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This communication describes radiofrequency pulses capable
of performing spatially periodic excitation, inversion, and refo-
cusing. The generation of such pulses either by multiplication
of existing radiofrequency pulses by a Dirac comb function or
by means of Fourier series expansion is described. Practical
schemes for the implementation of such pulses are given,
and strategies for optimizing the pulse profile at fixed pulse
duration are outlined. The pulses are implemented using a
spin-echo sequence. The power deposition is independent of
the number of slices acquired, and hence the power deposi-
tion per slice is considerably reduced compared to multislice
imaging. Excellent image quality is obtained both in phantoms
and in images of the human head. These pulses should find
widespread application for multiplexed imaging, in particular
at high static magnetic field strengths and for pulse sequen-
ces that have a high radiofrequency power deposition and
could lead to dramatic increases in scanning
efficiency. Magn Reson Med 66:1234–1240, 2011. VC 2011
Wiley Periodicals, Inc.
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The simultaneous excitation of multiple slices was origi-
nally used in MR in the context of Hadamard encoding
(1). Subsequently, a separate phase modulation of each
slice was used to stack the slice images along the phase-
encoding direction (2). With the advent of techniques for
partial parallel imaging (3–5), it became possible to dis-
tinguish the signal from simultaneously excited slices on
the basis of differences in the sensitivity profiles of the
receiver coils. The original demonstration of this tech-
nique (6) used SENSE reconstruction (4). This study was
long neglected but in the recent past has received
increased attention as a method for increasing the speed
of echo-planar imaging acquisitions (7,8).

Hitherto, the standard method for generating radiofre-
quency (RF) pulses for simultaneous excitation has been
to sum a set of RF pulses, each of which excited a single
slice, with an offset determined by the phase gradient of
the pulse. This method can successfully excite a limited

number of slices with an excitation profile corresponding
to that of the individual RF pulses. Such pulses can easily
exceed the specific absorption rate (SAR) limits even for
relatively modest combinations of the number of slices
and the pulse angle.

Cardiac tagging has long been achieved using pulses

with a far lower power deposition (9–11), based on those

used for solvent suppression in high-resolution NMR

(11). More recently, cardiac tagging has been achieved

using a sinc-modulated RF pulse train (12). These pulse

forms are exclusively used for the saturation of magnet-

ization. In the context of velocity-selective excitation

(13), both refocused excitation and inversion pulses have

been proposed and demonstrated (14).

The purpose of this communication is to demonstrate

how such RF pulses can be used for imaging purposes.

Instead of leading to an increase in RF power deposition,

these pulses have a comparable power deposition to that

of a pulse required to excite a single slice, making the

power deposition independent of the number of slices

actually acquired, hence the acronym PINS (power inde-

pendent of number of slices). The power deposition per

slice is hence dramatically reduced over conventional

imaging techniques, thus making possible a new range of

applications. The properties of these pulses will be

explored, and some simple optimization performed to

explore possible improvements to the slice profile at a

fixed pulse duration.

THEORY

Pulse Design

The frequency spectrum of any known nonadiabatic RF
pulse can be made periodic simply by multiplying its
time domain envelope by a Dirac comb function (also
known as a ‘‘picket fence’’ or ‘‘shah’’ function). This mul-
tiplication in the time domain is the equivalent of a con-
volution in the frequency domain. It is hence subjected
to the same constraints as any other digitization process
and therefore the sampling must at least fulfil the
Nyquist condition with respect to the highest modula-
tion frequency present in the RF envelope. More com-
monly, the sampling frequency will be determined by
the ratio of the periodicity of the excitation to the slice
thickness, which shall be denoted by N. For example, if
a gaussian pulse has a slice thickness defined by its full
width at half maximum bandwidth (BW), N is then given
directly by the number of sampling periods of the Dirac
comb that occur between the full width at half maximum
values of the pulse in the time domain. To illustrate the
PINS principle, Fig. 1 shows the standard approach to
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multiplexing using a Hamming filtered sinc pulse to
excite three slices, and for comparison the PINS imple-
mentation of the same pulse to give an infinite series of
slices having the same separation and profile as the con-
ventional multiplexed pulse.

An alternative approach is to follow that of Hore (15)
and to generate the RF pulse as a Fourier series expan-
sion. Consider a periodic function h(v), with period 2p,
such that h(v) has the value of unity in the range –p/N
� v � p/N and zero elsewhere within the period (this is
consistent with the definition of N given in the previous
paragraph). The Fourier expansion of h(v) is then an
even function given by
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The time domain representation of Eq. 1 is
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which is a sinc-modulated string of delta functions that
will be truncated at m ¼ M, where M is the number of
terms in the Fourier expansion. Now in this description
there is a time interval between the subpulses of unity,
and the k-space traversed during this interval will define
the mapping between frequency and space. The sinc mod-
ulation function will have its first zero at m ¼ N, and
hence for larger values of N, that correspond to the slice
taking a smaller fraction of the period, the sinc function

will be played out more slowly in time. The Fourier series
expansion approach is equivalent to the multiplication of
a sinc pulse by a truncated Dirac comb function. The
number of lobes in the sinc is determined by the ratio of
M to N. The value of N ¼ 2, which corresponds to half of
the period being excited, then has one nonzero delta func-
tion at the centre of each side lobe of the sinc and three
at the central lobe. Lower values of N, which would lead
to more than half the imaging volume being excited will
not be considered here. Parenthetically, the Fourier series
expansion approach can easily generate excitation pat-
terns having a periodic variation in the phase.

Implementation

The approach advocated here for multiplexed imaging is
to uniformly cover the volume of interest by performing
N excitations, with the position of the periodically
excited slices being manipulated by means of a phase
gradient applied in the time domain. The minimum spa-
tial periodicity of excitation that can be reconstructed
without unacceptable levels of G-noise will be deter-
mined by the geometry of the receiver coil configuration
and the efficiency of the partial parallel reconstruction
technique. The ratio of this periodic length to the desired
slice thickness will determine N, and the degree of trun-
cation artifact that is acceptable together with the maxi-
mum acceptable pulse duration will determine M. Exci-
tation pulses will require the application of a slice
rephase gradient. The following implementation schemes
may be considered:

(a) Application of the RF pulse train during a continu-
ous gradient.

(b) Application of gradient pulses between the RF
pulse subpulses.

These implementations were described previously (12)
where it was noted that the application of a continuous
gradient would lead to a further sinc modulation of the
pulse angle over the imaged volume, and further that in
implementation (a) the RF subpulse duration should be
equal for all subpulses, whereas in implementation (b)
power deposition could be further reduced by making
the subpulse amplitudes equal but varying their dura-
tions. For the purpose of the current investigation,
implementation (a) is considerably less attractive as it
will result in an increase in power deposition compared
to the non-PINS implementation of the same pulse,
although the power per slice may still be reduced. Imple-
mentation (b) will give a power deposition equal to that
of the non-PINS implementation in the limit of infinites-
imal gradient pulse durations, which as will be demon-
strated, will in practice lead to considerable reductions
in the RF power deposition per slice. Another advantage
of implementation (b) is that the flip angle should be
uniform in space; however, if a compact pulse is desired
with a high value of M, then the available gradient slew
rate may become a limiting factor. Implementation (b)
could be considered as the result of applying the VERSE
technique to implementation (a) in the limit where the
gradient is turned off during the RF pulse. Whichever of
the two implementations is chosen, reversing the

FIG. 1. a: A conventional multiplexed pulse to excite three slices.
The basic pulse is a Hamming filtered sinc, and the profiles shown
in the inset were obtained by Fourier transform. b: The same

Hamming filtered sinc pulse multiplied by a Dirac comb function
to excite slices with the same separation as in (a).
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polarity of the gradient will reverse the position of the
chemical shift artefact, which can be used for fat sup-
pression in a spin-echo sequence (16).

METHODS AND RESULTS

Simulation

Computer simulation was performed to calculate the
slice rephase gradient strength and to explore the degree
to which pulse performance could be optimized by vary-
ing the amplitude of the subpulses. Programs were writ-
ten in IDL (ITT visual information solutions) and MAT-
LAB (The Mathworks Inc., Natick, MA). For ease of
simulation scheme (b) was used as the pulse train can
then be represented as a series of rotations about the x0

and z axes. For excitation pulses defined by Eq. 2, the
refocusing gradient was found to be equal to M times the
gradient area between the RF subpulses, independent of
both M and N for flip angles up to 90�. This corresponds
to the classical result for low flip angle excitation pulses,
that the minimum rephase gradient is half the total gra-
dient amplitude applied during the RF pulse.

Some simple simulations were also performed to
explore the extent to which PINS pulse profiles could be
optimized for low values of M. An iterative approach
that varied the RF-subpulse amplitude while maintaining
the symmetry of the pulse was used to account for the
nonlinearity of the Bloch equations (17). The least
squares difference was minimized between a target func-
tion having a value of 1 within the slice and 0 outside
for transverse magnetisation in the optimization of exci-
tation pulses, and �1 within the slice and 1 outside for
longitudinal magnetization in the optimization of inver-
sion/refocusing pulses. Simulations were conducted at M
¼ 4, for N ¼ 2 and N ¼ 8. The resulting profiles are
shown in Fig. 2, with the optimized profiles plotted with

a continuous line and the original profiles shown for ref-
erence with a dashed line. The left plots (a and c) show
the results for N ¼ 2, the top plots (a and b) show the
transverse magnetisation generated for a 90� pulse, and
the bottom two the inversion profiles. The results clearly
show that as the value of N increases (corresponding to
thinner slices) the slice profile deteriorates, particularly
for excitation. This is a fundamental property because
thinner slices imply a reduction in pulse BW for the
same pulse duration. The nonlinearity of the Bloch equa-
tions gives more scope for improving the 180� pulses
because the nonlinearity has the effect of significantly
reducing the BW of the nonoptimized pulse.

The PINS pulses were implemented in a simple spin-
echo sequence, shown schematically in Fig. 3. Phantom
and brain data were acquired on a 1.5 T Siemens Avanto
and a 3 T Siemens Trio system, respectively, using a 32-
channel head coil. Unless stated otherwise, a sagittal
slice orientation was chosen in all experiments, so that
the number of slices excited would be limited by the
dimensions of the head. The gradient polarity was
reversed between the excitation and refocusing pulses to
eliminate the fat signal in the in vivo experiment (18).
The general setup of the experiments consisted of acquir-
ing a reference dataset using single slice sinc pulses
with a matrix size of 32 � 32. These data were used to
estimate the GRAPPA kernel to reconstruct the data of
the multislice experiment in which four to five slices
acquired on a matrix of 256 � 256 were collapsed into a
single slice. The reconstruction method is described in
detail in Ref. 19. It is important to note that in order for
the reconstruction quality to be independent of off-reso-
nance effects like chemical shift, the BW of the sinc
pulses used to acquire the reference data was kept the
same as the BW of the multislice pulses as defined in
Eq. 2. To assess the quality of the reconstruction, we

FIG. 2. Simulated RF pulse pro-
files for an RF pulse with M ¼ 4,

i.e., nine subpulses. The continu-
ously drawn lines represent opti-

mized profiles. The dashed lines
show the profiles obtained using
RF pulses obtained by Fourier

expansion. The top row shows
the transverse magnetization
obtained for N ¼ 2 (a) and N ¼ 8

(b) for a 90� excitation pulse. The
bottom row shows the profile of

the longitudinal magnetization for
an inversion pulse with N ¼ 2 (c)
and N ¼ 8 (d).
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repeated the single slice reference scans with a 256 �
256 matrix to serve as a gold standard.

Figures 4 and 5 show the results of phantom experi-
ments at 1.5 T. Scan parameters were: echo time ¼ 50 ms,
pulse repetition time ¼ 525 ms, flip angle 90�, BW ¼ 130
Hz/px. To be able to depict the slice profile, a relatively
high inplane resolution of 1 � 1 mm2 was used in combi-
nation with a slice thickness of 5 mm to retain signal-to-
noise ratio (SNR). An image of the slice profile (Fig. 4)
was obtained by placing a bottle in the middle of the
headcoil and simply orienting the readout gradient along
the slice axis, while holding all other parameters constant.
Scan orientation was transversal in this case, i.e., slices
perpendicular to the axis of the bottle, to maximize sym-
metry. The slice periodicity was 35 mm (i.e., N ¼ 7, for a
5 mm slice), and the total duration of the RF pulses (both
excitation and refocusing) was set to 5.12 ms. These pa-
rameters together with the slew rate allowed 21 RF sub-
pulses to be transmitted, giving M ¼ 10. Other relevant
pulse parameters are RF subpulse duration 110 ms; gradi-
ent blip duration ¼ 140 ms; maximum gradient ampli-
tude 9.59 mT/m; blip gradient moment 0.67 ms mT/m.
In a second phantom experiment on two bottles, the per-
iodic slice profile excited and refocused five sagittal sli-
ces that were collapsed on top of each other. These were
disentangled using a 7 � 8 GRAPPA kernel estimated
from the 32 matrix reference data (8 � 8 � 5 mm3). The
reconstructed slices and their gold standard counterparts
are shown in Fig. 5b and a, respectively. To illustrate the
quality obtained, the difference between the two images
is shown in Fig. 5c.

The experiment above was repeated at 3 T on a human
volunteer after informed consent was given according to
local ethics committee guidelines. The slice thickness
was reduced to 4 mm, other changed parameters were
pulse repetition time ¼ 1050 ms, M ¼ 11, N ¼ 10, RF
subpulse duration ¼ 100 ms, gradient blip duration ¼
120 ms, maximum gradient amplitude ¼ 9.79 mT/m, and
pulse duration ¼ 5.12 ms. The slice periodicity was
increased to 40 mm, and a 4-fold acceleration factor was

used. These results are shown in Fig. 6. Attempts to use
more ambitious acceleration factors resulted in an unac-
ceptable increase in G-noise at the centre of the brain.
The difference image shown in Fig. 6c contains some
unavoidable artifacts caused by motion but importantly
no evidence of residual interference between slices. The
frequency separation between fat and water at 3 T is 425
Hz, corresponding to a period of 2.35 ms, whereas the
PINS pulse has 220 ms between each subpulse. So the
shift of the fat slice is about one-tenth of the slice perio-
dicity or approximately 4 mm. As the shift for the excita-
tion and refocusing pulses is in opposite directions, the
fat signal should be completely eliminated. The power
deposited by the PINS pulses in this experiment is a fac-
tor of 2.2 higher than that for an equivalent non-PINS
pulse; hence, the total power deposited for the acquisi-
tion of four slices of data is only 55% of that required
for a conventional multislice imaging experiment.

DISCUSSION

A broad range of periodic pulses can be generated using
the PINS procedure. The only major exception is that

FIG. 4. An image (top) and its projection (bottom) of the slice pro-
file of the PINS pulses that were used in the experiment shown in

Fig. 5. Very sharp delineation of the slices can be observed without
any residual signal (ringing) in between the slices. It should be

noted that the profile results from the combined application of the
excitation and refocusing pulses and does not attempt to show the
profile for a single pulse. The variation in intensity is caused by RF

inhomogeneities unrelated to the properties of the RF pulses; fur-
thermore, the two slices on the left are outside the headcoil.

FIG. 3. Schematic pulse sequence of the spin-echo experiment.
The PINS pulses are shown as sampled sincs, with each RF sub-

pulse followed by a triangular gradient blip.
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adiabatic pulses, such as the hyperbolic secant pulse
(20), cannot be multiplexed in this way because it is not
possible to satisfy the adiabatic condition for all reso-
nance offsets. In the current application, the pulse dura-
tion is fairly long, which is determined to a great degree
by the slow convergence of the sinc expansion. Hence,
for some applications gaussian or similar pulses with a
lower BW per unit time may be preferable. The duration
of RF pulses should be considerably less than T2*, and
in the presence of inhomogeneity gradients in the main
magnetic field lengthy pulses may lead to distorted slice
profiles. The time between the subpulses of the PINS
pulse will determine the chemical shift artifact. In gen-
eral, the longer duration of these pulses result in
increased levels of chemical shift artifact in comparison
to standard RF pulses. Dependent on the static magnetic
field strength and the RF pulse parameters, additional
presaturation of the fat resonance may be necessary, par-
ticularly for gradient echo sequences. For spin-echo
sequences, and provided that a good static field homoge-
neity is realized, the gradient reversal technique used in
this article (18) may be utilized. The fat signal will then
be completely eliminated provided that the inequality
2DtDfN � 1 is satisfied, where Dt is the interval between
two consecutive subpulses in the RF pulse and Df the
chemical shift separation of fat and water in Hertz. If the
RF amplitude is held constant and the duration between
the subpulses varies, then the off-resonance behavior
will be poorly defined leading to a smeared slice profile
for off-resonance spins. Despite these caveats, this article
demonstrates an excellent image quality both in phan-

toms and in vivo, as well as an excellent slice profile in
phantom experiments. The acceleration factors obtained
are comparable with those obtained with standard multi-
plexed RF pulses (7,8). Further improvements can be
expected through the combination of PINS with the CAI-
PIRINHA method (21), which will either reduce the G-
noise in the reconstruction or permit more slices per ex-
citation at constant G-noise. This is a potentially signifi-
cant improvement as the PINS approach is primarily
limited by the maximum acceleration factor possible
without unacceptable noise amplification. Furthermore,
reducing the gap between slices not only further acceler-
ates the acquisition but also reduces the value of N, lead-
ing to either shorter RF pulses or an improved profile at
the same duration.

The number of slices excited is limited only by the
physical dimensions of the object, the excitation vol-
ume of the transmit coil, and less critically the coverage
of the gradient coil along the slice direction. This may
necessitate the collection of larger amounts of reference
data, and potentially increase the G-noise, particularly
if the excitation coil excites a larger volume than the re-
ceiver array, leading to a number of excited slices that
are primarily detected only by the receiver coils at the
edge of the array, and with a potentially low SNR. If
this problem is significant, then it may be solved by the
additional application of spatially selective saturation
pulses, but this solution will increase the RF power
deposition. In many situations, the application of PINS
pulses will require that the slice direction coincides
with a circumscribed dimension of the object, e.g.,

FIG. 5. Phantom experiment results of 5-fold PINS acceleration. As a gold standard reference, five individually scanned slices are

shown in (a). Using PINS pulses, these slices were simultaneously excited and refocused resulting in a collapsed image (b; left panel).
Using a 7 � 8 GRAPPA kernel, the collapsed image was disentangled yielding a result (b) almost identical to (a). The difference with
respect to the gold standard image is shown in (c).
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sagittal or coronal section in brain imaging, For spin-
echo-based sequences, this restriction could be loos-
ened by using conventional multiplexing techniques to
generate the 90� pulses and PINS for the more power in-
tensive refocusing pulses. The ability to excite large
numbers of slices can, however, be turned as an advant-
age in many situations as it will enable the scanning of
considerable volumes of tissue within a short duration,
provided that an adequate number of receiver coils can
be used.

The most commonly used technique for reducing RF
power deposition is VERSE (22), which can achieve
reductions of up to a factor of about four. The greatest
reductions with VERSE can be attained for pulses with a
high BW-time product, whereas PINS will primarily use
low BW pulses. Nevertheless, the two approaches are
not mutually incompatible, as both approaches described
in the Implementation section could benefit from the
application of VERSE.

This article has concentrated on the properties of the
PINS RF pulses and has not explored the range of pulse
sequences with which they can be combined. In princi-
ple, all conventional two-dimensional sequences could
benefit from this approach, with the greatest gains being
obtained for those sequences that have intrinsically high
power deposition, particularly at high main magnetic

field strengths. Particular gains can hence be expected
for rapid acquisition with relaxation enhancement
(RARE)/fast spin-echo (FSE) type sequences, and at very
high field strengths, such as 7 T spin-echo echo-planar
imaging and diffusion-weighted echo-planar imaging
will benefit. In echo-planar imaging, the conventional
CAIPIRINHA method could be replaced by the recently
developed blipped CAIPIRINHA technique (23), and fur-
ther acceleration of the acquisition may be obtained by
incorporating the simultaneous echo refocusing (SIR)
technique (24). Furthermore, the ability to potentially
manipulate the phase of a periodic subset of slices offers
the potential to further accelerate the acquisition in a
wide range of application sequences by using the XUN-
FOLD technique (25).

Ultimately, the decoupling of the RF power deposition
from the number of slices being acquired could lead to a
redesign of scanner hardware and sequence implementa-
tion so that whole organ or indeed whole body data are
acquired within a fraction of the duration currently
required.

In conclusion, the RF pulses described here, when
combined with multiplexed parallel imaging (6), open
up new perspectives for the rapid imaging of large vol-
umes of tissue; whole body imaging and spin-echo-based
sequences at high static magnetic field strengths.

FIG. 6. In vivo results of 4-fold PINS acceleration obtained in sagittal section from the head of a healthy volunteer. Four individually
scanned slices (a) serve as a gold standard reference to the PINS data in (b). A difference image is shown in (c). Enhanced noise levels
can be seen in the middle of the brain. The ghosting artifacts seen in the first three slices are not due to the PINS approach but turned

out to be present in the gold standard data. Edge effects are caused by motion between acquisitions which could not be corrected
(through-slice motion). The difference image does not show hints of failed disentangling of the slices.
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