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NOTE

Design of Parallel Transmission Pulses for Simultaneous
Multislice with Explicit Control for Peak Power and
Local Specific Absorption Rate

Bastien Gu�erin,1* Kawin Setsompop,1 Huihui Ye,1,2 Benedikt A. Poser,3,4

Andrew V. Stenger,4 and Lawrence L. Wald1,5

Purpose: To design parallel transmit (pTx) simultaneous multi-

slice (SMS) spokes pulses with explicit control for peak power
and local and global specific absorption rate (SAR).

Methods: We design SMS pTx least-squares and magnitude
least squares spokes pulses while constraining local SAR using
the virtual observation points (VOPs) compression of SAR matri-

ces. We evaluate our approach in simulations of a head (7T) and
a body (3T) coil with eight channels arranged in two z-rows.

Results: For many of our simulations, control of average power
by Tikhonov regularization of the SMS pTx spokes pulse design
yielded pulses that violated hardware and SAR safety limits. On

the other hand, control of peak power alone yielded pulses that
violated local SAR limits. Pulses optimized with control of both
local SAR and peak power satisfied all constraints and therefore

had the best excitation performance under limited power and
SAR constraints. These results extend our previous results for

single slice pTx excitations but are more pronounced because
of the large power demands and SAR of SMS pulses.
Conclusions: Explicit control of local SAR and peak power is

required to generate optimal SMS pTx excitations satisfying both
the system’s hardware limits and regulatory safety limits. Magn
Reson Med 73:1946–1953, 2015. VC 2014 Wiley Periodicals,
Inc.

Key words: simultaneous multislice; multiband; parallel trans-
mission; specific absorption rate; pulse design; low flip angle

INTRODUCTION

Simultaneous multislices (SMS) techniques accelerate the
acquisition of volume MRI data by exciting several slices

at once (1–5) and then unalias the collapsed data using

parallel imaging methods (6–8). SMS methods are compat-

ible with fast echo-planar trajectories, which make them

useful for a wide range of applications, including func-

tional and diffusion MRI (3,5). A drawback of multiplexed

SMS pulses is their large SAR and peak power demands.

To reduce peak power, Wong (9) optimized the phases of

the individual slice excitations so as to minimize the peak

voltage of the total SMS pulse and showed that this

approach yields SMS pulses with peak power scaling with

the number of multiband (MB) slices as opposed to MB2 as

usual. Another strategy to reduce the SMS peak power

consists of shifting the individual slice excitation by differ-

ent time delays (10). Although these techniques signifi-

cantly reduce peak voltage of the total SMS pulse, they do

not reduce total radiofrequency (RF) power or SAR.

Indeed, at low flip angles, the Fourier relationship

between transverse magnetization and the RF pulse (11)

implies that total RF power is equal to the integral of the

slice profile (squared) along the slice direction (Parseval

theorem). Therefore, if the slices excited simultaneously

are well separated spatially, the total RF power of the SMS

pulse equals the sum of the total RF power of the individ-

ual slice excitations. SAR can be reduced, albeit at the cost

of a degradation of off-isocenter slice profiles, by reducing

the peak power of the individual slice excitations using

the VERSE algorithm (12–15). This reduction may not be

sufficient for high MB factors and spin echo pulses at high

fields, however. Power independent of number of slices

(PINS) pulses have been proposed as another solution to

this problem. PINS pulses approximate slice-selective RF

profiles using trains of rectangular subpulses and excite

many slices at once by undersampling transmit (Tx) k-

space in the slice direction (16). They provide significant

peak power and SAR reduction at high MB factors and for

demanding acquisition such as diffusion imaging (17) and

turbo spin echo (18); however, they are long and, therefore,

like VERSE pulses, sensitive to off-resonance effects.

Recently, SMS techniques have been combined with
parallel transmission (pTx) in order to yield uniform
excitations of multiple slices or slabs at ultra-high fields;
which was first demonstrated by Katscher et al. (19). In a
study by Wu et al. (20), SMS RF-shimming pTx pulses
were designed by optimization of RF-shimming coeffi-
cients for the different slices excitations while constrain-
ing the average power of the total SMS pulse (Tikhonov
regularization). This led to excitations that were more
uniform and with smaller average power than SMS exci-
tations designed by using the same set of RF-shimming
coefficients for all slices. In another study, Poser et al.
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(21) used an eight-channel pTx coil with two rows in the
z-direction (four channels per row) and showed that
such a coil is beneficial for SMS RF shimming because it
creates slice excitations that are largely contained in the
two distinct rows, thus reducing total power and SAR.
Finally, in a recent abstract, PINS and kT points pulses
(22) were combined by adding small rectangular kx-ky
excitations between the PINS rectangular subpulses to
improve the homogeneity of the slice excitations (23).
This approaches yields pulses that are even longer than
traditional PINS pulses however.

These early combinations of pTx and SMS focused on
flip-angle uniformization and reduction of peak power
using RF-shimming strategies and did not consider SAR
explicitly in the pulse design process. Control of RF power
and SAR are not equivalent in pTx, and explicit control of
both SAR (local and global) and RF power is required to
yield pulses of the highest quality that are both safe and
playable on the scanner (24). In this study, we extend the
SMS pTx design strategies of Wu et al. (20) and Poser
et al. (21) beyond RF shimming to the design of magnitude
least-squares pTx SMS pulses with multiple spokes. As in
“standard” pTx (i.e., without SMS), we show that local
SAR can be constrained explicitly in the design of spokes
SMS pTx pulses along with global SAR and peak power.
This strategy allows generation of the best possible SMS

pulses compatible with all safety and system limits, which
is not possible using Tikhonov-regularized approaches
that typically handle a single constraint.

METHODS

Parallel Transmission Pulse Design

We design low flip-angle multiplexed SMS pTx spokes
pulses with explicit control for local SAR using a com-
pression of the SAR matrices called the virtual observa-
tion points (VOPs) (24,25). Global SAR and peak power
are also constrained, as shown in the following equation:

min
x
jjjAxj � jbjjj22

s :t :

aÞ 1

N

XN
n¼1

xH
SMS tnð ÞVOPixSMS tnð Þ � SARlocal 8i

bÞ 1

N

XN
n¼1

xH
SMS tnð ÞhQixSMS tnð Þ � SARglobal

cÞ
j xSMS tnð Þ
� �

c
j2

8Z0
� Pmax 8n;8c

[1]

where n (varies from 1 to N), c, and i are the time, chan-
nel, and VOP indices, respectively. As explained by

FIG. 1. a: Simulated 3T parallel transmission (pTx) body array (two z-rows of four channels per row). b: Simulated 7T pTx head array (also
two z-rows). c-e: Detailed data for a magnitude least-squares SMS2 two-spoke pulse designed with constraints for local SAR, global SAR,
and peak RF power. The target Ernst flip angle was 16�, TR was 30 ms, duty cycle was 10%, and interslice distance was 5.4 cm. Local

SAR, global SAR, and peak power were constrained to 10 W/kg, 3 W/kg, and 1000 W/channel (equivalent to 632 V/channel), respectively,
for the total SMS pulse. c: RF waveforms of the individual slice excitations and the total SMS pulse. d: Flip angle maps created by the

SMS2 pulse at the two slice locations (Bloch simulation). The three numbers at the bottom of each map are the mean (in degrees), standard
deviation (in degrees) and root mean square error of the flip angle excitations (in percent of the target flip angle). e: SAR maximum intensity
projection maps of the SMS2 pulse and its individual slice excitations (1 g average, the numbers below each SAR map are the local SAR/

global SAR in W/kg). For these well-separated slices, the SAR of the SMS pulse is equal (to an excellent approximation) to the sum of the
SAR of the individual slice excitations (see Methods). However, since the local SAR hotspots of slice excitations #1 and #2 (white arrows) do

not occur at the same locations, the local SAR of the SMS pulse is smaller than the sum of the local SAR of the individual slice excitations.
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Wu et al. (20), the SMS system matrix A is the block-
diagonal of the system matrices associated with each
individual slice’s excitations (26) and b is the vertical
concatenation of the target magnetization of all slices.
Additionally, x is the vertical concatenation of the
spokes amplitudes of all simultaneously excited slices,
and xSMS(t) is the total SMS RF pulse, which is the sum
of the individual excitations, at time t. To achieve the
best possible flip-angle uniformity, we used a magni-
tude least-squares (MLS) objective in Equation [1],
which can be simply implemented as a series of least-
squares constrained optimizations with phase adapta-
tion (24,27). Constraints a), b), and c) constrain local
SAR at all VOPs, global SAR, and peak power, respec-
tively. Z0 is the reference impedance [see Gu�erin et al.
(24) for an explanation of the factor of 8 in constraint
c)], hQi is the global SAR matrix, and VOPi is the VOP
matrix number i (all SAR matrices are C � C, where C
is the number of channels). Note that these constraints
depend on the total SMS pulse. In regular spokes pTx
pulses with no SMS acceleration, the maximum peak
power occurs at the maximum of the subpulses. This is
not necessarily the case in SMS pulses; therefore, we
apply the peak power constraint at all time points,

which increases computation time. We solved the con-
strained optimization problem of Equation [1] using the
fmincon optimizer of MATLAB 8 (MathWorks, Natick,
Massachusetts, USA).

Specific Absorption Rate of Simultaneous
Multislice Pulses

It is instructive to expand a quadratic SAR constraint of
Equation [1] in the case of an SMS2 pulse (we note
“SMSX” is an SMS pulse exciting X slices simultane-
ously). In this case, we have xSMS (t)¼x1(t)þ x2(t)¼
A1su(t)þA2su(t)ejfSMS tð Þ, where A1s contains the complex
amplitudes played on all channels for spoke s (we note
S the total number of spokes) for the first slice excitation
and u(t) is the slice-select subpulse shape, and wSMS tð Þ ¼
2pgz

R T
t Gz vð Þdv, where g is the gyromagnetic ratio, z is

the distance between the two slices, Gz is the slice-
selection gradient, and T is the pulse duration. Assum-
ing that RF is played during constant gradient only, this
formula reduces to uSMS(t)¼xSMS(T� t) with xSMS¼
2pczGz. Using these notations, a generic SAR term in
Equation [1] becomes:

XN
n¼1

xH
SMS tnð ÞQxSMS tnð Þ ¼

XN
n¼1

x1 tnð Þ þ x2 tnð Þ½ �HQ x1 tnð Þ þ x2 tnð Þ½ �

¼
XNS

n¼1

XS

s¼1

A1su tnð Þ þA2su tnð ÞejvSMS T�tnð Þ
h iH

Q A1su tnð Þ þA2su tnð ÞejvSMS T�tnð Þ
h i

¼
XNS

n¼1

ju tnð Þj2
" #XS

s¼1

AH
1sQA1s|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

SARofplulse1

þ
XNS

n¼1

ju tnð Þj2
" #XS

s¼1

AH
2sQA2s|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

SARofpulse2

þ2Re ejvSMST
XNS

n¼1

ju tnð Þj2e�jvSMStn

" #XS

s¼1

AH
1sQA2s

( )
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

SARcross-term

[2]

Where Ns is the number of time samples in the sub-
pulse shape u. A first observation is that the final SAR
expression only involves sums of quadratic forms over
the number of spokes instead of the number of time sam-
ples, which considerably reduces computation time of
the constraints and their derivatives (24). The first and
second terms of the last equality in Equation [2] are the
SAR associated with the excitation of slices #1 and #2 if
they were played independently (i.e., one after the
other), and the last term contains the destructive and
constructive SAR interferences between them. We note
that this term is proportional to the discrete Fourier
transform (DFT) of ju(t)j2 evaluated at the frequency
xSMS. By replacing the discrete DFT by a continuous
Fourier integral and using the sinc subpulse
u(t)¼ sinc(xt), where x¼2pcDzGz (where Dz is the slice
thickness), this Fourier term becomes the triangle func-
tion Tri(xSMS/x)¼Tri(z/Dz), which is zero for z�Dz. In
other words, for an idealized slice selection, the SAR
cross term in Equation [2] is exactly zero if and only if
the slices excited simultaneously are not overlapping. In
practice, the slice-selection and low-flip angle approxi-
mation are not perfect, and this SAR cross term is not
exactly zero; however, as long as the excited slices are

well separated, the SAR of the SMS pulse is, to an excel-
lent approximation, the sum of the SAR of the individual
slice excitations (Fig. 1a and e). This result generalizes
to pTx the observation, mentioned in the Introduction,
that the RF power of a single-channel SMS pulse is
equal to the sum of the total RF power of the individual
slice excitations (Parseval theorem).

If only global SAR and/or average RF power were con-
strained in Equation [1], the observation of the previous
paragraph implies that it would be equivalent to design
the slice excitations of the SMS pulse jointly (as in Eq.
[1]) or separately. However, when constraining local
SAR, these approaches are not equivalent because the
maximum of the sum of two SAR maps is not necessarily
equal to the sum of the maximum of these maps (this
only occurs if the SAR hotspots of the individual slice
excitations occur at the same location [see Fig. 1a and
e]). Therefore, the joint design strategy of Equation [1] is
expected to yield pulses achieving better trade-offs
between flip-angle uniformity and local SAR than an
independent design strategy consisting in optimizing
independently the individual slice excitations with
respect to local SAR and flip angle (from this point of
view, the joint design of Equation [1] is similar to “SAR

1948 Gu�erin et al.



hopping” approaches, also referred to as “time-
multiplexed” or “time-averaging” SAR methods,
described in references 28–31).

Evaluation in Electromagnetic Simulations

We evaluated the SMS design strategy of Equation [1] in
electromagnetic simulations of an eight-channel 7T head
coil and an eight-channel 3T body coil (Fig. 1a.). Both
coils were composed of two staggered z-rows, each con-
taining four Tx channels, a design that has been shown
to be beneficial for SMS (21). The coils were loaded with
the male Ansys body model (33 tissue types). The fields
generated by these coils were simulated using a cosimu-
lation strategy based on the field simulator HFSS (Ansys,
Canonsburg, Pennsylvania, USA) and the circuit simula-
tor ADS (Agilent, Santa Clara, California, USA)
(24,32,33). Matching and decoupling between any two
channels were better than �30 dB and �15 dB, respec-
tively. SAR matrices obtained from the electric fields

were averaged over 1 g and 10 g in the head and body
simulations, respectively, and were compressed into a
smaller set of virtual observation points (VOPs) (24,25).
We designed SMS2 and SMS8 RF shimming and two-
spoke pTx pulses based on a Hanning-filtered seven
lobes sinc subpulse profile. When using two spokes, the
first spoke was placed at the center of Tx k-space and
the second was placed at [2; 2; 0] and [3; 3; 0] in unit of
m�1 for the body and head simulations, respectively.
The second spoke position was chosen so that it laid at a
distance approximately equal to 1/FOV of the flip angle
excitation, where FOV is equal to 30 cm for the torso (1/
0.3¼ 3.3 m�1) and 20 cm for the head (1/0.2¼5 m�1).
All pulses were designed to achieve a uniform flip angle
of 16�. The repetition time (TR) was fixed to 30 ms for
all pulses so that the duty cycle varied depending on the
pulse duration (Figs. 2–5). Peak power was limited to
1000 W and 5000 W in the head and torso simulations,
respectively. In the head simulation, the interslice dis-
tance was 5.6 cm and 1 cm for SMS2 and SMS8,

FIG. 2. Trade-offs between local SAR, peak power, and excitation fidelity for SMS2 RF shimming (a) and two-spokes (b) pulses in the

head at 7T. The flip angle maps on the right are the best excitations that could be obtained with each design method (L, G, P, and A)
while satisfying both the power and SAR limits. Pulses were designed using a least-squares objective with a uniform 16� Ernst flip angle
target profile and a target phase profile obtained from a magnitude least-squares design (the same target phase was used for all RF

shimming pulses, but the RF shimming and two-spoke target phases were different). The interslice distance was 5.6 cm. Blue and red
L-curves were obtained by varying the local SAR land global SAR limits, respectively, while simultaneously constraining peak power to

1000 W/channel. The purple L-curves were obtained by varying the peak power limit (no SAR limits). The green L-curves were obtained
by varying the total average power by variation of the Tikhonov regularization free parameter as in reference 20 (no SAR limits). The
three numbers below flip angle maps indicate the mean (in degrees), standard deviation (in degrees), and root mean square error of the

flip angle excitation of all slices (in percent of the target flip angle).
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respectively. In the torso simulation, the interslice dis-
tance was 20 cm and 2.5 cm for SMS2 and SMS8,
respectively. We compared our local SAR-constrained
and peak power–constrained pulse design strategy to the
Tikhonov-regularized SMS pTx design approach of Wu
et al.:

min
x
jjjAxj � jbjjj22 þ l|x|2

2

� �
[3]

Where l is a free parameter (20).

RESULTS

The VOP algorithm yielded 2209 and 304 VOPs in the
head (5% SAR overestimation) and body (1% SAR over-
estimation) simulations, respectively. These VOP com-
pression parameters are typical and were chosen because
they yielded a reasonable number of VOPs in both the
head and the body and led to only minor overestima-
tions of SAR (For a discussion on the relationship
between the number of VOPs and the SAR overestima-
tion factor, see references 25 and 34). The average com-
putation times (MATLAB 8 code parallelized on 8 Intel

Xeon 2.27 GHz CPUs) for the peak power and local and
global SAR constrained two-spoke pulse design in the
torso were 8.9 min and 22.5 min for SMS2 and SMS8,
respectively. Average computation times in the head
were 7.6 min and 7.3 min for SMS2 and SMS8, respec-
tively. Note that the computation times depend on the
number of channels, the number of pixels in the optimi-
zation mask, the number of VOPs, and the convergence
rate, which can vary dramatically depending on the
number of binding constraints. In previous study (24),
we found that power- and SAR-constrained single slice
pTx excitations could be designed in less than 10 s using
a dedicated primal-dual algorithm implemented in Cþþ,
which is �15 times faster than using the fmincon func-
tion of MATLAB parallelized on eight CPUs. Therefore,
we expect that MLS SMS8 pulse design with two spokes
can be performed in <2 min using a Cþþ implementa-
tion similar to that described by Gu�erin et al. (24).

Fig. 1. shows detailed data for a two-spoke MLS pTx
pulse designed at 7T and exciting two slices separated
by 5.6 cm. The peak voltage (632 V), local SAR (8.19 W/
kg), and global SAR (1.93 W/kg) of the total SMS pulse
are all within their prescribed limits of 632 V, 10 W/kg,

FIG. 3. Trade-offs between local SAR, peak power, and excitation fidelity for SMS8 RF shimming (a) and two-spokes (b) pulses in the
head at 7T. The flip angle maps on the right are the best excitations that could be obtained with each design method (L, G, P, and A)

while satisfying both the hardware and SAR limits. Pulses were designed using a least-squares objective with a uniform 16� Ernst flip
angle target profile and a target phase profile obtained from a magnitude least-squares design (the same target phase was used for all
RF shimming pulses, but the RF shimming and two-spoke target phases were different). The interslice distance was 1 cm. The three

numbers below flip angle maps indicate the mean (in degrees), standard deviation (in degrees), and root mean square error of the flip
angle excitation of all slices (in percent of the target flip angle).
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and 3 W/kg, respectively. As expected for these well-
separated slices (see Methods), the SAR map of the SMS
pulse of Fig. 1 is equal, to a very good approximation, to
the sum of the SAR maps of the two-slice excitations.
Moreover, because the SAR hotspots of the two-slice
excitations occur at different locations, the local SAR of
the SMS pulse is smaller than the sum of the local SAR
of pulses #1 and #2 (“SAR hopping” between excitations
#1 and #2).

Figs. 2–5 show L-curves obtained by varying individ-
ual constraints of the pulse design of Equation [1]. The
SMS2 pulses of Fig. 2 are not significantly power-limited
and/or SAR-limited, therefore there is no great difference
between our SAR-constrained and peak power–con-
strained approach and the Tikhonov-regularized pulse
design strategy of Wu et al. (20). For brain imaging at 7T
using the two z-rows eight-channel system shown in
Fig. 1. constraining both SAR and peak power is neces-
sary to yield SMS8 pulses that satisfy both the hardware
limits and the US Food and Drug Administration (FDA)
regulatory SAR limits (Fig. 3). For both SMS2 and SMS8
pulses, there seems to be little difference between con-
trol of local SAR and global SAR in the head at 7T.

In the body at 3T, local SAR and global SAR are not as
correlated as in the head, which is a phenomenon that
we have described previously (24). Therefore, constrain-
ing global SAR does a poorer job at keeping local SAR
under control than controlling local SAR explicitly (the
blue and red L-curves of Figs. 4 and 5 are significantly
different). In the body at 3T, controlling peak power
does not allow any control of local SAR: This strategy
yields pulses within hardware capabilities but that can
clearly violate the FDA local SAR limit of 8 W/kg (Figs.
4 and 5). This phenomenon is much more pronounced
for SMS8 pulses (Fig. 5) than for SMS2 pulses (Fig. 4).
Therefore, both local SAR and peak power control are
needed for high MB factors in the body at 3T.

Both in the head at 7T and the body at 3T, control of aver-
age power of the total SMS pulse using a Tikhonov regulari-
zation (Eq. [3]) does a poor job at controlling both SAR and
peak power at high MB factors. For the pulses of Figs. 3–5,
enforcing the peak power (and to a smaller extend the local
SAR limit) with this approach required heavy overregulari-
zation of the pulse design problem which, in turn, yielded
poor flip angle excitations compared with our joint pTx
SMS design with local SAR and peak power constraints.

FIG. 4. Trade-offs between local SAR, peak power, and excitation fidelity for SMS2 RF shimming (a) and two-spokes (b) pulses in the
body at 3T. The flip angle maps on the right are the best excitations that could be obtained with each design method (L, G, P, and A)

while satisfying both the hardware and SAR limits. Pulses were designed using a least-squares objective with a uniform 16� Ernst flip
angle target profile and a target phase profile obtained from a magnitude least-squares design (the same target phase was used for all

RF shimming pulses, but the RF shimming and two-spoke target phases were different). The interslice distance was 20 cm. The three
numbers below flip angle maps indicate the mean (in degrees), standard deviation (in degrees), and root mean square error of the flip
angle excitation of all slices (in percent of the target flip angle).
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DISCUSSION

We described an MLS pTx SMS spokes pulse design
strategy with simultaneous control of local SAR, global
SAR, and peak power. We showed in electromagnetic
simulation of a 3T body coil and a 7T head coil that,
even for a relatively small flip angle of 16�, SMS pulses
are often SAR-limited and peak power–limited, espe-
cially at high MB factors and large duty cycles (for the
sinc subpulses and duty cycles studied in this work,
only the RF shimming and two-spoke SMS2 pulses in
the head at 7T were neither SAR-limited nor peak
power–limited). This indicates that pTx SMS pulses
should be designed not only using flip angle uniformity
metrics but also local SAR and peak power metrics. In
this study, simply controlling average RF power (20)
yielded pulses with peak power demands that exceeded
the hardware capability. This strategy also created local
SAR hotspots exceeding the local SAR limit; however,
this violation was less pronounced than the peak power
violation. Because of the suboptimality of the Tikhonov
regularization design strategy with respect to the peak
power metric, enforcing the peak power constraint using
this strategy required overregularization of the pulse
design process, thus yielding poor flip angle excitation

profiles that did not achieve the target flip angle. In con-

trast, explicitly enforcing the peak power and local SAR

limits in the pulse design process allowed getting the

most out of the hardware system in a way that did not

violate the FDA SAR limits. Therefore, this strategy

yielded the best flip angle maps under limited local SAR

and peak power. These results are in accordance with

our findings for non-SMS pTx pulses (24) and extend

them to SMS. However, because of the large power

demands and SAR of SMS pulses, the benefit of explic-

itly controlling these quantities in the pulse design pro-

cess compared with the simpler Tikhonov power

regularization approach is greater for SMS than single

slice excitations.
Because of the quadratic dependence of SAR with RF

voltage, one would intuitively expect the SAR of an SMS
pulse to be greater than the sum of the SAR created by
the individual slice excitations. We have shown that this
is not the case, however: When the slices excited simul-
taneously are well separated, the SAR cross terms
between slice excitations are null (Fig. 1.). Therefore, a
possible way of controlling SAR in pTx SMS could con-
sist of designing individual slice excitations with some
form of SAR control (i.e., without SMS). Such a

FIG. 5. Trade-offs between local SAR, peak power, and excitation fidelity for SMS8 RF shimming (a) and two-spokes (b) pulses in the

body at 3T. The flip angle maps on the right are the best excitations that could be obtained with each design method (L, G, P, and A)
while satisfying both the hardware and SAR limits. Pulses were designed using a least-squares objective with a uniform 16� Ernst flip
angle target profile and a target phase profile obtained from a magnitude least-squares design (the same target phase was used for all

RF shimming pulses, but the RF shimming and two-spoke target phases were different). The interslice distance was 2.5 cm. The three
numbers below flip angle maps indicate the mean (in degrees), standard deviation (in degrees), and root mean square error of the flip

angle excitation of all slices (in percent of the target flip angle).
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technique would allow control of the local SAR of the
SMS pulse by controlling the local SAR of the individual
pulses. It would not be optimal, however, because it
would not take into account possible reductions of local
SAR obtained by moving the SAR hotspots of the indi-
vidual slice excitations to different locations (“SAR
hopping”, see Fig. 1.). The joint pulse design strategy
proposed in this study explicitly constrains the SAR of
the total SMS pulse and therefore uses “SAR hopping”
to reduce the total local SAR. In this sense, this design
algorithm is similar to the “SAR hopping” local SAR
reduction strategy that we proposed previously for rapid
sequential multislice imaging (31).

To cope with the high peak power and SAR of multi-
plexed pTx SMS pulses, one can increase the duration of
the RF excitation by applying VERSE to the subpulse
sinc profile (12–15). This strategy can be combined with
our proposed pulse design approach in order to yield
pTx SMS pulse with even lower peak power demands
and smaller local SAR hotspots. However, increasing the
length of the excitation pulse usually degrades the slice
profile quality for off-isocenter slices (35) so that this
process should be limited.
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