
and a practically useful range of TR2/TR1 (τ ) ratios (0.2–
0.5, while TR1+TR2 = 4.6 ms). The pass-band to stop-band
signal ratios were simulated for LCSSFP, FS-ATR, and the
proposed method. For LCSSFP, TR = 2.3 ms and TE = 1.15
ms were assumed. For FS-ATR and the proposed method,
TR1 = 3.45 ms, TR2 = 1.15 ms and TE = 1.725 ms were used.

To verify the proposed method, 3D images of a water
bottle were acquired with the following scan parameters:
α = 60◦, TR1/TR2/TE = 3.45/1.15/1.7 ms, 2 mm isotropic
resolution, ±125 kHz BW. A linear field gradient was
applied along the readout direction to generate spatially
varying precession frequency. Two sets of in-phase and
out-of-phase images were acquired, corresponding to the
ψ

i,o
2 = (45◦, 135◦) and ψ

i,o
2 = (45◦, −45◦) pairs.

Calf images were acquired with a 3D ATR SSFP sequence
on 1.5 T and 3 T GE Signa Excite scanners. At 1.5 T, the
ψ

i,o
2 = (45◦, 135◦) and FS-ATR (ψ2 = 90◦) methods were

compared. The only parameters changed from the phantom
acquisition were an FOV of 26 cm, an isotropic resolu-
tion of 1 mm and a total acquisition time of 2:30 for the
ψ

i,o
2 = (45◦, 135◦) pair. To demonstrate fat suppression at

high field, the same 3D ATR SSFP sequence prescription
was used. The ψ

i,o
2 = (135◦, 225◦), ψ

i,o
2 = (45◦, −45◦) and

FS-ATR (ψ2 = 180◦) methods were compared.
LCSSFP images acquired at 1.5 T were also compared

with the ψ
i,o
2 = (45◦, 135◦) and ψ

i,o
2 = (45◦, −45◦) methods.

The aforementioned 3D ATR SSFP sequence was used with
the same parameters. The LCSSFP sequence used the same
scan parameters except for TR = 3.3 ms and TE = 1.45 ms.

Three volunteers were scanned for the experiments per-
formed at 1.5 T, whereas data from a single volunteer is
presented for the 3 T study. IRB consent was obtained from
all subjects. Quantitative analysis of the level of fat suppres-
sion was performed by computing the highest fat-to-muscle
contrast-to-noise ratio (CNR) and contrast observed in an
image. On the other hand, blood-to-muscle CNR and con-
trast were used to quantify the loss in blood vessels. The
measurements from all volunteers were averaged.

RESULTS

The pass-band to stop-band signal ratio was computed for
the ψ

i,o
2 = (45◦, 135◦) and ψ

i,o
2 = (45◦, −45◦) combina-

tions. The flatness of the in-phase and out-of-phase profiles
increases with higher flip angles, yielding better stop-band
suppression. The highest level of suppression is achieved
for τ within the range [0.25–0.4]. On the other hand, the
sensitivity of the ratio to T1/T2 is very low. The stop-
band suppression for the ψ

i,o
2 = (45◦, −45◦) combination is

lower; however, the increased stop-band width will yield
improved suppression with high field-inhomogeneities.

The average pass-band to stop-band signal ratios for FS-
ATR, LCSSFP, and the proposed methods are compared
in Fig. 2. All methods are relatively insensitive to the
T1/T2 ratio; however, they display a stronger flip-angle
dependency. The stop-band suppression of the single-
acquisition FS-ATR method is less effective than the
multiple-acquisition methods considered. As predicted by
the previous simulation, the performance of the proposed
method improves at higher flip angles. The sequence of
ψ

i,o
2 = (45◦, 135◦) outperforms LCSSFP for the whole range

of flip angles and tissue parameters except for a small vicin-
ity around α = 30◦. Furthermore, LCSSFP restricts the
TR to 2.3 for optimal performance, whereas the proposed
method does not place stringent limitations on TR.

The fat-suppressed phantom images for the ψ
i,o
2 =

(45◦, 135◦) and ψ
i,o
2 = (45◦, −45◦) combinations are shown

in Fig. 3, where the wide stop-bands yield a minimal
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FIG. 2. The ratio of the average pass-band signal to the average
stop-band signal was simulated for a range of T1/T2 ratios, flip angles
and various suppression methods: (displayed in logarithmic scale)
(a) FS-ATR, (b) LCSSFP, (c) ψ

i ,o
2 = (45◦, −45◦) and (d) ψ

i ,o
2 =

(45◦, 135◦). The proposed method (ψ i ,o
2 = (45◦, 135◦)) achieves

better suppression than LCSSFP for the whole range of simulation
parameters except in the small vicinity of α = 30◦. The performance
of the proposed method improves with increasing flip angle. The sig-
nal ratio of FS-ATR is lower compared to the multiple-acquisition
methods.

remnant signal. The ψ
i,o
2 = (45◦, −45◦) combination creates

a broader stop-band as predicted.
Figure 4a shows axial and coronal slices along with the

corresponding maximum-intensity-projections (MIPs) for
the FS-ATR (ψ2 = 90◦) and ψ

i,o
2 = (45◦, 135◦) acquisitions

at 1.5 T. The proposed method achieves greater suppression
than FS-ATR as shown by the superior vessel depiction in
the MIPs. There are regions with visible residual fat as a
result of the remnant stop-band signal in the water images
reconstructed with the proposed method. It is important
to note that the ψ

i,o
2 = (45◦, −45◦) pair would not improve

the level of suppression, as these regions are within the
stop-band width of the ψ

i,o
2 = (45◦, 135◦) pair.

Sagittal and coronal thin slab MIPs of the 3 T calf
images are shown in Fig. 4b for the FS-ATR (ψ2 = 180◦),
ψ

i,o
2 = (135◦, 225◦) and ψ

i,o
2 = (45◦, −45◦) methods. Both

multiple-acquisition methods achieve better fat suppres-
sion than FS-ATR; however, the field inhomogeneity limits
the performance of the ψ

i,o
2 = (135◦, 225◦) combination.

On the other hand, the broader stop-band achievable with
the ψ

i,o
2 = (45◦, −45◦) pair yields improved fat suppression

with minimal remnant fat signal.
Figure 5 displays sagittal and axial slices for the LCSSFP,

ψ
i,o
2 = (45◦, 135◦), and ψ

i,o
2 = (45◦, −45◦) acquisitions at 1.5

T. The field inhomogeneity limits the level of fat suppres-
sion with the LCSSFP and ψ

i,o
2 = (45◦, 135◦) methods. In

contrast, the broad stop-band of the ψ
i,o
2 = (45◦, −45◦) pair

yields improved fat suppression.
The mean fat-to-muscle (CNR, contrast) measurements

among the subjects for the studies conducted at 1.5 T
were as follows: (15.73, 3.77) for FS-ATR, (28.02, 4.03)
for LCSSFP, (10.58, 2.31) for ψ

i,o
2 = (45◦, 135◦), and (2.07,

1.06) for ψ
i,o
2 = (45◦, −45◦). Both the ψ

i,o
2 = (45◦, 135◦) and

ψ
i,o
2 = (45◦, −45◦) methods achieve a higher level of fat

suppression than FS-ATR and LCSSFP. Furthermore, the
ψ

i,o
2 = (45◦, −45◦) pair performs better because of its broad

stop-band. The following mean blood-to-muscle (CNR,
contrast) values were measured: (9.95, 2.50) for FS-ATR,
(13.63, 2.53) for LCSSFP, (11.6, 2.71) for ψ

i,o
2 = (45◦, 135◦),

and (12.71, 2.74) for ψ
i,o
2 = (45◦, −45◦). All methods

yield similar blood-to-muscle contrast; however, LCSSFP

FIG. 3. Phantom images were
acquired with in-phase and out-
of-phase 3D ATR SSFP profiles,
where off-resonance was gen-
erated with a linear field gra-
dient across the readout direc-
tion (horizontal). Water images
were reconstructed from the two
sets of in-phase and out-of-phase
images with the corresponding
ψ2 pairs, ψ

i ,o
2 = (45◦, 135◦) and

ψ
i ,o
2 = (45◦, −45◦). The ψ

i ,o
2 =

(45◦, −45◦) pair creates a broader
stop-band.
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FIG. 4. Comparison of FS-ATR and the proposed method at two different field strengths: (a) 1.5 T, (b) 3 T. (a) Coronal and axial slices for
the FS-ATR and ψ

i ,o
2 = (45◦, 135◦) acquisitions at 1.5 T are displayed along with the corresponding MIPs. The arrows point to the region

where the proposed method achieves better fat suppression than the FS-ATR method. Improved fat suppression of the proposed method
results in superior depiction of the vasculature in the MIPs. However, regions with visible residual fat signal still exist in the images produced
with the proposed method as a result of the remnant stop-band signal. (b) Sagittal and coronal thin slab MIPs of the calf acquisitions at
3 T are displayed for the FS-ATR (ψ2 = 180◦), ψ

i ,o
2 = (135◦, 225◦) and ψ

i ,o
2 = (45◦, −45◦) methods. The ψ

i ,o
2 = (135◦, 225◦) combination

achieves better fat suppression than FS-ATR. However, the range of off-resonant frequency variation limits the amount of suppression. The
ψ

i ,o
2 = (45◦, −45◦) combination achieves the highest level of fat suppression due to its broad stop-band.

provides slightly higher SNR than the other methods as
indicated by the higher CNR.

The maximum fat-to-muscle (CNR, contrast) measured
at 3 T were: (25.97, 7.03) for FS-ATR, (18.65, 4.96) for
ψ

i,o
2 = (135◦, 225◦), and (6.94, 2.27) for ψ

i,o
2 = (45◦, −45◦).

The blood-to-muscle (CNR, contrast) pairs were as fol-
lows: (17.48, 3.30) for FS-ATR, (25.30, 3.96) for ψ

i,o
2 =

(135◦, 225◦), and (19.46, 3.15) for ψ
i,o
2 = (45◦, −45◦). Simi-

lar blood-to-muscle contrast is observed with all methods;
however, the ψ

i,o
2 = (135◦, 225◦) method yields the highest

SNR as expected.

DISCUSSION AND CONCLUSION

We proposed a multiple-acquisition fat-water separation
method comprising in-phase and out-of-phase ATR SSFP
images. The increased homogeneity of the in-phase and
out-of-phase profiles compared to regular SSFP yields
effective stop-band suppression with minimal remnant
signal. The proposed method achieves better fat suppres-
sion than the single-acquisition ATR SSFP method, and
outperforms LCSSFP at relatively high flip angles.

Acquisitions with modified spectral responses have been
widely used for fat-water separation or fat suppression pur-
poses in SSFP imaging. A disadvantage of the spectrally
selective acquisitions is the restriction on possible TRs.
LCSSFP is limiting in this sense, with an optimal TR of
2.3 ms at 1.5 T. Although longer TRs can be prescribed,
the sensitivity to field inhomogeneity will be increased. In
contrast, methods comprising ATR SSFP acquisitions do
not incur the stringent limitations of LCSSFP on TR.

Even though the spectrally-shaped stop-bands are usu-
ally broad, the remnant stop-band signal can be signifi-
cant in single-acquisition methods like FS-ATR. Multiple-
acquisition spectrally-selective methods achieve superior
suppression compared to these methods. The ψ

i,o
2 =

(45◦, 135◦) pair outperforms FS-ATR; however, regions
of poor fat suppression can be seen in the lower leg
images as a result of the residual stop-band signal. When
the field-inhomogeneity variation exceeds the width of
the ψ

i,o
2 = (45◦, 135◦) stop-band, the ψ

i,o
2 = (45◦, −45◦)

method can be used at the expense of slightly reduced
SNR.
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FIG. 5. Sagittal and axial calf images are shown for LCSSFP, and
the ψ

i ,o
2 = (45◦, 135◦) and ψ

i ,o
2 = (45◦, −45◦) pairs. The ψ

i ,o
2 =

(45◦, −45◦) method achieves the highest level of suppression, at the
expense of a lower SNR.

A drawback of the proposed method, like any multiple-
acquisition method, is the lengthened minimum scan time.
In addition, the sequential acquisition of the images may
increase the susceptibility to artifacts due to patient motion
for relatively long scans. When motion related artifacts are
significant (e.g., 3D abdominal imaging), image registration
might be needed.

Despite these limitations, the proposed method extends
the applicability of fat-suppressed SSFP imaging by allow-
ing a wide range of imaging parameter selections. Appli-
cations such as cardiac imaging and angiography, where
high flip angles are used, may benefit from the improved
performance of the method. Increased immunity of the
stop-band suppression to off-resonant frequency varia-
tion can be favorable for high-field and 3D imaging.
Finally, any imaging application—where large field inho-
mogeneity is expected—would greatly benefit from this
method without the need for long and complex shimming
procedures.
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