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1 | INTRODUCTION

Diffusion-weighted imaging provides a powerful tool for
diagnosing conditions related to the pathological changes
in tissue microstructure.’? Although diffusion-weighted

Purpose: Two-dimensional (2D) echo-planar radiofrequency (RF) pulses are widely used
for reduced field-of-view (FOV) imaging in applications such as diffusion-weighted imag-
ing. However, long pulse durations render the 2D RF pulses sensitive to off-resonance
effects, causing local signal losses in reduced-FOV images. This work aims to achieve
off-resonance robustness for 2D RF pulses via a sheared trajectory design.

Theory and Methods: A sheared 2D RF pulse design is proposed to reduce pulse dura-
tions while covering identical excitation k-space extent as a standard 2D RF pulse. For
a given shear angle, the number of sheared trajectory lines is minimized to obtain the
shortest pulse duration, such that the excitation replicas are repositioned outside the slice
stack to guarantee unlimited slice coverage. A target fat/water signal ratio of 5% is chosen
to achieve robust fat suppression.

Results: Simulations, imaging experiments on a custom head and neck phantom, and in
vivo imaging experiments in the spinal cord at 3 T demonstrate that the sheared 2D RF
design provides significant improvement in image quality while preserving profile sharp-
nesses. In regions with high off-resonance effects, the sheared 2D RF pulse improves the
signal by more than 50% when compared to the standard 2D RF pulse.

Conclusion: The proposed sheared 2D RF design successfully reduces pulse durations,
exhibiting significantly improved through-plane off-resonance robustness, while pro-
viding unlimited slice coverage and high fidelity fat suppression. This method will be
especially beneficial in regions suffering from a variety of off-resonance effects, such as

spinal cord and breast.

KEYWORDS

2D RF pulse, fat suppression, multislice imaging, off-resonance robustness, reduced
field-of-view imaging, sheared trajectory

imaging gained its popularity due to its capability of early
detection of brain ischemia and cancer,*° it has found a
wide range of clinical usage outside the central nervous
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system for abdominal tissues and organs such as the breast,
prostate, and endometrium.”!! Single-shot echo-planar
imaging (ssEPI) is by far the most commonly used imag-
ing sequence in diffusion-weighted imaging because of its
speed and robustness against motion-induced artifacts,
despite the associated off-resonance distortions.>!> Mul-
tishot techniques such as readout-segmented EPIL,!'31
short-axis propeller EPL' and interleaved EPT'71° were
developed to reduce echo train while keeping the number
of shots limited in order to constrain both off-resonance
and motion-induced artifacts. In addition, reduced
field-of-view (FOV) ssEPI has been proposed to improve
in-plane off-resonance robustness by limiting the FOV
along the phase-encoding (PE) direction, enabling a signif-
icant reduction in the number of PE lines without causing
aliasing artifacts.?>3 Applications of reduced-FOV tech-
niques such as outer volume suppression?! reinforced with
parallel imaging,’**> zonal oblique multislice (ZOOM)
EPL,**?” and two-dimensional echo-planar RF (2D RF)
pulse excitation?>2?® together with several combinations
of the provided reduced-FOV techniques®® have been
demonstrated successfully in various regions. In partic-
ular, due to its fat suppression capability and sharp slab
profile features,?? reduced-FOV imaging with 2D RF pulse
excitation has been widely applied in regions that typi-
cally suffer from off-resonance artifacts such as the spinal
cord, prostate, and breast.539:30-32

Despite the improved robustness provided by 2D RF
based reduced-FOV ssEPI against in-plane off-resonance
distortions, several issues still need to be addressed. Firstly,
traversing the excitation k-space in 2D requires longer
pulse durations, which in turn increases through-plane
off-resonance sensitivity. This sensitivity can cause regions
with large susceptibility differences to suffer from a signal
loss.?? Furthermore, 2D RF excitations generate replicas
along the blipped (i.e., discretely sampled) axis. Assign-
ing the blipped axis as the slice-selection (SS) axis grants
important advantages to this technique, such as inherent
fat suppression capability and sharp slab profiles. How-
ever, as a trade-off, this assignment limits the slice cover-
age during multislice imaging, since any overlap between
the replicas and the prescribed slice stack causes a signifi-
cant signal loss due to partial saturation effects. While one
can adjust the design parameters to extend the distance
between the replicas, the resulting 2D RF pulses have even
longer durations, further increasing the aforementioned
off-resonance sensitivity.??

One approach to enhance through-plane off-resonance
robustness is adaptive 2D RF pulse design using a By
field map acquired prior to imaging.** Although this tech-
nique successfully reduces the off-resonance-based arti-
facts without compromising from RF pulse performance,
the need to obtain an additional B, field map and to
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redesign a new 2D RF pulse for each subject and each
region of interest (ROI) reduces the feasibility of this tech-
nique in clinical settings. Another approach is the usage
of a second-order shim gradient (Z2) together with a
spatial-spectral RF pulse to excite a disk-shaped reduced
FOV.3*3> While this method achieved a reduction in pulse
duration, the low strength of Z2 gradient in commercial
MRI systems limits its performance. Previously, two differ-
ent tilted 2D RF pulse designs were proposed to reposition
the replicas along a tilted axis via rotating the excitation
k-space trajectory.**® One of these techniques assigned
the blipped axis as the PE-axis, and prioritized pulse dura-
tion reduction to enhance off-resonance robustness with-
out considering the fat suppression capability as a crite-
rion.?® The second technique assigned the blipped axis as
the SS-axis, providing unlimited slice coverage together
with robust fat suppression, without any improvement
in off-resonance robustness.?* This second technique has
been successfully applied in various target regions such as
the pancreas and prostate.3”-38

In this work, we propose a sheared 2D RF pulse design
to achieve a significant improvement in through-plane
off-resonance robustness by decreasing the pulse duration
through a sheared coverage of the excitation k-space. The
proposed technique further provides unlimited slice cover-
age while preserving profile sharpness and fat suppression
capability. The sheared and standard 2D RF pulses are
compared via extensive simulations, including analyses on
pulse duration, profile sharpness, fat suppression capa-
bility, and signal comparison under off-resonance effects.
In addition, phantom experiments in a custom head and
neck phantom and in vivo imaging experiments in the
spinal cord at 3T are presented to compare full-FOV
ssEPI images and reduced-FOV ssEPI images with the
sheared and standard 2D RF pulses. The results show that
the sheared 2D RF design achieves reduced pulse dura-
tions and high fidelity fat suppression for a wide range
of design parameters needed for reduced-FOV imaging, as
well as a wide range of scanner hardware limits. Further-
more, the proposed technique accomplishes significant
improvement in the off-resonance robustness, demon-
strating reduced-FOV images with increased signal levels
especially in regions that suffer from high off-resonance
effects.

2 | THEORY

21 |
design

Standard 2D echo-planar RF pulse

Standard 2D RF pulses enable independent design of slice
profile along SS-axis and slab profile along PE-axis. In this
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FIGURE 1  The k-space trajectories and radiofrequency

(RF)/gradient waveforms for standard and sheared two-dimensional
(2D) RF pulses. (A) Excitation k-space trajectories for a standard 2D
RF pulse and a sheared 2D RF pulse with § = 63.25°, reducing Ny,
from 40 to 14. Direct shearing (green) yields inefficient k-space
coverage, whereas the proposed tailoring (blue) achieves identical
k-space coverage as the standard 2D RF pulse. The dashed lines
correspond to the rephasing gradient lobes during which the RF
pulse is off. The RF and gradient waveforms for (B) the standard
and (C) the sheared 2D RF pulses, with 16.0 and 11.0 ms pulse
durations, respectively. The sheared design enables 31% reduction
in pulse duration for this case. For both pulses, VERSE was utilized
to minimize pulse durations within the hardware limits. The design
parameters were FOVpg = 40 mm, Az = 4 mm, TBWgg = 3, and
TBWpg = 8. For the standard 2D RF pulse, N, = 16.

work, the fast and blipped directions of the echo-planar
k-space trajectory correspond to PE- and SS-axes, respec-
tively (see Figure 1A). The resulting 2D excitation profile
features replicas and a relative shift of the fat profile, both
along the blipped SS-direction as seen in Figure 2A. In
a spin echo sequence, both fat and the replicas can be
suppressed using a 180° refocusing RF pulse selective in
the SS-axis. Under the small tip angle approximation, a
standard 2D RF pulse can be designed as follows:3%4°

Standard 2DRF
Excitation Profile

Sheared 2DRF
Excitation Profile

180° RF
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(©) Slice (SS) [cm]
FIGURE 2 The excitation profiles for standard and sheared

two-dimensional (2D) radiofrequency (RF) pulses. (A) The 2D
excitation profile for the standard 2D RF pulse has replicas along
the slice-selection (SS)-axis, limiting the slice coverage to

Nmax = 16. (B) The sheared 2D RF pulse with 6 = 63.25° repositions
the replicas along the sheared axis, removing slice coverage
limitations. For both 2D RF pulses, both the displaced fat profiles
and the replicas can be suppressed using a subsequent 180°
refocusing RF pulse that is selective in SS-axis (dashed red lines).
(C) One-dimensional central cross-sections of water profiles along
phase-encoding and SS-axes demonstrate that the sheared design
preserves profile sharpnesses along both axes. The design
parameters were identical to those in Figure 1.

By (1) = Cr(a) Wikss(t), kpe(1) 1G]z 1)

Here, kss(t) and kpg(¢) are the SS and PE components
of the k-space trajectory, respectively. C;(a) is a constant
that adjusts the flip angle a, W is the excitation k-space
weighting to achieve the desired 2D excitation profile, and
[|G(t)]2 is the £;-norm of the gradient vector that scales the
RF pulse according to k-space trajectory speed. The profile
thicknesses can be calculated as follows:
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TBW
Kss

FOVpg = %. ()
PE

Here, Az and FOVpg are the slice and slab thicknesses,
respectively, and Kss and Kpg are the covered k-space
extents along the SS- and PE-axes, respectively. Addi-
tionally, TBWgs and TBWpg are time-bandwidth products
(TBW) describing the slice and slab sharpness, respec-
tively. The separation between the replicas along the
SS-direction is:

1 Noip Nbiip

= Az, (3)

Adss = = -
ST Akss  Kss  TBWss

where Aksg is the distance between the consecutive tra-
jectory lines, and Nyip is the number of blips in the SS
gradient waveform. During a multislice acquisition, any
overlap of the targeted slice with the replica profiles of
other slices can cause a signal loss due to partial satu-
ration.??> The maximum number of slices, Nmax, that can
be imaged while avoiding such a signal loss is defined as
the number of slices that can fit between two consecutive
replicas,?? that is,

_ Adss  Nuip

N, = .
T Az T TBWgs

4)

An increase in Np.x can be achieved by either
increasing Nyjip or reducing TBWsg, with the trade-offs
of increased 2D RF pulse duration or reduced profile
sharpness, respectively. Note that this definition of Ny,
assumes infinitely sharp slice profiles, that is, ignores the
relatively minor effect of the overlaps between the tails of
consecutive slices.??

As shown in Figure 2A, the chemical shift of fat
causes the fat profile to be displaced along the blipped
SS-direction. This relative displacement, Ad, is expressed
as follows:

_ Tfast Af _ Nblip Tfast Af Az = Af

Ad = = = Az. 5
Akss TBWSS BWSS & ( )

Here, Tt is the duration of each trajectory line and
BWg;s is the bandwidth along the SS-direction, such that
TBWss = Nuiip Ttast BWss. In addition, Af is the resonance
frequency difference between fat and water. Note that Ad
can be quite prominent for 2D RF pulses due to low BWgs.
In fact, setting BWgs < Af achieves a complete separation
of fat and water profiles (i.e., Ad > Az), enabling a sub-
sequent 180° RF pulse to suppress the fat signal.?> While
the fat profile is also displaced along the PE-direction,
the fast movement in kpg causes this displacement to be
negligibly small when compared to FOVpg. In addition,

the displacement in the PE-direction has no effect on fat
suppression, since the 180° RF pulse is selective in the
SS-direction only.

Under off-resonance effects such as B, field inhomo-
geneities or susceptibility differences, the 2D excitation
profile experiences a shift along the blipped SS-direction,
which can also be calculated using Equation (5) with Af
corresponding to the off-resonance frequency this time.
Since 2D RF pulses have long pulse durations, BWss is
considerably smaller than that of a typical 180° RF pulse.
Therefore, for a fixed Af, the excitation profile of the 2D
RF pulse experiences a considerably larger shift along the
SS-direction when compared to that of the 180° RF pulse.
The resulting mismatch between the excitation and refo-
cusing profiles prevents complete refocusing of the excited
slice, causing an effective loss of signal. This signal loss is
position dependent due to the position dependence of Af,
causing an in-plane variability in the signal level. For fixed
TBWss, longer 2D RF pulses have lower BWgg, exhibiting
increased off-resonance sensitivity. Note that while the 2D
profile also shifts along the PE-direction, this shift is neg-
ligibly small and does not affect the mismatch with the
refocusing profile, which acts along the SS-direction only.

Overall, Equations (4) and (5) show that robustness
against off-resonance effects can be achieved only at the
expense of reduced Ny, or reduced Ty, where the latter
can only be achieved by reducing TBWpg. Hence, standard
2D RF pulses exhibit a trade-off between off-resonance
robustness versus slice coverage and/or slab profile sharp-
ness.

2.2 |
design

Sheared 2D echo-planar RF pulse

Using a small tip angle approximation, the excitation pro-

file of a 2D RF pulse can be written as:340

M(z,y) = Co(a) F~H {W(kss, kep)S(kss, keg)} . (6)

Here, zand y correspond to the SS- and PE-axes, respec-
tively, F~! denotes inverse Fourier transformation. C,(a)
contains all scaling parameters to set the flip angle a, and
S is the unit sampling function induced by the excitation
k-space trajectory. For a standard 2D RF pulse, covering
kpg axis continuously and kss axis discretely, S can be
expressed as a summation of line impulses:

S(kss, kpg) = Z 6(kss — n Akss). (7

n=-—o0o0

Using Equation (6), the excitation profile for a standard
2D RF pulse can then be derived as:
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(s

Z—n Adss y
M = 8
@y)= Y w ( e Fova> .®

n=-—o0o

where

w <Aiz ﬁ) = Co@) P (Wikss. kep)) . (9)

Here, w denotes the desired 2D excitation profile
(i.e., slice/slab thicknesses and sharpnesses) and Co(a) =
Cy(a) Adss is a constant. Equation (8) confirms that
the 2D excitation profile contains replicas along the
SS-direction separated at Adss distances, as previously
given in Equation (3).

The slice coverage limitation can be removed if the
replicas are pushed outside the slice stack along the
SS-direction. To achieve this, we propose to cover the exci-
tation k-space using a sheared trajectory, as shown in
Figure 1A. For shearing with angle 6 applied to kss axis,
the sheared version of S can be expressed as a summation
of sheared line impulses, that is,

Sshear(kSSa kPE)

|C (9)|S(kss + kpg tan(@), kpg)

| Cos(9)| Z 6(kss + kpg tan(f) — n Akss),  (10)

where the scaling by | cos(f)| normalizes the sheared line
impulses. Using Equation (6), the excitation profile for the
sheared 2D RF pulse can then be derived as:

(s3] Z _
Mghear(2,y) = Z w <

n=—oo

nAdss y— nAdss tan(6)
AZ ’ FOVPE > '
11
Accordingly, shearing does not change the profiles of
the individual replicas, but only repositions them along the
sheared axis, as displayed in Figure 2B. These replicas are
separated at Adss and Adgs tan(@) distances along the SS-
and PE-directions, respectively, indicating that there is an
angle 6 between the sheared axis and the SS-axis. If the
separation along the PE-direction is greater than FOVpg,
the replicas are completely pushed outside the slice stack,
removing slice coverage limitations. The range of 6 that
satisfies this unlimited slice coverage criterion is:

Adss tan(6) > FOVpg. (12)
Using Equation (3), this criterion can be rewritten as:

0 > tan"'(FOVpg Akss) = tan™! <w> . (13)

Nuiip AZ

For a desired 2D excitation profile, FOVpg, TBWgs,
and Az are all fixed. Hence, in theory, one can arbitrarily
choose § and compute the corresponding Ny;p that guaran-
tees unlimited slice coverage. According to Equation (13),
choosing a large 6 allows using a small Ny;p, such that
the excitation k-space can then be covered in fewer lines,
resulting in reduced pulse duration. Note that the dis-
placement between the fat and the water profiles is also
repositioned along the sheared axis, such that the dis-
placement along the SS-direction is still equal to Ad as
expressed in Equation (5) and the displacement along
the PE-direction is Ad tan(#). For fixed TBWsg, reduced
pulse duration yields increased BWss, which in turn pro-
vides off-resonance robustness at the expense of poten-
tially incomplete fat suppression. Therefore, 8 should be
chosen small enough to ensure successful fat suppression.

Figure 1 shows an example case for sheared 2D RF
pulse design. For a given 6, first Nyj;, and Akss are com-
puted. Then, the sheared trajectory that gives the corre-
sponding Sgpeqr Within the hardware limits is obtained. As
seen in Figure 1A, this “direct shearing” step yields an
inefficient coverage of the excitation k-space: undesired
coverage outside and missing coverage inside the targeted
k-space extent will ultimately deteriorate the slice and
slab profiles. Furthermore, the inefficiency of the coverage
worsens with increasing 6. Therefore, we propose tailor-
ing the sheared trajectory to obtain identical coverage as
the standard trajectory, as shown in Figure 1A. In this tai-
lored sheared trajectory, the corners of the targeted k-space
extent are tucked in and filled by maintaining a fixed dis-
tance between the sheared trajectory lines. Note that the
added lines do not alter the effective Ny, that determines
the excitation profile, since Nyjip = Kgs/Akss remains the
same. Finally, the corresponding sheared 2D RF pulse can
be computed using Equation (1). As shown in Figure 2, the
replicas of the 2D excitation profile are along the SS-axis for
the standard 2D RF pulses and along the sheared axis for
the sheared 2D RF pulse. Likewise, the fat profiles demon-
strate a large displacement from the water profile along the
SS-axis for the standard 2D RF pulse and along the sheared
axis for the sheared 2D RF pulse, enabling fat suppression
using the 180° RF pulse of a spin echo sequence.

3 | METHODS

3.1 | 2D RF pulse design

MATLAB (MathWorks Inc.) was used for designing 2D
RF pulses within the following hardware limits, based
on the 3T MRI scanner used in the experiments: Gpax =
28 mT/m maximum gradient amplitude and Spax = 150
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mT/m/ms maximum slew rate. Both RF and gradient
waveforms were designed using 2 us sampling time.

For a standard 2D RF pulse, first the gradient wave-
forms were designed directly within the hardware lim-
its using the design parameters: FOVpg = 40 mm, Az =
4 mm, TBWpg = 8, TBWgs = 3, and Ny, = 16. Next, the
RF waveform was designed assuming a constant gradient
amplitude for the echo-planar k-space trajectory. Then, fol-
lowing Equation (1), the RF waveform was scaled based on
the time-varying gradient amplitudes using VERSE.* The
resulting standard 2D RF pulse was slew-rate limited and
did not benefit from further pulse duration minimization
via VERSE.*

For a sheared 2D RF pulse at a given 6, first Ny
and Akgss were computed according to Equation (13).
Then, the standard k-space trajectory was sheared using
Equation (10) and the separation distances were rescaled
to Akss. After tailoring this sheared trajectory to match
the coverage of the standard trajectory, the corresponding
gradient waveforms were computed. Next, the RF wave-
form on the standard trajectory was interpolated to the
sheared trajectory using scattered interpolation. Note that
the shearing and separation adjustment operations can
cause the hardware limits to be exceeded. Thus, VERSE
was utilized to compute the minimum duration RF/gra-
dient waveforms within the hardware limits with peak
B; =15 uT.*? Supporting information Figure S1 shows an
example case before and after this VERSE step, where the
pulse duration increases from 7.3 to 11.0 ms to enforce the
hardware limits.

3.2 | Simulations

Simulations were performed in MATLAB to evaluate the
performances of the 2D RF pulses. Fat profiles were sim-
ulated for Af = 440 Hz at 3 T. For all simulations, T, /T
relaxation effects were ignored when simulating the exci-
tation profiles.

First, the duration and fat suppression capability of the
sheared 2D RF design were evaluated as a function of 6.
Based on the designed standard 2D RF pulse, sheared 2D
RF pulses with 6 ranging between 30° and 80° were gen-
erated, using the minimum Nyy;, that satisfies the unlim-
ited slice coverage criterion in Equation (13) at each 6.
Next, the ratio of the total fat signal and water signal in
the 2D excitation profile after applying a 180° RF pulse
was used as the performance metric for fat suppression.
Here, we set the target fat/water signal ratio as 5%, that is,
corresponding to a goal of 95% fat suppression. To com-
pute their respective signals, the refocused fat and water
profiles were integrated along the SS-axis (by incorpo-
rating through slice phase variations) at PE=0mm. The

180° refocusing pulse was exported from the stock ssEPI
sequence used in the MRI experiments, and was a standard
three-lobe sinc-shaped RF pulse with 2.34 ms duration and
BWSS = 1709 Hz.

Next, to analyze the effects of the design parameters on
the sheared 2D RF pulse duration, each design parameter
was varied while keeping other parameters fixed based on
the parameters of the 16 ms standard 2D RF pulse given
above. FOVpr was varied between 30 and 60 mm, TBWpg
was varied between 6 and 10, Az was varied between 3 and
5 mm, and TBWgg was varied between 2 and 4. Further-
more, to investigate the effects of hardware limits, Gmax
was varied between 20 and 40 mT/m and S,,,x Was var-
ied between 100 and 200 mT/m/ms. For each parameter
set, a standard 2D RF pulse and sheared 2D RF pulses
with 6 ranging between 30° and 80° were generated to
demonstrate the trade-offs in sheared 2D RF design.

Finally, to quantitatively compare the off-resonance
robustness performances of the standard and sheared
2D RF pulses, Bloch simulations were performed for
off-resonance frequencies ranging between Af = +160 Hz,
that is, corresponding to +1.25 ppm at 3 T. For each case,
the center of mass for the main lobe of the 2D excitation
profile before and after the 180° RF pulse was computed
to quantify the off-resonance induced displacements. In
addition, the in-plane signal level after the 180° RF pulse
was evaluated as a function of off-resonance frequency
and PE-position. At a given off-resonance frequency, the
in-plane signal was computed by integrating the refocused
2D profile along the SS-axis, followed by a normaliza-
tion with respect to the in-plane signal for Af = 0 Hz and
PE =0 mm. To quantify the improvement in off-resonance
robustness achieved by the sheared 2D RF design, the sig-
nal ratios between sheared and standard 2D profiles were
calculated as a function of off-resonance frequency and
PE-position.

3.3 | MRI experiments

In vivo and phantom imaging experiments were con-
ducted on a 3 T MRI scanner (Siemens Magnetom Trio)
using an 8-channel spine array coil. In vivo imaging was
conducted under the approval of the institutional review
board. The stock ssEPI sequence was programmed in the
IDEA pulse sequence programming environment to allow
interchanging the excitation pulse between the following
two options: (1) a standard 1D RF pulse preceded by an
additional frequency-selective fat suppression RF pulse, or
(2) a 2D RF pulse without any additional fat suppression.
For these experiments, the standard and sheared 2D RF
pulses featured in Figure 1 were utilized, where the stan-
dard 2D RF pulse had 16.0 ms duration and sheared 2D
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RF pulse had 11.0 ms duration for # = 63.25°. For both
2D RF pulses, the minimum dwell times of the MRI scan-
ner were utilized, which were 2 us for RF waveforms and
10 us for gradient waveforms. The gradient waveforms
were downsampled accordingly.

The phantom experiments were performed on a
custom-built 1:1 scale head and neck phantom reflect-
ing the anatomy of the brain and cervical spine.** In vivo
experiments were conducted with three human subjects
(two females, one male). For both the phantom and in vivo
imaging experiments, the entire cervical spine region was
covered via multislice T2-weighted ssEPI images acquired
in the sagittal plane. For reduced-FOV imaging using the
standard and sheared 2D RF pulses, the imaging parame-
ters were: 200 X 50 mm? FOV, 128 x 32 acquisition matrix.
The echo time was TE=27ms and TE=22ms for the
standard and sheared 2D RF pulse cases, respectively.
Here, the 5 ms reduction in pulse duration allowed 5 ms
reduction in TE for the sheared 2D RF pulse case. For
full-FOV imaging using the one-dimensional (1D) RF
pulse with additional fat suppression, the imaging param-
eters were: 200 X 162.5 mm? FOV, 128 x 104 acquisition
matrix, and TE =50 ms. Other imaging parameters were
kept fixed between the reduced-FOV and full-FOV cases:
1.6 X 1.6 mm? in-plane resolution, Az =4 mm, 7 slices,
BW = 1860 Hz/Px, TR =6500ms, Nae = 32 (number of
averages), and 6/8 partial Fourier acquisition.

Next, to quantitatively evaluate the off-resonance
robustness of the 2D RF pulses, off-resonance field maps
were acquired using a double-echo gradient echo (GRE)
sequence with the following parameters: TE1 = 5.19 ms,
TE2=7.65ms, 1.2 X 1.2 mm? in-plane resolution, Az =
4 mm, seven slices, 300 X 300 mm?2 FOV, 256 X 256 acqui-
sition matrix. The phase maps from the GRE sequence
were phase unwrapped, and the off-resonance frequency
maps were computed using the following relation:

Agp

= . 14
2nATE (14)

Af

Here, A is the unwrapped phase and ATE = 2.46 ms
is the difference between TE1 and TE2. Since this ATE
corresponds to 2z phase difference for Af = 440 Hz, the
resulting off-resonance map excluded the effects of chem-
ical shift of fat. Note that the off-resonance map and ssEPI
images do not align anatomically, since off-resonance
causes a position-dependent shift (i.e., distortion) along
the PE-direction in ssEPI images. This shift can be
expressed as:*

Ay = Af Tgsp FOVpg, (15)

where Tgsp is SSEPI echo spacing. After compensating
for this shift, Af at all pixels in the ssEPI images were

determined using the off-resonance map. Next, pixel-wise
signal ratios for the reduced-FOV images from the stan-
dard and sheared 2D RF cases were computed and plotted
as a function of Af at the corresponding pixels. These sig-
nal ratios were then compared with the theoretical signal
ratios from simulations by taking into account the 5 ms
difference in TE for the standard versus sheared 2D RF
pulse cases. Here, the reduced TE further improves the sig-
nal ratio in favor of the sheared 2D RF pulse as follows:
The agar-agar gel in the custom-built phantom was pre-
viously measured to have T, = 61.9 ms,** corresponding
to 1.084-fold improvement in signal ratio for 5 ms reduc-
tion in TE. Likewise, for the in vivo experiments, T, =
73 ms for white matter of the spinal cord* yields 1.071-fold
improvement in signal ratio. Lastly, the theoretical signal
ratios were multiplied by these additional improvements
and compared with the pixel-wise signal ratios from the
experiments.

4 | RESULTS

An example case comparing standard and sheared 2D RF
pulses is demonstrated in Figure 1. Here, the standard
2D RF pulse has Ny, = 40, while the sheared 2D RF
pulse has 6 = 63.25° with Nyj;, = 14. The corresponding
RF and gradient waveforms are displayed in Figure 1B,C,
where the resulting durations are 16.0 and 11.0 ms for
the standard and sheared 2D RF pulses, respectively, pro-
viding 31.25% shortening of the pulse duration with the
sheared design. Next, the corresponding 2D excitation pro-
files and 1D profiles along the PE- and SS-axes are shown
in Figure 2, validating the fidelity of the slice and slab pro-
files for the sheared 2D RF design. For both 2D RF pulses,
FOVpg = 40 mm, Az = 4 mm, TBWgg = 3, and TBWpg =
8. For the standard 2D RF pulse, the replicas are located
along the SS-axis, limiting the slice coverage to Nyax = 16.
In contrast, the sheared 2D RF design positions the replicas
along the sheared axis, providing unlimited slice coverage.
In both cases, the fat profiles demonstrate a relative dis-
placement with respect to the water profile, enabling fat
suppression using a subsequent 180° RF pulse.

Figure 3 shows the duration and fat suppression capa-
bility of the sheared 2D RF pulse design as a function of
for the same design parameters as in Figure 1. For a stan-
dard 2D RF pulse with 16 ms duration, Figure 3A shows
1D cross-sections along the SS-axis for water and fat pro-
files before and after the 180° RF pulse, in the absence of
other off-resonance effects. As seen in this figure, the sig-
nal from fat is completely suppressed after the 180° RF
pulse, yielding a fat/water signal ratio < 0.02%. Figure 3B
shows water and fat profiles for a sheared 2D RF pulse with
0 = 63.25° and 11.0 ms pulse duration. For fixed TBWgg,
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FIGURE 3 The durations and fat suppression capabilities of

standard and sheared two-dimensional radiofrequency (2D RF)
pulses as a function of 6. One-dimensional cross-sections of water
and fat profiles along the slice-selection (SS)-axis for (A) the
standard 2D RF pulse and (B) the sheared 2D RF pulse with

0 = 63.25° (i.e., the pulses in Figure 1), before and after the 180°
refocusing RF pulse. Water and fat profiles for the 180° RF pulse are
also shown (gray lines). While the signal from fat is completely
suppressed for the standard design, a residual fat signal
corresponding to an effective fat/water signal ratio of 5% is
refocused for the sheared design. (C) The pulse duration and (D)
the fat/water signal ratio for the sheared 2D RF pulse as a function
of 0 ranging between 30° to 80°. The shortest sheared 2D RF pulse
that provides a target fat/water ratio of 5% has optimal 6 = 63.25°
with 11.0 ms duration (red crosses). The design parameters were
identical to those in Figure 1.

the reduced pulse duration causes an increase in BWgg,
resulting in a slight overlap of fat profiles for the sheared
2D RF pulse and the 180° RF pulse. For this case, the
fat/water signal ratio was computed as 5%. This analysis
was repeated for 6 ranging between 30° and 80°. As seen
in Figure 3C, the sheared 2D RF pulse duration decreases
steadily as a function of 6, with § > 42° yielding pulses
shorter than the standard 2D RF pulse. On the other hand,
Figure 3D shows that the fat/water signal ratio remains
relatively low for small 6, but increases rapidly for 6 >
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65°. When evaluated together, the results in Figure 3C,D
clearly display the trade-offs in the sheared design: a small
0 causes the pulse duration to increase as it requires large
Nyiip to satisfy the unlimited slice coverage criterion (see
Equation 13), whereas a large 6 jeopardizes the fat sup-
pression capability due to increased BWgs. Setting a target
fat/water signal ratio of 5% enables us to choose an opti-
mal 6. Accordingly, for the given set of design parameters,
the shortest sheared 2D RF pulse that satisfies the 5% tar-
get has optimal 6 = 63.25° with 11.0 ms duration (i.e., the
case featured in Figure 3B).

The effects of design parameters and hardware lim-
its on the sheared 2D RF pulse duration are shown in
Figure 4, together with the corresponding standard 2D RF
pulse durations. According to Figure 4A, while decreas-
ing FOVpg increases the standard 2D RF pulse duration,
it decreases the sheared 2D RF pulse duration. The for-
mer result is consistent with Equation (2), where smaller
FOVypg requires an increase in Kpg for fixed TBWpg, which
in turn extends the k-space coverage and increases the
pulse duration. In contrast, for the sheared 2D RF pulse,
Equation (13) shows that smaller FOVpg results in reduced
Nuiip for a fixed 0. This effect outweighs the former one
and results in reduced pulse duration for the sheared 2D
RF pulse. For both standard and sheared 2D RF pulses,
the pulse duration increases with increasing TBWpg. This
result is consistent with Equation (2), since an increase
in TBWpg requires an increase Kpg. Figure 4B shows that
while Az has a negligible effect on the standard 2D RF
pulse duration, the sheared 2D RF pulse duration increases
with decreasing Az. While Equation (2) shows that a
decrease in Az requires an increase in Kgg, this can eas-
ily be achieved for the standard 2D RF pulse by increasing
the area under each gradient blip, without changing Nyiip
or the pulse duration. In contrast, for the sheared 2D RF
pulse, Equation (13) shows that a decrease in Az requires
an increase in Ny for a fixed 6, which in turn increases
the pulse duration. For both standard and sheared 2D
RF pulses, the pulse duration increases with increasing
TBWss. This can be confirmed using Equation (4) for
the standard 2D RF pulse, where an increase in TBWgg
requires an increase in Nyjjp for fixed N,y Likewise, for
the sheared 2D RF pulse, Equation (13) shows that larger
TBWjgs requires a larger Ny for a fixed 6. As shown in
Figure 4C, Gpax has a minimal effect on both the stan-
dard and sheared 2D RF durations, apart from a slight
increase in sheared 2D RF pulse duration at low Gpax.
In contrast, decreasing Sm,y increases both the standard
and sheared 2D RF durations. Note that these results are
consistent with Figure 1B,C, where the gradient wave-
forms are dominated by the slew rate limits. Overall, these
results demonstrate that the shearing operation generates
2D RF pulses with considerably reduced durations for a
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FIGURE 4  The effects of the design parameters and

hardware limits on the pulse duration as a function of 6. (A) A
decrease in FOVypg increases the standard two-dimensional
radiofrequency (2D RF) pulse duration (dashed lines), while it
decreases the sheared 2D RF pulse duration. Increasing TBWpg
increases both the standard and sheared 2D RF pulse durations. (B)
The standard 2D RF pulse duration is unaffected from Az (as shown
in gray dashed line for all Az), whereas the sheared 2D RF pulse
duration increases with decreasing Az. An increase in TBWsg
increases both the standard and sheared 2D RF pulse durations. (C)
Pulse durations are minimally affected by Gy, but increase with
decreasing Sp,y for both the standard and sheared 2D RF pulses.
Overall, the sheared design generates pulses with considerably
reduced durations. The red crosses indicate the sheared 2D RF
pulses with optimal 6 that satisfies the target fat/water signal ratio
of 5%. Each parameter was varied while keeping others fixed, with
default values of FOVpg = 40 mm, TBWpg = 8, Az = 4 mm,

TBWgs = 3, Gpax = 28 mT/m, and S;,x = 150 mT/m/ms. For the
standard 2D RF pulse, Ny.x = 16.

wide range of 0. For the parameters considered here, the
optimal @ that satisfies the target fat/water signal ratio of
5% varies between 54° and 74° (marked with red crosses
in Figure 4). Note that for the cases where TBWss = 3 was
kept fixed (i.e., all results in Figure 4 except for the analysis
on TBWgs), the optimal 6 corresponds to pulse durations
around 11 ms. For larger TBWgg, the optimal 0 is reached

atlonger pulse durations. These results are consistent with
Equation (5), where targeting specific fat profile displace-
ment (analogous to targeting a specific fat/water signal
ratio) is equivalent to fixing BWss.

Off-resonance robustnesses of the standard and
sheared 2D RF pulses are compared in Figure 5. In
Figure 5A,B, the 2D profiles of the standard and sheared
2D RF pulses before and after the 180° refocusing RF
pulse are displayed for on-resonance and Af =64 Hz
off-resonance cases. As expected, the 2D standard and
sheared profiles are almost identical for the on-resonance
case, both before and after refocusing. In contrast, for
Af = 64 Hz case, the 2D profiles before refocusing demon-
strate that the sheared 2D profile experiences a visibly
reduced shift along the SS-direction due to its shorter
pulse duration (i.e., larger BWgs) when compared to the
standard 2D profile. Comparing the 2D profiles after refo-
cusing at Af = 64 Hz, the effective slice for the sheared 2D
profile exhibits only a minimal signal loss due to partial
refocusing effects and is visibly thicker than the standard
2D profile. Next, Figure 5C demonstrates the off-resonance
induced displacements in the center of mass for the main
lobe of the 2D profiles before and after refocusing, for
off-resonance frequency ranging between Af = +160 Hz.
While the displacement for the standard 2D profile is
mainly along the SS-direction with a negligibly small
shift along the PE-direction, the sheared 2D profile dis-
places along both the SS- and PE-directions (i.e., along the
sheared axis), as expected. Note that the displacement of
the sheared 2D profile along the PE-direction is relatively
small when compared to FOVpg, and would therefore
not induce a major problem during imaging. In contrast,
the reduction in the displacement along the SS-direction
is significant when compared to Ag, highlighting the
off-resonance robustness achieved by the sheared 2D RF
design.

Next, Figure 6 compares the in-plane signal levels for
the standard and sheared 2D RF pulses as a function of
off-resonance frequency and PE-position. These compar-
isons ignore relaxation effects to highlight the differences
stemming from the excitation profiles alone. The signal
level for the standard 2D RF pulse rapidly decreases with
increasing off-resonance frequency, whereas the sheared
2D RF pulse maintains a high signal level for a wide
range of off-resonance frequencies. For example, at Af =
+128 Hz and PE = 0 mm, the signal levels are 0.82 and 0.48
for the sheared and standard 2D RF pulses, respectively,
yielding a signal ratio of 1.71 (i.e., 71% improvement in
signal). However, for the sheared 2D profile, the displace-
ment along the PE-direction shown in Figure 5C causes
an asymmetry in signal level as a function of PE-position.
The signal ratio between the sheared and standard 2D
profiles as a function of off-resonance frequency and
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FIGURE 5 The comparison of off-resonance robustness for

the standard and sheared two-dimensional radiofrequency (2D RF)
pulses. The 2D profiles of (A) the standard and (B) the sheared 2D
RF pulses before and after a 180° RF pulse for on-resonance and

Af = 64 Hz off-resonance cases. For reference, the borders of the
targeted slab and slice thicknesses (FOVpg = 40 mm and

Az = 4 mm) are marked with yellow and blue lines, respectively.
The 2D profiles after refocusing are almost identical for the
on-resonance case, whereas the effective slice for the sheared 2D RF
pulse is visibly thicker for 64 Hz off-resonance case. (C) The profile
displacements along the phase-encoding- and slice-selection
(SS)-directions before and after refocusing under off-resonance
ranging between Af = +160 Hz. The displacement is mainly along
the SS-axis for the standard 2D RF pulse and along the sheared axis
for the sheared 2D RF pulse. The displacement along the
SS-direction is significantly reduced for the sheared 2D RF profile,
highlighting its through-plane off-resonance robustness. The design
parameters were identical to those in Figure 1.
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PE-position is shown in Figure 6C. In the central 0.6FOVpg
region around the slab center, the sheared 2D RF pulse
achieves increasing levels of signal ratio under increas-
ing Af. For off-central PE-positions, the signal ratio fur-
ther increases in the proximity of the sheared axis. For
PE-positions distant to the sheared axis, the signal level
of the sheared 2D RF pulse is lower than its standard
counterpart. Figure 6D provides a summary result for this
position-dependent nature of the signal ratio, showing the
median and 25™-75" percentiles for the signal ratio across
the PE-direction as a function of Af. Note that the dis-
tribution around the median is quite narrow and closely
matches the signal ratio at PE =0 mm, indicating that the
aforementioned displacement of the sheared 2D profile
along the PE-direction has a minor effect on the signal
ratio. Importantly, the signal ratio exceeds 2 (i.e., 100%
improvementin signal) for |Af| > 146 Hz, highlighting the
off-resonance robustness achieved by the sheared 2D RF
design.

Figure 7 shows the phantom imaging results for the
central slice of the sagittal slice stack. The GRE image in
Figure 7A marks the graphical prescription of the full FOV
and reduced FOV, and Figure 7E shows the off-resonance
map from the double-echo GRE sequence. As seen in
Figure 7B, off-resonance effects cause severe in-plane dis-
tortions in the full-FOV image acquired using a 1D RF
pulse. In contrast, both of the reduced-FOV images in
Figure 7C,D successfully alleviate these distortions and
yield ssEPI images that depict the anatomy of the phantom
more accurately. Furthermore, the sheared 2D RF pulse
accomplishes substantial signal improvement in regions
that exhibit high off-resonance, such as the upper cervical
spine region (red arrows). Figure 7F compares the scatter
plot of the experimental signal ratio with the theoretical
signal ratio (with and without 5 ms TE difference taken
into account), showing a close match between the two
especially for the case where the TE difference is included.
Here, the experimental signal ratio was computed for the
reduced-FOV images from the sheared and standard 2D
RF designs, and Af for each pixel was determined using
the off-resonance map after taking into account the distor-
tion in PE-direction for ssEPI images (see Equation 15). To
avoid background and signal pileup regions, only the pix-
els with intensities within 25%-67% of the maximum pixel
intensity were utilized. Overall, the experimental results
demonstrate a slightly higher signal ratio than expected
theoretically. Importantly, the signal ratio is smaller than 1
for only 0.5% of pixels. In contrast, it exceeds 1.25 for 46.8%
and 1.5 for 11.7% of pixels across the entire reduced FOV.

Finally, Figure 8A-E shows in vivo imaging results
for Subject 1, covering the entire cervical spine sagit-
tally. Again, both reduced-FOV images alleviate in-plane
distortions when compared to the full-.FOV image.
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FIGURE 6 The in-plane signal levels for the standard and the sheared two-dimensional radiofrequency (2D RF) profiles as a function

of off-resonance frequency and phase encoding (PE)-position. (A) For the standard case, the signal level is rapidly decreasing with increasing
off-resonance. (B) The signal level for the sheared 2D RF pulse is preserved for a wide range of Af, with an asymmetry along the PE-direction
due to the profile displacement along the sheared axis. (C) The signal ratio between the sheared and standard 2D RF pulses as a function of
off-resonance and PE-position. In the central 0.6FOVypg region, the sheared 2D RF pulse achieves increasing levels of signal ratio for
increasing Af. Off-central PE-positions demonstrate even higher signal ratio in the proximity of the sheared axis. (D) The signal ratio
(median and 25™-75" percentiles) across the PE-direction as a function of Af. The distribution closely follows the signal ratio at PE =0 mm
(black dashed line). The design parameters were identical to those in Figure 1. These simulations ignored T; /T, relaxation effects.
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FIGURE 7 Phantom imaging results from the spine region of a custom-built head and neck phantom. (A) One of the gradient echo

(GRE) images from the double-echo GRE sequence, with the prescribed full field-of-view (FOV; red dashed rectangle) and reduced-FOV
(yellow rectangle) regions marked for reference. (B) The full-FOV image (cropped version shown), which was acquired using a
one-dimensional radiofrequency (RF) pulse with additional frequency-selective fat suppression, suffers from severe in-plane distortions. The
reduced-FOV images that were acquired using (C) the standard and (D) the sheared two-dimensional (2D) RF pulses accomplish
high-resolution images with reduced in-plane distortions. The sheared 2D RF pulse substantially improves the signal levels, especially in
regions exposed to high off-resonance (red arrows). (E) The off-resonance map obtained from the double-echo GRE sequence. (F) The
experimental signal ratios (computed for the reduced-FOV images from the sheared and standard 2D RF pulses) are plotted together with the
theoretical signal ratios (with and without the TE difference taken into account), showing a close match especially for the case where the TE
difference is included. These results demonstrate that the sheared 2D RF pulse improves the signal level in the presence of off-resonance
effects.

Furthermore, the sheared 2D RF design significantly
improves the signal level in regions experiencing high
off-resonance (see Figure 8E for off-resonance map), espe-
cially in the central cervical spine and upper thoracic spine

regions (red arrows). Detailed in vivo imaging results for
Subject 2 and Subject 3 are provided in Supporting infor-
mation Figure S2. For these two subjects, fat suppression
during full-FOV imaging failed in lower cervical spine
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In vivo imaging results in the sagittal plane from the cervical spine of Subject 1 and signal ratio analysis for all three

subjects. (A) One of the images from the double-echo gradient echo (GRE) sequence, showing the anatomy together with the fullfield-of-view
(FOV; red dashed rectangle), and reduced-FOV (yellow rectangle) regions marked for reference. (B) The full-FOV image (cropped version
shown) suffers from severe in-plane off-resonance distortions. The reduced-FOV images with (C) the standard and (D) the sheared
two-dimensional radiofrequency (2D RF) pulses alleviate these distortions and achieve high-resolution images. The sheared 2D RF pulse
accomplishes remarkable signal improvement in regions exposed to high off-resonance (red arrows). (E) The off-resonance map from the
double-echo GRE sequence. (F) The experimental signal ratios between the sheared and standard reduced-FOV images for all three subjects
show a close agreement with the theoretical signal ratios (plotted with and without the TE difference taken into account), confirming the
signal improvement achieved via the off-resonance robustness of the sheared design.

region, causing the displaced fat signal to overlap with
and obscure the spinal cord. In contrast, both the standard
and sheared 2D RF pulses demonstrate high fidelity fat
suppression in addition to reduced in-plane distortions.
Furthermore, the sheared 2D RF design shows higher
signal levels in regions of high off-resonance. Figure 8F
shows the signal ratio between the reduced-FOV in vivo
images for all three subjects, in comparison to the theo-
retical signal ratio (with and without 5 ms TE difference
taken into account). Here, the signal ratio was computed
for pixels within ROIs manually drawn on the spinal
cord region of each subject (see Supporting Information
Figure S2 for ROIs). The in vivo results confirm the signal
improvement achieved by the off-resonance robustness
of the sheared 2D RF design. Similar to the case in the
phantom imaging results, in vivo results exhibit a slightly
higher signal ratio than expected. Across all subjects, the
signal ratio is smaller than 1 for only 2.2% of pixels within
ROIs. In contrast, it exceeds 1.25 for 53.2% and 1.5 for
21.3% of pixels within ROIs. These results emphasize that
a large percentage of pixels within the spinal cord signifi-
cantly benefit from the sheared 2D RF design, due to the
abundance of off-resonance effects around the spine.

5 | DISCUSSION

In this work, we have proposed a sheared 2D RF pulse
design that significantly reduces pulse durations and

provides robustness against through-plane off-resonance
effects, while eliminating slice coverage limitations.
Increasing the shear angle 6 enables a reduction in the
number of lines needed to cover the excitation k-space,
which in turn reduces the pulse durations drastically
while preserving the sharpness of the 2D excitation pro-
file. According to Equation (5), the resulting increase in
bandwidth decreases the separation between water and fat
profiles, which may jeopardize fat suppression capability.
Since unsuppressed fat signal experiences a large in-plane
displacement in ssEPI sequences, inherent fat suppression
is a highly desirable feature. Here, a target fat/water sig-
nal ratio of 5% was chosen as a design criterion, and the
robustness of this approach was verified with reliable fat
suppression demonstrated for in vivo imaging in the cervi-
cal spinal cord (see Supporting Information Figure S2).
The simulation results in Figure 4 confirm that the
sheared 2D RF can successfully shorten the pulse dura-
tion for a wide range of design parameters, and that
it becomes increasingly advantageous over the standard
design as TBWpg increases and FOVpg decreases. This sce-
nario corresponds to the case of a sharp slab profile over
a small FOVypg, that is, the typical scenario targeted with
reduced-FOV applications. Furthermore, the sheared 2D
RF design is highly effective in reducing pulse durations
for typical hardware limits, and it becomes especially ben-
eficial at reduced Spax. It should be noted that even for
the cases where the reduction in pulse duration is rela-
tively small, the sheared design still holds the advantage
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of providing unlimited slice coverage, while preserving the
fat suppression capability.

The through-plane off-resonance robustness achieved
by the sheared 2D RF design was successfully demon-
strated through extensive simulations, phantom experi-
ments, and in vivo imaging experiments in the cervi-
cal spinal cord. The experimental results demonstrated a
slightly higher signal ratio than expected, even after taking
the TE difference into account. In this work, T,/ T, relax-
ation during RF pulses were ignored during theoretical
computations. Therefore, the increased signal ratio in the
experiments may reflect the added advantage of reduced
relaxation effects for the sheared 2D RF pulse due to its
shorter duration. In addition, signal pileup artifacts may
also be a potential source, as multiple pixels experiencing
different off-resonance frequencies may pile-up on to the
same pixel in ssEPI images, making it difficult to resolve
the true pixel intensities. Lastly, noise or deviations from
the assumed T, value (especially for the in vivo case) may
also be contributing factors to the observed variations.

The imaging experiments in this work were performed
with the goal of highlighting the off-resonance robust-
ness achieved via the sheared 2D RF design. The relatively
large FOV in the sagittal plane and the large suscepti-
bility differences around the cervical spine provided a
suitable environment for this goal. Off-resonance frequen-
cies reaching well above 128 Hz (>1 ppm) were observed,
enabling experimental verification of the signal improve-
ment achieved via the sheared design. In practice, imaging
the spinal cord in the sagittal plane may complicate slice
prescription, requiring oblique sagittal imaging. With that
said, the axial plane is generally preferred for spinal cord
imaging, as it can better resolve the fiber bundles in the
cord.*® However, imaging the spine in the axial plane
requires a large number of slices, easily exceeding Npax
of a standard 2D RF pulse.?? For those cases, the stan-
dard 2D RF pulse will experience partial saturation effects,
causing the signal ratio to further increase in favor of the
sheared 2D RF pulse. Note that if Ny, is exceeded, the
fat profile of the standard 2D RF pulse would also expe-
rience partial saturation. However, because fat is already
completely suppressed after the 180° RF pulse, partial sat-
uration does not affect the fat signal. For the sheared 2D
RF pulse, the replicas of the fat profile are shifted along the
sheared axis with identical separation as that of the water
profile replicas (see Figure 2B). Therefore, no partial sat-
uration effect occurs for the sheared 2D RF pulse during
multislice imaging.

Both the sheared and the standard 2D RF pulses were
designed under identical hardware constraints and were
optimized for minimal pulse duration. For the example
shown in Figure 1, the reduction in pulse duration at a
fixed flip angle caused the peak B; to increase from 10

uT to 15 uT for the sheared design. While 15 uT peak B,
is within the hardware limits for MRI scanners, the spe-
cific absorption rate (SAR) for the sheared 2D RF pulse
is 64% higher than its standard counterpart for this case.
As a reference, the default excitation of the stock ssEPI
sequence contained a standard 1D RF pulse with a peak
B; of 7.2 uT preceded by a frequency-selective fat sup-
pression RF pulse with a peak B; of 2.9 yT. When com-
pared to this default excitation, the SAR of the sheared
2D RF pulse was 22% higher, whereas that of the stan-
dard 2D RF pulse was 26% lower. Considering the in-plane
and through-plane off-resonance robustness provided by
the sheared 2D RF pulse, the slight increase in SAR is
tolerable. Note that the reported SAR values are highly
dependent on the pulse durations (and hence the peak B;
and gradient limits), as well as the specific design param-
eters for the 2D RF pulse. In the cases where the sheared
design is more effective in reducing pulse durations (e.g.,
at reduced Spax), the relative increase in SAR with respect
to the standard 2D RF pulse will become more signifi-
cant. Nonetheless, since ssEPI sequences utilize long TRs
(typically TR > 3000 ms), the increase in SAR for the
sheared 2D RF pulse is not expected to be a limiting
factor.

The proposed sheared 2D RF pulse features a com-
mon design goal as that of the tilted 2D RF pulse:?’
positioning the replicas outside the slice stack to pro-
vide unlimited slice coverage. Because rotation and shear-
ing are fundamentally different operations, the angle 6
that guarantees unlimited slice coverage is different for
the two cases: the equation for the tilt angle # has an
arcsine relation, whereas the shear angle # has an arc-
tangent relation with respect to the same parameters.
The tilted design rotates the k-space trajectory by the tilt
angle 0, without altering Nyjip or Akgs. As a result, the
tilted design does not achieve any pulse duration reduc-
tion and has minimal off-resonance robustness advantage
over the standard 2D RF pulse.?* Furthermore, rotation
causes poor coverage of the targeted k-space extent, caus-
ing degradation in 2D profile quality. In contrast, the
sheared 2D RF design minimizes Ny, and maximizes
Akgs for a given shear angle 0, achieving significant reduc-
tions in the pulse duration. Note that one could decrease
Nyiip and increase Akgs to reduce the tilted 2D RF pulse
duration, as well. However, making Ny, smaller would
cause the tilt angle 6 to increase, which would further
exacerbate the poor k-space coverage problem, causing
severe degradations in the 2D profile. A related work pro-
posed starting from a square echo-planar trajectory, fol-
lowed by rotation and scaling to better cover a rectangular
k-space extent.*’” While the resulting tilted trajectory over-
came some of the aforementioned poor k-space coverage
issues, it still did not cover the entirety of the targeted
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k-space extent and hence is prone to 2D profile degrada-
tions. In contrast, even direct shearing of the trajectory
provides good coverage of the targeted k-space. The pro-
posed tailoring of the sheared trajectory achieves identical
coverage as the standard trajectory, preserving 2D pro-
file quality. While the standard 2D RF pulse duration
could also be reduced by decreasing Nyj;p, doing so would
increase partial saturation effects during multislice acqui-
sitions. Alternatively, Ny, and TBWgs could be decreased
at the same rate to keep Np,x constant, which in turn
would degrade the slice profile. Nonetheless, the sheared
design can provide further reduction in pulse durations
even for small TBWgg cases (see Figure 4B), with the
added advantage of unlimited slice coverage. Moreover,
Figure 4 demonstrates that the sheared design also pro-
vides a flexibility while choosing 6 for a given 2D profile.
Consequently, pulse durations could be further shortened
by increasing 6, forsaking the fat suppression performance
in favor of further improvement in off-resonance robust-
ness. In such a case, an external fat suppression method
can be incorporated, such as a frequency-selective fat sup-
pression RF pulse or a short tau inversion recovery.

In this work, the blipped direction for the standard 2D
RF pulse was the SS-axis. An alternative design is to assign
the PE-axis as the blipped direction,?® which requires large
Nyiip or small TBWpg to prevent aliasing artifacts due to the
replicas along the PE-direction. Note that aliasing is a con-
siderably more severe problem than the above-mentioned
signal loss due to partial saturation effect. To avoid alias-
ing, a tilted alternative was proposed to rotate the k-space
trajectory by a relatively small tilt angle 0, such that a
subsequent 180° RF pulse can suppress the replicas.*
However, both the original and tilted designs require addi-
tional fat suppression and have reduced slab sharpness
due to the need for small TBWpg, an undesirable feature
for reduced-FOV imaging. Another alternative approach
for reduced-FOV imaging is to utilize 2D spatially selec-
tive excitation with a spiral trajectory,®® which provides
relatively short pulse durations especially after applying
a variable slew-rate spiral trajectory.*® However, spiral RF
pulse is more suited for circular 2D excitation profiles, as
it lacks the flexibility of independent design along the SS-
and PE-axis. In contrast, the proposed sheared 2D RF pulse
provides sharp slab and slice profiles, with unlimited slice
coverage and inheperent fat suppression capability.

6 | CONCLUSION

In this work, we have proposed a sheared 2D RF
pulse design to achieve robustness against through-plane
off-resonance effects via a significant reduction in pulse
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duration. This technique eliminates slice coverage lim-
itations, while maintaining profile sharpness and high
fidelity fat suppression. The performance of the proposed
technique was demonstrated in the cervical spine, show-
ing significant signal improvements in regions exposed
to off-resonance effects. While the results were demon-
strated for ssEPI images, this design can be applied for
reduced-FOV imaging for spin echo sequences with any
acquisition type. The proposed sheared 2D RF approach
will be especially beneficial in regions that suffer from
large off-resonance effects, such as spinal cord and breast.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1 The sheared two-dimensional radiofrequency
(2D RF) pulse from Figure 1, before and after apply-
ing VERSE to generate the minimum duration pulse
within the hardware limits (Gyax = 28 mT/m, Syax = 150
mT/m/ms, peak By = 15 uT). The pulse before VERSE sig-
nificantly exceeds the hardware limits, as it was computed
by shearing the k-space trajectory without any constraints.
After applying VERSE, the pulse duration increases from
7.3 ms to 11.0 ms. This sheared 2D RF pulse is 31% shorter
than its standard counterpart, which has 16.0 ms duration.
Figure S2 In vivo imaging results in the cervical spine for
all subjects. (A) Subject 1, (B) Subject 2, and (C) Subject
3. The images from the double-echo GRE sequences show
the anatomy together with the full field-of-view (FOV;
red dashed rectangle) and reduced-FOV (yellow rectan-
gle) regions marked for reference. The full-FOV images
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for all subjects (cropped versions shown), acquired using
a 1D RF pulse with additional frequency-selective fat sup-
pression, suffer from severe in-plane off-resonance dis-
tortions. Furthermore, displaced fat signals overlap with
and obscure the spinal cord in the lower cervical spine
region for Subjects 2 and 3 (yellow arrows), indicating that
fat suppression has failed for these subjects. In contrast,
both the standard and sheared 2D RF pulses demonstrate
high fidelity fat suppression, as well as high image reso-
lution and reduced in-plane distortions. In addition, the
sheared 2D RF pulse achieves visible signal improvement
over the standard 2D RF pulse, especially in regions that
suffer from high off-resonance (red arrows). The signal lev-
els of the images obtained from the sheared and standard
2D RF pulses were compared quantitatively using the pix-
els within manually drawn ROIs covering the spinal cord
(solid red lines in the off-resonance maps). The experimen-
tal signal ratio matches closely with the theoretical signal
ratio (plotted with and without the TE difference taken
into account) for all three subjects. These results confirm
the signal improvement achieved via the off-resonance
robustness of the sheared 2D RF design.

How to cite this article: Barlas BA, Bahadir CD,
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two-dimensional radiofrequency excitation for
off-resonance robustness and fat suppression in
reduced field-of-view imaging. Magn Reson Med.
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