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A B S T R A C T   

Two-dimensional spatially selective radiofrequency (2DRF) excitation pulses are widely used for reduced field- 
of-view (FOV) targeted high-resolution diffusion weighted imaging (DWI), especially for anatomically small 
regions such as the spinal cord and prostate. The reduction in FOV achieved by 2DRF pulses significantly improve 
the in-plane off-resonance artifacts in single-shot echo planar imaging (ss-EPI). However, long durations of 2DRF 
pulses create a sensitivity to through-plane off-resonance effects, especially at 3 T where the off-resonance field 
doubles with respect to 1.5 T. This work proposes a parameter-based optimization approach to design 2DRF 
pulses with blips along the slice-select axis, with the goal of maximizing slab sharpness while minimizing off- 
resonance effects on 1.5 T and 3 T MRI scanners, separately. Extensive Bloch simulations are performed to 
evaluate the off-resonance robustness of 2DRF pulses. Three different metrics are proposed to quantify the 
similarity between the actual and ideal 2D excitation profiles, based on the signals within and outside the tar-
geted reduced-FOV region. In addition, simulations on a digital brain phantom are performed for visual com-
parison purposes. The results show that maintaining a sharp profile is the primary design requirement at 1.5 T, 
necessitating the usage of relatively high slab sharpness with a time-bandwidth product (TBW) around 8–10. In 
contrast, off-resonance robustness is the primary design requirement at 3 T, requiring the usage of a moderate 
slap sharpness with TBW around 5–7.   

1. Introduction 

Diffusion-weighted imaging (DWI) is becoming increasingly popular 
in the clinic due to its capability to probe white matter microstructure 
[1]. The most widely used technique during DWI data readout is 
single-shot echo-planar imaging (ss-EPI) due to its robustness against 
motion-induced phase issues in DWI, which can cause ghosting artifacts 
in multi-shot imaging sequences. However, since the entire k-space 
needs to be covered in one shot, ss-EPI images typically suffer from low 
resolution. Furthermore, ss-EPI images exhibit off-resonance-induced 
distortions due to long readout durations [2,3]. Reduced field-of-view 
(FOV) imaging methods have been proposed to alleviate these arti-
facts by decreasing the FOV along the phase encode (PE) direction and 
thereby enabling higher resolution images with fewer PE lines [4–9]. 
Several approaches such as two-dimensional (2D) spatially selective 

excitation [4,8], outer volume suppression [7] and zonal oblique mul-
tislice (ZOOM) echo-planar imaging (EPI) [10] show that reduced-FOV 
techniques can be applied successfully in various target regions. In 
particular, reduced-FOV techniques that utilize two-dimensional 
echo-planar radiofrequency (2DRF) pulses have found wide usage, 
especially in regions such as the spinal cord, breast, and prostate due to 
their fat-suppression capability while providing a sharp reduced-FOV 
profile along the PE-direction [11–14]. 

As aforementioned, the reduction in PE lines enhances the robustness 
against in-plane off-resonance artifacts for reduced-FOV ss-EPI. How-
ever, covering the excitation k-space in 2D requires long 2DRF pulses, 
increasing sensitivity to through-plane off-resonance effects, and 
causing a signal reduction in regions with large susceptibility variations 
[4]. Furthermore, these effects are bound to worsen at 3 T as the 
off-resonance field doubles with respect to 1.5 T. A potential solution to 
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overcome this problem is to incorporate the B0 field map during the 
design of the 2DRF pulse [15]. While this technique achieves significant 
improvement against off-resonance effects, it requires acquiring an 
additional B0 field map and computing subject-specific 2DRF pulses 
[15]. Therefore, there is a need to reduce through-plane off-resonance 
effects in 2DRF pulses that can be easily adopted in clinical settings. 

One of the limitations of 2DRF based reduced-FOV imaging is that 
the 2D excitation generates replicas along the blipped direction (i.e., the 
discrete sampling axis in the excitation k-space). When the blipped di-
rection is assigned as the slice-select (SS) axis, the replicas can cause a 
partial saturation effect in subsequent slice positions during multislice 
imaging [16,4,9]. This partial saturation may enforce a limit on the 
number of slices that can be imaged continuously without any signal 
loss. Overcoming this limitation necessitates longer 2DRF pulses, further 
exacerbating the aforementioned off-resonance sensitivity problem. 

In this work, we propose a parameter-based optimization approach 
to alleviate off-resonance effects in 2DRF pulses with blips along the SS- 
axis. In this approach, the sharpness of the reduced-FOV profile in PE- 
direction and the maximum allowable slices for multislice imaging are 
chosen as free parameters, and the optimum values for these parameters 
are determined based on the signal levels in the targeted reduced-FOV 
region. Accordingly, three different metrics are proposed to quantify 
the similarity between the actual and ideal 2D excitation profiles, based 
on the signals within and outside the targeted reduced-FOV region. 
These metrics are then computed for off-resonance ranging up to 1 ppm 
to compare the off-resonance robustness of 2DRF pulses. Furthermore, 
the optimal parameters for 1.5 T and 3 T MRI scanners are compared via 
extensive simulations, including a visual comparison on a digital brain 
phantom. The results reveal the differences in the design requirements 
of 2DRF pulses for reduced-FOV imaging at 1.5 T and 3 T MRI scanners. 

2. Theory and methods 

2.1. 2D echo-planar RF pulse design 

2DRF pulses allow the slice and slab profiles to be designed inde-
pendently. The assignment of the axes as the “fast” and “slow” (i.e., 
blipped) directions is critical, since the replicas of the 2D excitation 
profile are generated along the blipped direction (see Fig. 1b). In this 
work, PE and SS axes were assigned as the fast and blipped directions, 
respectively (see Fig. 1a). This choice causes the fat profile to be shifted 
with respect to the water profile along the SS-direction, enabling fat 
suppression via a subsequent 180◦ RF pulse [4,9,16]. The 2DRF pulses 
are designed using the following equation: 

B1(t) = C(α)ASS(kSS(t))APE(kPE(t)) ‖ G(t) ‖ (1)  

Here, kSS(t) and kPE(t) are the SS and PE components of the excitation k- 
space trajectory, and ASS and APE are designed based on the desired slice 
and slab profiles, respectively. Multiplication with ‖G(t)‖, the norm of 
the gradient vector, adjusts the magnitude of the RF pulse in proportion 
with the trajectory speed. Lastly, C(α) tunes the overall amplitude of the 
RF pulse to achieve the desired flip angle, α. The slice and slab thick-
nesses, Δz and FOVslab, can be expressed as follows: 

Δz =
TBWSS

KSS

FOVslab =
TBWslab

Kslab

(2)  

Here, TBWSS and TBWslab are the time-bandwidth products (TBW) 
indicating the slice and slab sharpnesses, respectively. In addition, KSS 
and Kslab are the extents of the excitation k-space covered along the SS- 
and PE-directions, respectively. Note that FOVslab corresponds to the 
reduced-FOV dimension along the PE-direction during imaging. 

Since kSS(t) and kPE(t) follow an echo-planar trajectory in excitation 

k-space, the 2D excitation profile repeats along the blipped SS-direction. 
The distance between the replicas along the SS-direction, ΔdSS, can be 
expressed as follows: 

ΔdSS =
Nblip

KSS
=

Nblip

TBWSS
Δz (3)  

Here, Nblip is the number of blips along the SS-direction (i.e., the number 
of lines minus one for the 2DRF trajectory). In a multislice acquisition 
scheme, the replica excitations can cause a partial saturation effect, 
reducing the signal level for each slice [4,9]. The maximum number of 
slices, Nmax, that can be imaged while avoiding this partial saturation 
effect can be expressed as the number of slices that can fit between two 
consecutive replicas, i.e., 

Nmax =
ΔdSS

Δz
=

Nblip

TBWSS
(4)  

Note that Nmax can be increased by either increasing Nblip or decreasing 
TBWSS, which in turn would cause either an increase in 2DRF pulse 
duration or a decrease in slice sharpness, respectively. 

Due to chemical shift differences between fat and water molecules, 
the long duration of the 2DRF pulse causes a shift in the fat profile with 

Fig. 1. An example 2DRF pulse, showing (a) RF and gradient waveforms, and 
(b) the corresponding 2D excitation profiles for water and fat, simulated for 
440 Hz chemical shift at 3 T. The blipped nature of the gradient waveform in 
the SS-direction causes replicas to appear in the same direction, restricting the 
number of slices that can be imaged without experiencing partial saturation 
effects. Fat profile experiences a shift along the SS-direction proportional to the 
chemical shift in Hz. The parameters for this example 2DRF pulse were 15.3 ms 
pulse duration, TBWslab = 6, Nmax = 16, FOVslab = 4 cm, Δz = 4 mm, 
and TBWSS = 3. 
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respect to the water profile. This shift, Δdcs, is along the blipped SS- 
direction and can be expressed as follows: 

Δdcs =
Nblip

KSS
TfastΔfcs =

NblipTfastΔfcs

TBWSS
Δz (5)  

Here, KSS/Nblip is the distance between the lines along the SS-direction of 
the 2DRF trajectory, Tfast is the duration per each line, and Δfcs is the 
Larmor frequency difference between fat and water. As shown in Fig. 1b, 
typical 2DRF pulse durations result in 2D excitation profiles with no 
overlap between water and fat profiles, i.e., Δdcs ≥ Δz. The separation of 
the profiles allows a subsequent 180◦ refocusing pulse to select the water 
profile only, suppressing the signal from fat. 

A direct consequence of Eq. (5) is that the 2DRF pulse is sensitive to 
off-resonance effects. Any source of B0 field inhomogeneity (e.g., due to 
hardware imperfections or susceptibility differences) will cause an off- 
resonance frequency, Δf, which in turn will cause the excited slice to 
be shifted along the SS-direction. The amount of shift can be computed 
using Eq. (5), by replacing Δfcs with Δf. Because the subsequent 180◦

refocusing pulse is considerably shorter in duration, its profile will not 
experience such a large shift, causing a mismatch between the excitation 
and refocusing profiles. In turn, this mismatch will cause the excited 
slice to be only partially refocused, resulting in a position-dependent 
signal loss in the corresponding reduced-FOV image [9]. To alleviate 
off-resonance sensitivity, the parameters of the 2DRF pulse need to be 
tuned carefully. During this tuning, multiple trade-offs emerge:  

• While shorter Tfast reduces off-resonance sensitivity, it requires either 
FOVslab to be enlarged or TBWslab to be reduced. In return, larger 
FOVslab worsens the in-plane off-resonance artifacts of the resulting 
ss-EPI image, whereas smaller TBWslab sacrifices profile sharpness 
and causes a tapering of the signal along the PE-direction.  

• While smaller Nblip reduces off-resonance sensitivity, it causes a 
reduction in Nmax, hindering multi-slice acquisition performance. 

In this work, we approach this problem from a brute-force parameter 
optimization perspective. We choose TBWslab and Nmax as the free pa-
rameters, which are then optimized separately for 1.5 T and 3 T cases to 
maximize off-resonance robustness. 

2.2. 2DRF pulse parameters 

All 2DRF pulses had FOVslab = 4 cm, Δz = 4 mm, TBWSS = 3. In the 
first part of the simulations, Nmax was fixed at Nmax = 16, and only 
TBWslab was chosen as the free variable. Accordingly, 16 different 2DRF 
pulses were generated for TBWslab ranging between 3 to 18. The 
resulting pulse durations ranged between 11.0 ms to 26.3 ms. An 
example 2DRF pulse with TBWslab = 6 and 15.3 ms pulse duration is 
given in Fig. 1a, with the corresponding 2D excitation profile shown in 
Fig. 1b. Here, the fat profile was simulated assuming 440 Hz chemical 
shift at 3 T. 

In the second part of the simulations, both Nmax and TBWslab were set 
as free variables. During this simulation, Nmax was varied between 6 to 
16 with steps of 2, and TBWslab was varied between 3 to 18 while other 
parameters were kept fixed as given above. Accordingly, 96 different 
2DRF pulses were generated and their performances were compared. 

2.3. Simulations for off-resonance robustness 

The off-resonance performances of 2DRF pulses were compared via 
Bloch simulations in MATLAB. Fig. 2a shows an “ideal” (but non- 
realistic) 2D excitation profile before applying 180◦ refocusing RF 
pulse. This ideal 2D excitation profile has value 1 within the targeted 
Δz × FOVslab region and 0 outside. Fig. 2c shows the effective ideal 2D 
profile (referred to as “ideal 2D profile” from here on) after applying a 
realistic 180◦ RF pulse, where the effect of the 180◦ RF pulse can be seen 

along the SS-direction. Based on this ideal 2D profile, three different 
metrics were defined to quantify the performance of a real 2D profile: 
Signal-in-Slab, Signal-Aliased, and ΔSignal. To compute these metrics, 
first the effective 2D profile after 180◦ RF pulse is computed for each 
2DRF pulse, and this profile is integrated along the slice direction. Then, 
the resulting signal is integrated along the PE direction to compute the 
signals within and outside of the targeted FOVslab portion. These values 
are then normalized by the integral of the signal within the targeted 
Δz × FOVslab region for the ideal 2D profile, yielding Signal-in-Slab and 
Signal-Aliased as the normalized signals within and outside of the tar-
geted reduced-FOV region, respectively. Here, the name Signal-Aliased 
refers to the fact that the excitation outside the targeted region along 
the PE direction (i.e., the undesired outer-volume excitation) ultimately 

Fig. 2. Ideal 2D excitation profile and simulated 2D excitation profiles under 
off-resonance ranging up to 128 Hz. (a, c) Ideal 2D profiles before and after the 
180◦ refocusing pulse, respectively. (b, d) Simulated 2D excitation profiles for 
the 2DRF pulse before and after the 180◦ refocusing pulse, respectively. The 
blue and yellow dashed lines mark the targeted Δz and FOVslab positions, 
respectively. Due to duration/bandwidth mismatches between the 2DRF and 
180◦ refocusing pulses, excitation profiles are only partially refocused, resulting 
in a thinner slice with increasing off-resonance. The portions of the 2D profile 
utilized for computing the metrics Signal-in-Slab and Signal-Aliased are 
marked, and ΔSignal is the difference between these two signals. The param-
eters for this example 2DRF pulse were 19.6 ms pulse duration, TBWslab = 10, 
Nmax = 16, FOVslab = 4 cm, Δz = 4 mm, and TBWSS = 3. 
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aliases back into the reduced-FOV image during imaging. Next, the 
difference between Signal-in-Slab and Signal-Aliased yields ΔSignal, a 
metric that rewards in-slab signal and penalizes aliased signal. Accord-
ingly, for the ideal 2D profile, Signal-in-Slab is equal to 1, Signal-Aliased 
is equal to 0, and ΔSignal is equal to 1. Note that, even for a real 2DRF 
pulse, one can easily make Signal-in-Slab reach a value of 1 by arbi-
trarily extending the 2D excitation profile along the slab direction (e.g., 
by scaling down PE gradient amplitude), but doing so would cause 
excitation outside the targeted slab, causing an undesired increase in 
Signal-Aliased. Likewise, one can easily make Signal-Aliased go down to 
0 by arbitrarily shrinking the 2D excitation profile along the slab di-
rection, but this in turn would cause the Signal-in-Slab to fall down. In 
contrast, an arbitrary scaling of the 2D excitation profile would cause a 
decrease in ΔSignal. Thus, ΔSignal quantifies the similarity between a 
real 2D profile and the ideal 2D profile, with a value of 1 indicating a 
perfect match. 

Here, we propose using ΔSignal to quantify the off-resonance 
robustness of a 2DRF pulse. In the absence of off-resonance effects, 
ΔSignal is expected to increase with increasing TBWslab and TBWSS, as 
the 2D excitation profile becomes sharper and approaches the ideal one. 
However, in the presence of off-resonance effects, the partial refocusing 
along the SS-direction will reduce ΔSignal at a level that strongly de-
pends on the 2DRF pulse parameters. If a 2DRF pulse can maintain high 
ΔSignal levels in the presence of off-robustness, it can be said to be 
robust to off-resonance effects. 

Next, for each 2DRF pulse, 2D excitation profiles were simulated 
with off-resonance ranging up to 1 ppm (i.e., up to 64 Hz for 1.5 T and 
up to 128 Hz for 3 T). A standard three-lobe sinc-shaped 180◦ RF pulse 
with 3.2 ms duration and 905 Hz bandwidth was utilized as the refo-
cusing RF pulse. The 2D excitation profiles before and after the appli-
cation of the 180◦ RF pulse were evaluated. The three metrics defined 
above were computed for each 2DRF pulse at each off-resonance value. 

2.4. Simulations on brain phantom 

To visually compare the 2DRF pulses, a digital T2-weighted brain 
phantom was generated from a fuzzy brain model [17] after interpo-
lating to a fine 3D grid of 0.5 × 0.5 × 0.25 mm3 voxel size. A realistic 
off-resonance field map was generated based on the anatomy of the 
phantom, causing 0.76±0.64 ppm (mean±std) off-resonance within the 
targeted reduced-FOV. The simulated 2D excitation profiles from 
different 2DRF pulses were applied on this brain phantom, mimicking a 
reduced-FOV T2-weighted imaging scenario. The imaging parameters 
were Δz = 4 mm and FOV = 18×4 cm2, where 4 cm corresponds to the 
reduced-FOV along the PE direction. Here, the effects of off-resonance 
during k-space data acquisition were ignored to better distinguish the 
non-idealities stemming from the 2DRF pulses alone. 

3. Results and discussion 

To visually demonstrate the effects of off-resonance, Fig. 2 shows 
ideal 2D profiles together with example 2D profiles for a 2DRF pulse 
with TBWslab = 10, Nmax = 16, and 19.6 ms pulse duration. Here, Fig. 2a 
demonstrates the ideal 2D excitation profile before 180◦ refocusing 
pulse, with value 1 within the targeted Δz × FOVslab region and 
0 outside. Likewise, Fig. 2c shows the ideal 2D profile after 180◦ refo-
cusing pulse. Next, Fig. 2b shows the 2D excitation profiles before the 
180◦ refocusing pulse, and Fig. 2d shows those after the 180◦ refocusing 
pulse for Δf = 0, 64 Hz, and 128 Hz cases. In each subfigure, the blue 
and yellow dashed lines mark the targeted Δz and FOVslab positions, 
respectively. In Fig. 2b, the 2D excitation profiles demonstrates a large 
shift along the SS-direction, which is directly proportional to the off- 
resonance (see Eq. (5)). After the application of the 180◦ refocusing 
pulse, the shifted 2D excitation profiles are only partially refocused, 
resulting in a thinner slice, as seen in Fig. 2d for non-zero Δf cases. 
Comparing the results of Δf = 64 Hz and 128 Hz cases (i.e., 1 ppm off- 

resonance at 1.5 T and 3 T, respectively), one can deduce that 1 ppm 
off-resonance causes a significantly more pronounced signal loss at 3 T, 
as expected. The 2D profiles in Fig. 2d have Signal-in-Slab values of 0.83, 
0.66, and 0.33, Signal-Aliased values of 0.027, 0.022, and 0.010, and 
ΔSignal values of 0.80, 0.64, and 0.32 for Δf = 0, 64 Hz, and 128 Hz, 
respectively. 

To demonstrate the overall trends in the effects of off-resonance, 
Fig. 3 shows Signal-in-Slab, Signal-Aliased, and ΔSignal for the 2DRF 
pulse in Fig. 2 under off-resonance ranging up to 128 Hz. As seen in this 
figure, all three metrics decrease with off-resonance, as the mismatch 
between the 2D excitation and refocusing profiles grow with increasing 
off-resonance. For this sample 2DRF pulse, the mean values for Signal- 
in-Slab, Signal-Aliased, and ΔSignal across Δf ranging between 0 to 
128 Hz are 0.63, 0.021, and 0.61, respectively. 

Fig. 4 shows the results of the first part of the off-resonance robust-
ness analysis, where Nmax was fixed at 16 and only TBWslab was set as the 
free variable. As shown in Fig. 4a, 2DRF pulse duration increases almost 
linearly with TBWslab. The off-resonance robustness metrics (i.e., Signal- 
in-Slab, Signal-Aliased, and ΔSignal) were computed at off-resonance 
values of up to 1 ppm for 1.5 T and 3 T cases, separately. The mean 
values of these metrics within the 0–1 ppm range are plotted in Fig. 4b- 
d. Note that for the entire range of TBWslab values, 2DRF pulses perform 
poorer in terms of off-resonance robustness performance at 3 T than at 
1.5 T, as expected. As shown in Fig. 4b, while Signal-in-Slab is not 
significantly affected by TBWslab at 1.5 T, it decreases rapidly with 
increasing TBWslab at 3 T. Fig. 4c shows that the trends for Signal-Aliased 
are almost identical for 1.5 T and 3 T, decreasing with increasing 
TBWslab due to sharper slab profiles achieved at higher TBWslab. The 
similarity of the trends at 1.5 T and 3 T indicates that Signal-Aliased is 
only slightly altered by off-resonance and that it mainly depends on the 
tails of the slab profile, which are reduced with increasing TBWslab. 
Fig. 4d shows that ΔSignal, considered as the main off-resonance 
robustness metric in this work, peaks at different TBWslab values at 
1.5 T and 3 T (marked with black in Fig. 4d). At 1.5 T, the optimum 
2DRF pulse has TBWslab = 10 with 19.6 ms duration. At 3 T, on the other 
hand, the optimum parameters are TBWslab = 6 with 15.3 ms duration. It 
should be noted that 20 ms is the maximum allowed RF pulse duration in 
some MRI scanners, and hence the chosen optimum values remain 
within the practical duration limits. For the chosen range of parameters, 
all 2DRF pulses had fat suppression capability at both 1.5 T and 3 T, 
except for pulses with TBWslab < 5 cases, which had this capability only 
at 3 T. Nonetheless, those pulses with small TBWslab are far from ideal in 
terms of the slab sharpness that they provide. 

In the second part of the off-resonance robustness analysis, both Nmax 
and TBWslab were set as free variables, and the other variables were kept 
the same as in the first part of the analysis. Nmax was varied between 6 to 
16 while TBWslab was varied between 3 to 18. Fig. 5 shows the mean 
values of ΔSignal within the 0–1 ppm off-resonance range for the 1.5 T 
and 3 T cases. The results clearly demonstrate that ΔSignal peaks at 

Fig. 3. Results of the off-resonance robustness simulation for the 2DRF pulse in 
under off-resonance ranging up to 128 Hz. (a) Signal-in-Slab, (b) Signal-Aliased, 
and (c) ΔSignal all decrease with off-resonance, with mean values of 0.63, 
0.021, and 0.61, respectively, across Δf ranging between 0 to 128 Hz. The 
parameters for this example 2DRF pulse were 19.6 ms pulse duration, 
TBWslab = 10, Nmax = 16, FOVslab = 4 cm, Δz = 4 mm, and TBWSS = 3. 
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different combinations of Nmax and TBWslab values for the 1.5 T and 3 T 
cases. Accordingly, ΔSignal remains mostly stable with respect to both 
Nmax and TBWslab for the 1.5 T case. In contrast, higher Nmax and TBWslab 
reduce ΔSignal severely for the 3 T case due to the sensitivity of the 
2DRF pulses to higher off-resonance effects at 3 T. Based on these re-
sults, we can deduce that one can utilize large Nmax at 1.5 T with min-
imal sacrifice in signal, as long as TBWslab is set to values around 8–10. 
Larger TBWslab causes signal deterioration in the case of large Nmax, and 
provides minimal improvement at small Nmax at the cost of longer 2DRF 
pulses. In contrast, at 3 T, Nmax needs to be kept as restricted as possible, 
and TBWslab needs to be set to values around 5–7 to avoid excessive 
signal loss while providing sufficient slab sharpness. 

In Fig. 6, the performances of the 2DRF pulses were compared 
visually via brain phantom simulations. For 1.5 T and 3 T, the optimum 
2DRF pulses from the first part of the simulations were utilized (marked 
with black in Fig. 4d). The optimum pulses had TBWslab = 10 (19.6 ms 
duration) and TBWslab = 6 (15.3 ms duration) for the 1.5 T and 3 T 
cases, respectively. Fig. 6a shows the T2-weighted brain phantom, with 
the targeted reduced-FOV region marked using red lines. Simulated off- 
resonance field maps at 1.5 T and 3 T were generated based on the 
anatomy of the phantom, and had 0.76±0.64 ppm (mean±std) off- 
resonance within the targeted reduced-FOV. Fig. 6b shows the slices 
after 2DRF excitation and 180◦ refocusing pulses for visual inspection. In 
addition, Fig. 6c shows the resulting reduced-FOV images with the FOV 

along the PE direction set to be the same as FOVslab (i.e., 4 cm in this 
case). In these reduced-FOV images, aliasing occurs along the PE- 
direction if the slab profile is not sharp enough. Comparing the results 
in Fig. 6c, both 2DRF pulses perform similarly at 1.5 T in terms of signal 
level across the reduced-FOV images. However, the 2DRF pulse with 
TBWslab = 6 causes prominent aliasing along the PE-direction (note the 
features marked with yellow arrows in Fig. 6a,c). This aliasing artifact, 
caused by insufficient slab sharpness, is considerably alleviated by the 
2DRF pulse with TBWslab = 10. For the 3 T results, the off-resonance 
induced signal loss becomes more significant in the corners of the 
reduced-FOV image for the 2DRF pulse with TBWslab = 10, while the 
2DRF pulse with TBWslab = 6 provides sufficient signal level in the en-
tirety of the image without inducing aliasing artifacts. Thus, the 
reduction of 2DRF pulse duration achieves an improvement of off- 
resonance robustness at 3 T without generating aliasing artifacts. 

A potential approach to overcome the off-resonance sensitivity of the 
2DRF excitation is to stretch the 180◦ RF pulse in time, so that its 
bandwidth matches that of the 2DRF pulse. Then, the refocusing and 2D 
excitation profiles would have identical slice shifts, producing a com-
plete refocusing. However, the corresponding fat profiles would also 
have identical shifts, causing the fat suppression capability of the 2DRF/ 
180◦ RF pulse pair to be lost entirely. Consequently, to avoid chemically- 
shifted fat artifact in ss-EPI, a separate fat suppression method such as 
spectral adiabatic inversion recovery would need to be incorporated 
[18]. With the fat suppressed, the acquired multi-slice volume would 
then reflect the water component warped along the SS-direction due to 
off-resonance induced slice shifts, which could be unwarped based on a 
B0 field map. In contrast to this approach, the proposed parameter-based 
optimization technique does not require an additional fat suppression 
method, the acquisition of an additional B0 field map, or unwarping of 
the multi-slice volume. 

4. Conclusion 

In this work, we demonstrate the need for different 2DRF pulse 
design specifications for reduced-FOV imaging at 1.5 T and 3 T MRI 
scanners to enhance off-resonance robustness and avoid aliasing. The 
proposed metrics, based on the signals within and outside the targeted 
reduced-FOV region, successfully quantify the off-resonance perfor-
mance of 2DRF pulses. Extensive simulations for off-resonance robust-
ness and imaging simulations on a digital brain phantom show that the 
primary requirement for the 2DRF pulse design at 3 T is off-resonance 
robustness. At 3 T, the maximum number of slices should be restricted 
and a moderate slab sharpness with a TBW of 5–7 should be utilized to 
avoid excessive signal loss. Conversely, profile sharpness in the PE- 

Fig. 4. Results of the first part of off-resonance robustness simulation, where Nmax was fixed at 16 and only TBWslab was set as the free variable. (a) 2DRF pulse 
duration increases almost linearly with TBWslab. (b) Signal-in-Slab is only slightly affected by TBWslab at 1.5 T, whereas it decreases rapidly with TBWslab at 3 T. (c) 
The trends for Signal-Aliased are almost identical for 1.5 T and 3 T, decreasing with TBWslab. (d) For 1.5 T, ΔSignal peaks for the 2DRF pulse with TBWslab = 10 and 
19.6 ms duration, while the best performing 2DRF pulse for 3 T has TBWslab = 6 and 15.3 ms duration. Other parameters for the 2DRF pulses were FOVslab = 4 cm, 
Δz = 4 mm, TBWSS = 3. 

Fig. 5. Results of the second part of the off-resonance robustness analysis, 
where both Nmax and TBWslab were set as free variables. The mean values of 
ΔSignal at off-resonance ranging up to 1 ppm are shown for (a) 1.5 T and (b) 3 
T. During these simulations, Nmax was varied between 6 to 16 and TBWslab was 
varied between 3 to 18. ΔSignal peaks at different combinations of Nmax and 
TBWslab values for 1.5 T and 3 T cases. The trends are mostly stable with respect 
to both Nmax and TBWslab for the 1.5 T case, whereas the 3 T case suffers from 
severe signal loss at higher values of Nmax and TBWslab. Other parameters for the 
2DRF pulses were FOVslab = 4 cm, Δz = 4 mm, TBWSS = 3. 
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direction is the primary design requirement at 1.5 T, allowing a large 
number of slices to be imaged as long as a relatively high slab sharpness 
with a TBW of 8–10 is utilized to avoid aliasing. 
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