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This study proposes a modified Shinnar–Le Roux method to synthesize the excitation radio frequency
(RF) pulse for a 2D gradient echo (GRE) based simultaneous multi-slice (SMS) magnetic resonance
imaging (MRI) with features of low specific absorption rate (SAR) and small out-of-slice ripple.
This synthesis method for SMS RF pulses employs thinner slice bandwidth and lower multislice
offset frequencies to reduce SAR values and adopts a weighted Parks–McClellan algorithm to reduce
sidelobes. Formulas for estimating relative SAR values of the SMS pulses are also introduced. Relative
SAR values and out-of-slice ripples of the proposed and typical RF pulses with different parameters are
presented. In simultaneous 5-slice phantom and 3-slice human brain imaging, SMS pulses synthesized
with the proposed method achieve 32% and 28% SAR values of standard pulses while providing similar
image qualities. Typical RF pulses such as sinc x cos can also take advantage of the proposed method
and offer lower SAR values for SMS imaging. The RF pulse synthesized using the proposed method
features low SAR, small sidelobes, and consistent image quality for 2D GRE-based SMS MRI. This
method is applicable to the synthesis of typical SMS RF pulses for significant SAR reduction. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4979861]

I. INTRODUCTION

There is an increasing demand for imaging acceleration
using simultaneous multi-slice (SMS) methods. Existing SMS
methods were classified by Wu et al.1 into two categories:
the separation of multiple images with proprietary sequence
designs or gradients1–14 and the utilization of the RF (radio
frequency) coil array in conjunction with parallel imaging
techniques.15–18 All of these methods require the SMS excitation, and the specific absorption rate (SAR) value becomes an
issue for an increased number of slices.
In standard MRI (magnetic resonance imaging), SAR
reduction methods include variable rate RF pulses,19,20
quadratic-phase or polynomial-phase RF pulses,21,22 etc. For
a variable rate pulse, the non-constant slice-selection gradient
Gz is required, which must be precisely varied and matched
with the variable rate pulse, or the excitation slice profile may
be distorted. Quadratic-phase and polynomial-phase RF pulses
are suitable for the saturation but they are not suitable for the
single slice or SMS excitation due to the nonlinear in-slice
phase distribution.
In 2011, Norris et al. proposed the PINS (Power Independent of Number of Slices) sinc RF pulse for SMS excitation and adopted the GRAPPA (generalized autocalibrating partially parallel acquisitions) kernel to reconstruct the
a) Author to whom correspondence should be addressed. Electronic mail:
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multislice image.23 They also performed the SAR reduction using triangular gradient blips. Recently, PINS-related
studies and extended applications have been proposed.24–31
The PINS-TSE (turbo spin echo) sequence was combined
with blipped CAIPI (controlled aliasing in parallel imaging) to improve the reconstruction of superposed slices
and to reduce the SAR.24 Eichner et al. used a diffusionweighted spin echo pulse sequence with 180◦ PINS pulse
and blipped CAIPIRINHA (controlled aliasing in parallel
imaging results in higher acceleration) readout for the SMS
diffusion imaging and compared the energy deposition of
PINS and MB (multiband) RF pulses for different SMS
factors.25
However, the high sidelobes in the slice profile obtained
with a PINS sinc excitation pulse will excite more out-of-slice
signal, which is undesired for SMS MRI.23 Furthermore, the
use of non-constant slice-selection gradients such as triangular
gradient blips might distort the slice profile if the applied timevarying gradient is not matched precisely with the synthesized
RF pulse.
The aim of this study was to investigate a new method
of synthesizing the multislice RF pulse that utilizes the flexible specification and selective approximation features of
the Shinnar–Le Roux (SLR) algorithm for a desired slice
profile.21,22,32,33 The resulting low SAR SLR pulses feature
reduced SAR values and small out-of-slice ripples for SMS
imaging with the lower constant strength of the slice-selection
gradient. In addition, the image quality of SMS imaging
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scanned using the low SAR SLR pulse was compared with
that scanned using typical RF pulses.
II. METHODS

The synthesis method of a SLR RF pulse is similar to
the synthesis concept of a FIR (finite impulse response) digital filter.32 One can specify the desired slice profile and use
the inverse SLR algorithm to obtain an approximated slice
profile and the synthesized SLR pulse. Initially, the desired
single slice or multi-slice profile is specified, which includes
the in-slice amplitude = sin(φ/2), where φ is the flip angle, and
the out-of-slice amplitude = 0. The Parks–McClellan (PM)
algorithm can be used to approximate the specified profile
and compute the coefficients of polynomial Bn . The vector hn is the frequency response of the coefficients of Bn .
Then, p
coefficients of polynomial An can be obtained from
|An | = 1 − hn hn ∗ and An = |An |exp[iH (log|An |)], where H is
the Hilbert transform. The RF pulse B1 can then be synthesized from coefficients of An and Bn as well as the inverse
SLR algorithm. Additionally, the Bloch equation can be
adopted for the slice profile simulation of the synthesized RF
pulse.21,22,32
In this study, the design method of the multislice SLR
RF pulse was based on the SLR RF pulse design method with
optimization considerations for the SMS excitation in 2D GRE
WMRI (two-dimensional gradient echo wideband MRI),1,7–10
which is an SMS method. Optimization considerations include
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reductions of the SAR and sidelobes. Features of the flexibility
in specifying a desired slice profile and the weighted approximation for the in-slice/out-of-slice profile of the SLR method
are applicable to the SAR and sidelobe reductions, respectively.32,33 The multislice RF pulse synthesis methods, PINS
SLR and sinc x cos, used for comparison will also be described.
Synthesis methods of low SAR SLR, PINS SLR, and standard
SLR pulses, shown in Fig. 1(a), all adopted the optimization
considerations.
A. Optimization method of the multislice SLR RF pulse

The approach for reducing sidelobes of the multislice
profile of the synthesized SLR pulse, one of the optimization considerations, and several parameters for slice profile evaluation will be described here. Some previous papers
adopted a parameter called the fractional transition width
FTW = ωs − ωp /BW .21,22 FTW denotes the ratio of the transition width over the slice width. However, the specified in-slice
amplitude information is not included in the FTW. A related
parameter, the specified transition slope (STS), was adopted in
this study. STS is defined as
STS =

sin(φ/2)
,
∆fps

(1)

where φ is the flip angle and ∆fps is the normalized transition frequency. Because STS includes the specified in-slice
amplitude sin(φ/2) together with the normalized transition
frequency ∆fps shown in Fig. 1(b), STS can represent the actual

FIG. 1. (a) Flowchart showing the synthesis of the multislice SLR (standard SLR or low SAR SLR) and
PINS SLR RF pulses. (b) Definition
of the normalized transition frequency
∆fps and specified slice bandwidth ∆f1 .
(c) Specified slice thickness ∆z1 . ((d)
and (e)) Out-of-slice ripples of the
approximated profile Bn (red dashed
curve) for the specified Bn (red solid
curve) can be decreased after using
this weighted PM algorithm. Different weighted values, wt1 = 100 · wt2
and wt2, were used for the out-ofslice and in-slice profile approximation
respectively in the PM algorithm. (f)
Simulated (or desired) slice bandwidth
∆f , bottom slice bandwidth ∆fb , simulated excitation area (red curve), and
ideal excitation area (light blue curve).
(g) Definition of the out-of-slice ripple,
in absolute amplitude, in the zoom-in
view of the simulated transverse magnetization M xy (f).
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sharpness of the specified profile Bn . For a fixed flip angle, a
sharper transition width leads to a larger STS.
The weighted PM algorithm was used for approximating
to the specified slice profile.21,22,32,33 Two different weighted
values wt 1 and wt 2 were adopted for the out-of-slice and inslice profile approximations, respectively, for the specified profile Bn to greatly reduce the out-of-slice ripple of the approximated profile Bn . If the out-of-slice ripple of the approximated
profile Bn is reduced, from Figs. 1(d)–1(e), the out-of-slice
ripple of synthesized transverse magnetization M xy can also
be reduced. Then, less out-of-slice signal will be excited into
the SMS image. Additionally, wt1 = 100 · wt2 , as shown in
Fig. 1(e), was adopted in this study.
The parameter, normalized excitation area NEA, is
expressed as
Simulated excitation area
Ideal excitation area
Simulated excitation area
,
=
sin (φ) · ∆fb

NEA =

(2)

where the simulated excitation area is the area covered by
the simulated transverse magnetization M xy within the simulated bottom slice bandwidth ∆fb shown in Fig. 1(f), and the
ideal excitation area equals sin (φ)·∆fb . The out-of-slice ripple
in percent is defined as the absolute amplitude of the out-ofslice ripple, Fig. 1(g), divided by the specified in-slice M xy
amplitude sin(φ) and multiplied by 100%.
B. Low SAR SLR RF pulse

The SAR of a RF pulse can be decreased by reducing
the slice bandwidth.34 This can be recognized from the following mathematical derivation. Suppose that the synthesized
RF pulse B1 = x[n1 ] and X[k] is the digital Fourier transform of x[n1 ]. The transverse magnetization M xy of B1 can
be expressed as Mxy  F (B1 ) = F (x [n1 ]) = X[k], where X[k]
and x[n1 ] both have length N 1 . The energy conservation theorem, Parseval’s theorem, of the Fourier transform is reviewed
in Eq. (3), and the SAR is defined in Eq. (4),
XN1 −1
XN1 −1
|x [n1 ]| 2 = (1/N1 )
|X[k]| 2 ,
(3)
n1 =0

k=0

SAR =

B12
,
tp · mass

(4)
rSAR 

where B1 is the synthesized RF pulse, t p is the exposure time,
and mass is the mass of the subject.34 It can then be derived
that the SAR is proportional to the sum of square of transverse
2,
magnetization amplitude Mxy
XN1 −1
XN1 −1
2
SAR ∝ B12 =
|x [n1 ]| 2 = (1/N1 )
|X[k]| 2 ∝ Mxy
.
n1 =0

multislice SLR RF pulse, then the originally desired multislice
locations and slice thickness can still be obtained by reducing
the strength of the slice selection gradient Gz as shown in
Fig. 2(b). This type of pulse is referred to as the low SAR
SLR RF pulse in this paper. The SAR reduction here results
from the reduction of the specified slice bandwidth mentioned
above and the reduction of specified multislice offset frequencies. The parameter fc specifies that the two outer-most slices
of a W -slice profile are located at ±fc . The second reason can be
understood because amplitudes of Bloch-simulated transverse
magnetization M xy decrease with fc frequencies of 2-slice SLR
pulses with a fixed power as shown in Fig. 4(b). Higher power
will be required for a 2-slice SLR pulse with a larger fc value
to reach the specified M xy amplitude. Thus, SAR values of
2-slice SLR RF pulses, with other specifications being fixed,
are basically proportional to their fc values. Some SAR versus
fc examples with W = 2 and given STS values are included in
Fig. 4(c). In general, SAR values of equally spaced W -slice
SLR RF pulses with other specifications being fixed are
proportional to their fc values.
If an entire multislice profile Bn is specified directly to
be approximated, the approximation for the specified Bn can
sometimes fail when the SMS factor (number of simultaneous multislice excitations)25 W is increased and the specified
slice width is thin. This is because there are more conditions
to be met and only a few points per slice to approximate the
specified profile. This approximation failure results in the pulse
synthesis failure. If the SMS factor W ≥ 3, then the summation
of a single-slice pulse and one or more 2-slice pulses is suggested for obtaining the multislice SLR pulse. This approach
can greatly decrease the synthesis failure. The whole synthesis
method of a multislice SLR pulse is summarized in the upper
flowchart of Fig. 1(a). The desired multislice profile with an
arbitrary STS, thin slice thickness, and low sidelobes may not
be obtained simultaneously using the PINS sinc and sinc x
cos pulse synthesis methods. However, the SLR-based pulse
synthesis method can be expected to reach that with a higher
possibility.
Eq. (4) was used as the SAR computation of a synthesized
RF pulse in this study. The formula proposed in this study for
estimating the relative SAR, rSAR, of the low SAR SLR RF
pulse versus that of the corresponding standard SLR RF pulse
is expressed as follows:

k=0

(5)
Thus, the thinner the slice bandwidth of the transverse magnetization M xy with a fixed in-slice amplitude, the lower the
SAR of the synthesized RF pulse B1 becomes.
If the specified multislice offset frequencies and the
bandwidth of each slice are reduced in the synthesis of the

c1
WTLow SAR SLR

,

(6)

where c1 and WTLow SAR SLR represent for the SAR reduction ratios resulting from the reduction of the specified slice
bandwidth and the reduction of specified multislice offset frequencies mentioned above, respectively. The parameter c1 is the reduction ratio of slice bandwidth ∆f1 /∆f ,
shown in Fig. 2, or the reduction ratio of the slice-selection
gradient strength. Some suggested values of the parameter WTLow SAR SLR will be provided in Section III. Note that
0 < c1 < 1 and WTLow SAR SLR > 1. With Eq. (6), the relative
SAR can be estimated before synthesizing these two pulses.
The multislice sinc x cos RF pulse was generated by
Eq. (7) in this study,
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FIG. 2. (a) Synthesis principle of the standard SLR RF pulse used in this study. (b) Synthesis principle of the low SAR SLR RF pulse. By reducing the strength of
the slice-selection gradient from Gz to c1 Gz (0 < c1 < 1), the slice thickness will become thicker from the specified slice thickness ∆z1 (not plotted, corresponding
to the specified slice bandwidth ∆f1 under Gz ) to the desired slice thickness ∆z. Moreover, slices that are not located at the origin (z = 0) will be moved away
from the origin. They will be moved from the specified slice locations ±z1 (not plotted, corresponding to the specified slice offset frequencies ±f1 under Gz ) to
the desired slice locations ±z2 . Here, ∆f > ∆f1 and f2 > f1 .

P W

2


(sinc
(a
Ham
t))
·
b
cos
b
t
for W ≥ 2 and W is even
c0
c1,n
c2,n

n=1

sinc x cos (SL,∆f ,φ,W ) = 
,


W
−1


 Ham (sinc (ac0 t)) · bc0 + P 2 bc1,n cos bc2,n t  for W ≥ 3 and W is odd
n=1


where ac0 , bc0 , bc1,n , and bc2,n are coefficients determined
by the desired slice locations SL, slice bandwidth ∆f , flip
angle φ, and SMS factor W. Ham
is the Hamming win
1
dow. Ham (n1 ) = α − β cos N2πn
with
α = 0.54, β = 0.46,
1 −1
and n1 = 0, 1, 2, . . . , N1 − 1. sinc (ac0 t) = sinc (ac0 n2 ∆t) for n2
= −(N1 − 1)/2, . . . , −1, 0, 1, . . . , (N1 − 1)/2. The low SAR sinc
x cos pulse was also synthesized by Eq. (7) together with the
concept of low SAR SLR method mentioned above.
C. PINS SLR RF pulse

The sampling theorem of Fourier transform is now briefly
reviewed.35 Repeated spectrums of F (ω) with a period of

(7)

2π/∆t1 can be observed as shown in Fig. 3(a) if a continuous function f (t), with Fourier transform F(ω), is sampled
by d1 (t) with sample time ∆t1 . The offset frequency range
of a standard SLR RF pulse can be specified within ±fs ,
and fs equals 1/2 the sampling frequency of this SLR pulse.
Furthermore, δz = (2π/γ · Gz ) · fs in MRI. The specified slice
location of a standard SLR pulse ranges from −δz to +δz in
the slice-selection direction for given fs and Gz .
Suppose a single slice SLR RF pulse with sampling time
∆t1 is shown in the top left panel of Fig. 3(b) and its Fourier
transform can also be mapped from the frequency axis onto
the z axis, the slice-selection direction, as shown in the top
right plot of Fig. 3(b). Suppose that the single-slice SLR
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FIG. 3. (a) Sampling theorem of
Fourier transform. The Fourier transform of f (t) · d1 (t) can be expressed as
F (ω) ∗ D1 (ω). Repeated spectrums of
F(ω) with duration of 2π/∆t1 can be
observed. (b) Synthesis principle of the
PINS SLR RF pulse.

RF pulse was undersampled with sampling time ∆t2 , and
∆t2 /∆t1 is an integer larger than 1. All the non-sampled points
are set to zero. Repeated spectrums of the single slice SLR
RF pulse can be created within ±δz from the sampling theorem mentioned above or the PINS sinc RF pulse design
method.23 And the number of inter-slice spaces within ±δz is
equal to
N = ∆t2 /∆t1 ,

(8)

as shown in the middle right plot of Fig. 3(b). Here, N
= ∆t2 /∆t1 is also referred to as the undersampling ratio.
Next, by reducing the slice-selection gradient from Gz to
c1 Gz as shown in the two lower left panels in Fig. 3(b), the
slice locations can be moved away from the origin and the
slice thickness can become thicker as shown in the middle
right and bottom right plots in Fig. 3(b). The new inter-slice
distance can be expressed as follows:
Inter-slice distance = 2zc /(W − 1),

(9)

where W is the SMS factor and zc specifies that the two
outer-most slices within ±δz are located at ±zc . The new slice
thickness becomes ∆z from ∆z1 , where ∆z > ∆z1 .
For synthesizing a 3-slice (W = 3) PINS SLR RF pulse
within ±δz, parameter relations ∆t2 = 4∆t1 , c1 = (δz/2)/zc , and
∆z1 = c1 · ∆z can be adopted according to the method mentioned above. This method can be extended for the synthesis of
5-slice or more slice PINS SLR pulses within ±δz. The whole

design method of PINS SLR pulse is also summarized in the
lower flowchart of Fig. 1(a).
D. Estimation of relative SAR

The SAR estimation of PINS SLR pulse should be helpful in PINS pulse related researches of SMS MRI.24–28 The
formula proposed in this paper for estimating the relative
SAR of a PINS SLR pulse versus that of the standard SLR
pulse with the same multislice profiles within ±δz along the
z-axis is expressed as Eq. (10). With this formula, the relative
SAR, rSAR, can be estimated before synthesizing these two
pulses,
rSAR 

c1 · N
,
W · WTPINS SLR · M

(10)

where c1 is the reduction ratio of the slice-selection gradient strength in the synthesis of PINS SLR pulse as shown in
Fig. 3(b), i.e., Gz is reduced to c1 Gz (0 < c1 < 1). The specified slice thickness ∆z1 is also reduced to c1 multiplied
by the desired (or simulated) slice thickness, ∆z1 = c1 · ∆z.
Then, the specified slice bandwidth is also reduced to ∆f1
= c1 · ∆f from ∆f . Here, ∆f is the slice bandwidth when
the slice-selection gradient strength Gz is used to obtain the
same desired slice thickness ∆z. Again, the SAR is proportional to the specified slice bandwidth if other parameters
are fixed,34 and this is the reason for c1 in the numerator of
Eq. (10).
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The Fourier transform of d1 (t) and d2 (t) in Fig. 3(b) can
be expressed as Eqs. (11) and (12), respectively,
2π X
2nπ
F(d1 (t)) =
δ(ω −
),
(11)
n
∆t1
∆t1
F(d2 (t)) =

2π X
2nπ
2π X
2nπ
δ(ω −
)=
δ(ω −
).
n
n
∆t2
∆t2
N∆t1
N∆t1
(12)

It can be found that the amplitude of F(d2 (t)) is
equal to 1/N of that of F(d1 (t)). Thus, the amplitude
of F(SLR rf (t) · d2 (t)) can be kept the same as that of
F(SLR rf (t) · d1 (t)) by increasing the SLR rf (t) values sampled at every t = N · ∆t1 to N · SLR rf (t) and applying the
linearity theorem of Fourier transform.35 Then, the SAR value
of the newly undersampling pulse would become N 2 /N = N
times the original SAR value. N 2 in the numerator and N in the
denominator result from N · SLR rf (t) at the undersampling
points and the undersampling ratio N, respectively, which is
the reason for N in the numerator of Eq. (10).
The variable M in Eq. (10) refers to continuously sampling
M points every N points for the PINS SLR pulse synthesis
modified from Fig. 3(b). In this situation, the increased amplitude of N · SLR rf (t) can be equally divided by M points and
the SAR becomes 1/M of that of sampling 1 point every N
points. It seems that a large M value would be very helpful
to the SAR reduction. However, the amplitude of the outside
slices of the multislice profile would be greatly degraded or
become non-uniform if M ≥ 2. This phenomenon results from
the shifting theorem of Fourier transform. Thus, the result
of a PINS SLR pulse with M ≥ 2 is not presented in this
paper.
Next, W is the SMS factor. Basically, W slices of a PINS
SLR pulse can be obtained from the repeated spectrums of a
single slice pulse. Therefore, without considering other factors, its SAR can be regarded as 1/W of that of the standard
SLR pulse with W slices. Finally, WTPINS SLR in Eq. (10)
represents the weighted value that is a function of W and
zc . Some suggested values of the parameter WTPINS SLR will
be provided in Section III. And Eq. (10) for estimating the
relative SAR of PINS SLR pulse can be obtained by combining the contributions from all of the parameters mentioned
above.
E. Figure of merit

Ideally, we hope that the relative SAR and out-of-slice
ripple are both equal to zero. Therefore, the weighted sum of
these two parameters can be used as a figure of merit, FOM,
for evaluating a synthesized pulse as follows:36
FOM = w1 · rSAR + w2 · ripple,

(13)

where rSAR is the relative SAR of the pulse in percent
and ripple is the out-of-slice ripple in percent. After scaling the mean values of rSAR and ripple to the same amplitudes and using a higher weighting for emphasizing rSAR,
we can suggest the weighted values of w1 = 4/5 and w2
= (mean(rSAR)/mean(ripple)) · (1/5) in Eq. (13). Ideally
FOM = 0.

F. Experimental setup

The slice profile measurement and 2D GRE MR imaging of the phantom and human brain with the synthesized
RF pulses were performed using a 3T Bruker MR scanner.
The phantom consists of two water-filled bottles containing
the loofah and three plastic tubes, respectively. The maximum strength limitations of the slice-selection gradient Gz
and slice separation gradient Gz0 were both equal to 70% of
Gz,max = 3.02 G/cm. The synthesis of RF pulses, slice profile
simulation, SAR computation, and scan result analysis were
performed using programs written in-house in MATLAB 7.14
(The Mathworks, USA) and were executed using a personal
computer (PC) with an Intel i7-3770 8-Core CPU at 3.4 GHz
and with 8 GB RAM.
Pulse properties and image comparisons of 2D GRE
WMRI of synthesized RF pulses will be presented in Section III. The fixed imaging and pulse parameters included TR
= 100 ms, TE = 8 ms, number of voxels = 384 × 128, NEX = 8,
scan time = 102 s, pulse duration = 4 ms, flip angle = 30◦ ,
and 512-point pulse. The slice bandwidth ∆f = 1.28 kHz and
±δf = ±64 kHz for the standard SLR pulse. W slices of a pulse
were equally spaced within ±zc or ±fc .
The imaging parameters of 5-slice phantom images were
the slice separation gradient Gz0 = − 23.8%Gz,max , FOV = 45
× 15 cm, slice thickness ∆z = 1.88 mm, voxel size = 1.17 × 1.17
× 1.88 mm, ±δz = ±9.4 cm, zc = 0.8δz, inter-slice distance
= 0.4 δz = 3.77 cm, and blur index = 1.73 voxels. The sliceselection gradients were Gz = 52.8%, 52.8%, 28.6%, 28.6%,
33%, and 33% Gz,max for the standard SLR, standard sinc x
cos, low SAR SLR, low SAR sinc x cos, PINS SLR, and PINS
sinc, respectively.
The imaging parameters of 3-slice human brain images
were the slice separation gradient Gz0 = 40% Gz,max , FOV = 63
× 21 cm, slice thickness ∆z = 0.87 mm, voxel size = 1.64 × 1.64
× 0.87 mm, ±δz = ±4.37 cm, zc = 0.85 δz, inter-slice distance
= 0.85 δz = 3.71 cm, and blur index nb = 1.2 voxels. The slice
selection gradients were Gz = 114%, 114%, 57%, 57%, 67%,
and 67% Gz,max for the standard SLR, standard sinc x cos, low
SAR SLR, low SAR sinc x cos, PINS SLR, and PINS sinc,
respectively.
The imaging parameters of 5-slice human brain images
were the same as those of the 3-slice human brain images
listed above except that the number of voxels = 640 × 128 and
the FOV = 105 × 21 cm.

III. RESULTS
A. Simulation results

An example of the 3-slice profile synthesized using the
optimization method for the standard SLR RF is displayed in
Fig. 4(a). The out-of-slice ripples of these three slices were all
suppressed to less than 0.06%. SAR values of some standard
SLR RF pulses synthesized using the optimization method are
shown in Fig. 4(c). If other parameters are fixed, then basically
the larger the specified transition slope STS, the higher the SAR
value. The SAR values of these points for W = 2, fc ≤ 0.4fs are
close and are less than 1.3 times of the corresponding values
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FIG. 4. (a) Simulated slice profile of a 3-slice RF pulse with fc = 0.5fs and STS = 64.7 synthesized using the standard SLR method with the sidelobe reduction
approach. Magnified views show the low out-of-slice ripples. In addition, NEA = 53.6%. (b) Amplitudes of Bloch-simulated slice profiles (black curves) of 2-slice
SLR pulses with the fixed power, as that of the 2-slice pulse with fc = 0.1fs , decrease with their fc values. Only positive frequency portions of these profiles are
displayed. The higher power gain (red text) is required for the 2-slice SLR pulse with a larger fc value to reach the specified amplitude of transverse magnetization
Mxy (red curve). (c) SAR values of some standard SLR RF pulses synthesized using the sidelobe reduction approach with different STS, W, and fc values. These
RF pulses are with the bottom slice bandwidth = 2.56 kHz, fs = 256 kHz, and 2048 points.

for W = 2, fc = 0.1fs . The SAR of W = 3, fc = 0.5fs is less than
that of W = 2, fc = 0.85fs .
Relative SAR values, out-of-slice ripples, and FOM values of six kinds of synthesized RF pulses versus the SMS factor
W and zc are shown in Fig. 5. It can be found that relative
SAR, rSAR, values of low SAR SLR RF pulses with W = 2–9
and zc = (0.95 ∼ 2/3)δz can be greatly reduced to 23%–35.6%;
the rSAR values of PINS SLR pulses with zc = 0.95δz and W
= 3–9 can be reduced to 36.6%–68%; SAR values of sinc x
cos and low SAR sinc x cos pulses are close to that of standard SLR and low SAR SLR pulses, respectively; and FOM
values of low SAR SLR pulses are closest to the ideal case of
FOM = 0.
Table I shows the estimated and simulated relative SAR
values of low SAR SLR and PINS SLR pulses versus the
corresponding standard SLR pulses, respectively. Estimated
errors, computed with the suggested values of WTLow SAR SLR
and WTPINS SLR listed in Table I, are within ±0.045% and

±0.025% for low SAR SLR and PINS SLR pulses, respectively. The interpolation or extrapolation can be performed to
obtain the WTPINS SLR and WTLow SAR SLR values for unlisted
W and zc values.
B. Experimental results

Figs. 6(b)–6(g) show 5-slice phantom images (right panels) of 2D GRE WMRI scanned using six RF pulses (left
panels) with the same specifications listed in Section II F. In
this example, SAR values of low SAR SLR and PINS SLR
pulses are 32% and 73% of that of the standard SLR pulse,
respectively. The image profiles in Fig. 6(h), the image quality, and the SNRs (signal to noise ratios) of images shown in
Figs. 6(b)–6(g) were verified to be similar.
Slice profiles of another set of five RF pulses (with specifications listed in Section II F) with 28% to 100% SAR
values of that of the standard SLR pulse, respectively, are
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FIG. 5. (a) Relative SAR values of low SAR SLR, PINS SLR, sinc x cos, low SAR sinc x cos, and PINS sinc RF pulses versus the standard SLR RF pulses
for different SMS factors W and zc values. (b) Out-of-slice ripples of these six kinds of RF pulses for different SMS factors W and zc values. The inter-slice
distance = 2zc /(W 1) for W ≥ 2. The other five kinds of RF pulses were synthesized with the same slice profile along the z-axis as that of the corresponding
standard SLR pulse. The slice thickness ∆z = 0.02 δz = 1.66 mm and δz = 8.3 cm if Gz = 0.6Gz,max = 1.81 G/cm. The slice thickness ∆z and zc can be adjusted
simultaneously by setting different strengths of Gz . (c) A figure of merit, FOM, for these synthesized pulses.

TABLE I. (a) Suggested values of the parameter WTLow SAR SLR for different W and zc values. Estimated rSAR
values and rSAR values of some low SAR SLR RF pulses. (b) Suggested values of the parameter WTPINS SLR for
different W and zc values. Estimated rSAR values and rSAR values of some PINS SLR RF pulses. Estimated errors
are also listed in (a) and (b). RF pulses adopted for computing the rSAR values shown in this table are some of the
RF pulses for plotting Fig. 5.
(a)
W =3

WT LOW SAR SLR (unitless)
Estimated rSAR (%)
rSAR (%)
Estimated error (%)

W =9

zc = 0.95δz

zc = 0.85δz

zc = 2/3δz

zc = 0.95δz

zc = 0.85δz

zc = 2/3δz

1.883
26.6
26.6
0.01

1.769
28.3
28.3
0.02

1.517
33.0
33.0
0.00

1.684
29.7
29.7
0.01

1.568
31.9
31.9
0.02

1.406
35.6
35.6
0.01

(b)
W =3

WT PINS SLR (unitless)
Estimated rSAR (%)
rSAR (%)
Estimated error (%)

W =9

zc = 0.95δz

zc = 0.85δz

zc = 2/3δz

zc = 0.95δz

zc = 0.85δz

zc = 2/3δz

1.920
36.5
36.6
0.02

1.663
47.2
47.2
0.01

1.146
86.8
86.8
0.04

1.527
61.3
61.3
0.03

1.381
75.7
75.7
0.01

1.063
124.8
124.9
0.04
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FIG. 6. (a) Simulated excitation profiles of the synthesized RF pulses.
These pulses were specified with the
same slice profile along the slice direction. ((b)–(g)) Left panels are the synthesized pulse amplitudes. Right panels are 5-slice phantom images of 2D
GRE WMRI scanned by using the six
RF pulses shown in the corresponding
left panels of (b)–(g), respectively. The
magnified views of the yellow-dashed
areas are also presented. (h) Image profiles along the white dashed lines in
(b)–(g).

shown in Fig. 7(a). The pulse amplitudes of the six RF
pulses, 3-slice human brain images of 2D GRE WMRI
scanned using the four SAR-reduced RF pulses, and their
image profiles are presented in Figs. 7(b)–7(h). From Fig. 7,
it can be observed that the 3-slice images of 2D GRE
WMRI scanned by using the low SAR SLR, low SAR
sinc x cos, PINS SLR, and PINS sinc pulses with reduced

SAR values have similar image profiles and image quality. Their image SNR values were also verified to be
similar.
An extreme example of further reducing relative SAR values of the low SAR SLR, low SAR sinc x cos, PINS SLR,
and PINS sinc pulses is presented in Fig. 8 with extremely
long zc distances. With zc = 1.7δz and W = 5, their rSAR
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FIG. 7. (a) Simulated excitation profiles with zoom-in views of the synthesized six pulses shown in (b)–(g). ((b)–(g)) Left panels are the synthesized RF pulses.
The zoom-in views are shown in the insets. These six pulses are specified with the same slice profile along the z-axis. Right panels of (b)–(e) are the 3-slice
human brain images with magnified views of 2D GRE WMRI scanned using the four RF pulses shown in the corresponding left panels of (b)–(e), respectively.
The SAR of this standard SLR pulse shown in (f) is used as the reference. However, the required Gz strengths of the two pulses shown in (f) and (g) are both over
the Gz limitation of this MR scanner. (h) Image profiles along the white dashed lines in (b)–(e).

values are reduced to 18%–20% of the SAR of the corresponding standard SLR pulse, respectively.
IV. DISCUSSION

The results presented show that the aim of the SAR and
sidelobe reductions has been achieved using the proposed
synthesis method. Synthesizing a SMS RF pulse with a given
slice profile by adopting the smallest slice bandwidth and lowest offset frequencies can lead to the lowest SAR, as the low
SAR SLR pulses shown in Figs. 5–7. Furthermore, the consistent SMS image quality is obtained by using the low SAR SLR
and typical RF pulses with the same specified slice profile.
Relative SAR values of PINS SLR pulses could not be
reduced to the lowest values. However, the PINS SLR pulse,
in common with the PINS sinc pulse proposed by Norris,23
features the unlimited number of repeated slices. If the coil is
long enough along the slice direction,37 the PINS SLR pulse

could provide more slice SMS MR imaging with the same
SAR value.
Relative SAR values of PINS sinc pulses proposed by
Norris in 2011 and Gagoski in 2015 were reduced to 55%
and 45%, respectively, for SMS imaging with the gradient
blip.23,30 In addition, 50% SAR reduction was possible by
using a variable rate RF pulse together with a slice-selection
gradient with time-varying strength in Conolly’s study.20
Relative SAR values of the low SAR SLR, low SAR sinc x
cos, PINS SLR, and PINS sinc pulses can be further decreased
with zc when zc > 0.95δz. In other words, rSAR values of these
four types of RF pulses would be very small when the interslice
distance of SMS MR imaging is extremely long. Like Fig. 8(a),
rSAR values of these pulses would be further reduced to less
than 20% if zc ≥ 1.7δz for W = 5.
As expected, the sidelobes of SLR-based RF pulses can
be reduced by using the weighted PM algorithm. Out-of-slice
ripples of the pulses synthesized in this study, except for the
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FIG. 8. (a) Relative SAR values of the
low SAR SLR, low SAR sinc x cos,
PINS SLR, and PINS sinc pulses versus zc up to extremely long distances
for SMS factor W = 5. (b) 5-slice human
brain images with magnified views of
2D GRE WMRI scanned using the four
synthesized pulses with 18%–20% relative SAR values of that of the standard SLR pulse. In this example, zc
= 1.7δz. This means that the five slices
are located at 0, ±0.85δz, and ±1.7δz.
(c) Image profiles along the white
dashed lines in (b).

low SAR sinc x cos and some PINS sinc pulses, could be
smaller than 2% for W ≤ 9, (2/3)δz ≤ zc ≤ 0.95δz, and with a
similar slice thickness ∆z to the previous study23 or thinner
∆z (down to ∆z = 0.87 mm). Out-of-slice ripples of synthesized standard SLR pulses can be decreased to less than 1%,
Fig. 4(c), when the STS ≤ 64.7 and W ≤ 4. Some of them, as in
Fig. 4(a), can even be less than 0.1%. The out-of-slice ripple
is up to 20% in the research of the PINS sinc pulse proposed
by Norris in 2011.23
Further reducing the SAR of low SAR SLR (or PINS
SLR) pulses would be limited by the number of points used
to approximate the specified Bn in the inverse SLR algorithm
for synthesizing the desired slice profile.32 In examples shown
in Figs. 6–8, the 3- or 4-point approximation for a specified
half slice and 6- or 7-point approximation for a specified full
slice to fit the specified Bn were already adopted for synthesizing these pulses. Further reducing the number of points of the
approximation would make it difficult to obtain a good approximation profile, and the desired slice profile would be difficult
to obtain. Further reducing sidelobes of SLR-based pulses used
in this study by increasing the weighting ratio wt1 /wt2 , for the
out-of-slice/in-slice profile approximation, may result in the
in-slice ripple becoming too large or approximation failure.
FOM values shown in Fig. 5(c) for evaluating synthesized
pulses were calculated using Eq. (13) with suggested values
for weighting factors w1 and w2 which emphasize the SAR.
Different weighting values may be adopted if required for a
different situation or application.36
The image intensity decay on the outside slices of Figs.
7(b)–7(e) and 8(b) mainly results from the non-uniform coil
profile.37 This could be improved by using a coil with a long
and uniform profile region along the slice direction. The image
intensity of the two outer-most slices of the PINS SLR pulse
shown in Fig. 8(b) is smaller than that of low SAR SLR pulse
results from the nonlinear feature of the Bloch-simulated excitation profile shown in Fig. 4(b). We can compensate for the

image intensity decay on the outside slices of a low SAR
SLR pulse by weighting the flip angles for the outside slices.
However, this cannot be accomplished for the PINS SLR pulse.
SAR values of both low SAR sinc x cos and sinc x cos
pulses are almost equal to that of the low SAR SLR and
standard SLR pulses, respectively, as presented in Fig. 5(a).
Thus, the proposed rSAR estimation formula, Eq. (6), for a
low SAR SLR pulse can also be used to estimate the rSAR of
a low SAR sinc x cos pulse versus sinc x cos or standard SLR
pulse.
Besides the excitation pulse, the presented synthesis
method of a SMS RF pulse is applicable to the syntheses of
inversion, refocusing, and other RF pulses with the reduced
SAR and sidelobes. In addition, synthesized RF pulse(s) can be
utilized in other SMS MRI methods. It can benefit more from
the SAR reduction when it is used in SAR-critical applications,
such as 2D fast spin-echo based SMS MRI.
V. CONCLUSIONS

This article proposes a method for synthesizing the RF
pulse that can be applied in 2D SMS MRI. Compared with
typical multislice RF pulses, the synthesized RF pulse features low SAR, small sidelobes, and consistent image quality
of the 2D GRE WMRI. Suggested formulas can conveniently
estimate relative SAR values of the low SAR SLR pulse and
PINS SLR pulse before synthesis. The proposed method is
also applicable to the synthesis of typical SMS pulses for significant SAR reduction in widespread applications of SMS
MRI. Furthermore, this article may provide a reference for
SAR reduction in various types of instruments.
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