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Introduction

There has been a recent significant 
interest in the use of parallel imaging 
based Simultaneous Multi-Slice  
(SMS) acquisition [1] to increase the 
temporal efficiency of many imaging 
sequences in MRI. In particular, the 
use of SMS for diffusion MRI (dMRI) 
and functional MRI (fMRI) has funda-
mentally changed the scope of stud-
ies that clinicians and researchers are 
able to perform with these imaging 
sequences. For dMRI, SMS has 
opened up the possibility of obtain-
ing information from many more  
diffusion encoding directions in a 
limited timeframe, to enable more 

complex/advanced diffusion acquis-
tions to be performed in clinical and 
neuroscientific settings. 

Due to the use of diffusion encoding 
gradients in dMRI, large temporally 
and spatially varying phase contami-
nation exists, which hampers the 
utility of multi-shot acquisitions.  
As such, dMRI acquisitions are often 
based on rapid single-shot 2D spin- 
echo EPI sequence. This sequence 
provides high quality imaging but  
at a cost of being highly inefficient. 
Figure 1 shows the sequence dia-
gram for such acquisition, where a 
single 2D imaging slice is excited, 
after which diffusion encoding is per-

formed and the data for that particular 
slice is then readout/received using  
EPI encoding. This process is repeated 
multiple times, once for each imaging 
slice, until whole-brain coverage is 
achieved. As depicted, the diffusion 
encoding period can represent a  
significant portion of the acquisition 
time. This diffusion encoding is per-
formed using magnetic field gradient 
pulses which provide encoding to the 
whole imaging volume. However, for 
each acquisition period, only a single 
slice is excited and acquired, and the 
lengthy diffusion encoding has to be 
repeated for all imaging slices, leading 
to large inefficiency. 

The inefficiency of standard 2D DWI techniques is illustrated. Although the lengthy diffusion contrast-encoding encompasses the 
entire volume, only a single slice is acquired. Simultaneous multi-slice enables the concurrent acquisition of several imaging slices 
during a single diffusion encoding. Unlike typical in-plane acceleration techniques, which only shorten the receive portion of the 
acquisition, SMS allows for proportional reductions in total scan time as the multiband factor is increased.
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The use of conventional 2D parallel 
imaging acceleration [2-4] in dMRI can 
reduce the number of phase encoding 
steps of EPI which reduces image dis-
tortion and blurring artifacts. How-
ever, such technique does not provide 
significant acceleration to dMRI, since 
they only shorten the EPI encoding 
period and not the other components 
of the data acquisition, in particular 
the lengthy diffusion encoding. The 
use of simultaneous multi-slice (SMS) 
acceleration [1], on the other hand, 
allows for the concurrent acquisition 
of several imaging slices (the slices 
will appear collapsed before recon-
struction) during each acquisition 
period, thereby reducing the number 
of acquisition periods needed to per-
form volumetric acquisition. Thus, SMS 
is much more effective at providing 
scan time reduction in dMRI, where 
the total scan time is now reduced by 
a factor equal to the number of simul-
taneously excited slices (multiband 
(MB) factor). Additionally, unlike con-
ventional parallel imaging, SMS does 
not shorten the EPI encoding period 
and is not affected by the undesirable 
√R SNR penalty of conventional paral-
lel imaging. 

Several SMS methods have been 
applied to single shot SMS-EPI, includ-
ing Wideband imaging [5, 6], Simulta-
neous Image Refocusing (SIR) [7, 8] 
and parallel image reconstruction 
based multi-slice imaging [9, 10]. 
However, the presence of significant 
artifact and/or signal-to-noise (SNR) 
loss from these methods have pre-
vented their wide scale adoption in 
dMRI. In particular, parallel imaging 
based multi-slice imaging suffers from 
high g-factor noise amplification in 
brain MRI. This is due to the fact that 
the imaging field-of-view (FOV) along 
the slice direction is typically small for 
brain acquisitions, causing the aliased 
voxels of the simultaneously acquired 
slices to be spatially close which makes 
it hard to tease them apart. An 
improved parallel imaging strategy 
termed CAIPIRINHA [11], which cre-
ates an inter-slice image shift between 
simultaneously acquired slices to 
increase the distance between the 
aliased voxels has been proposed as a 
way to reduce the g-factor penalty 
associated with SMS. The CAIPIRINHA 

method creates an inter-slice shift by 
utilizing a different RF pulse for the 
data acquisition of each k-space line, 
where each RF pulse is designed to 
induce a different phase modulation 
to each of the slices that are being 
acquired simultaneously. This is feasi-
ble for multi-shot acquisitions but not 
for single-shot EPI where only a sin-
gle RF pulse is used to acquire all 
lines of k-space. An initial attempt to 
adopt CAIPIRINHA for single-shot EPI 
acquisitions was performed by Nunes 
et al. [9]. Here, a Wideband-like 
approach was used in the phase 
encoding and readout directions to 
increase the distance between 
aliased voxels. However, this resulted 
in voxel tilting (blurring) artifacts and 
heavily restricted the distance that 
could be imposed between aliased 
voxels. In this article, we describe  
the blipped-CAIPIRINHA method [12] 
which is a modification of Nunes' 
approach, to generate the desired 
voxel shifts in the phase encoding 
direction without tilting artifacts. 
This approach has provided us with 
the ability to perform high quality 

parallel imaging based SMS-EPI 
acquisition that can be used  
to significantly shorten dMRI  
acquisition time. 

Blipped-CAIPIRINHA

The blipped-CAIPIRINHA method  
utilizes additional Gz magnetic field 
gradient blips during the EPI readout. 
Figure 2 shows the standard Gx and 
Gy gradients of the EPI encoding, 
along with these additional Gz gradi-
ent blips. These Gz blips are applied 
concurrently with the Gy phase 
encoding blips to create a different 
phase modulation between the 
simultaneously excited slices for the 
data acquisition of each k-space line. 
For this example, the Gz blips are 
being applied to create a FOV/2 shift 
along the phase encoding (PE) direc-
tion between two simultaneously 
acquired slices (collapsed image 
shown in top-right of Figure 2). In 
order to create the desired inter-slice 
shift, an appropriate gradient blip 
area must be used for these Gz blips. 
Specifically, in the example in  

A blipped-CAIPIRINHA SMS-EPI gradient scheme applied across the X, Y and Z 
(Readout, Phase-Encode, and Slice) axes is illustrated. The Gz gradient blips 
required to create a FOV/2 shift between two simultaneously acquired slices are 
shown (collapsed image in 2B). The blipped-CAIPIRINHA method varies the sign 
of the Gz gradient blips in order to avoid accumulation of through-slice phase 
variation, which would result in voxel titling artifacts. The accumulated phase 
applied to each of the ky lines are shown for the two slices (2D). 
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Figure 2, each Gz blip will have to  
create a π phase increment to the 
spins located at the upper slice (blue) 
and no increment to the lower slice 
(red). The phase modulations along 
ky caused by the Gz blip train are 
shown on the lower-right of Figure 2, 
for the upper (blue) and lower (red) 
imaging slices. With no phase modu-
lation to the lower slice, this slice 
remains unaffected. On the other 
hand, the linear phase moduation 
along ky at π phase increment for the 
top slice causes this slice to shift by 
FOV/2 along the PE direction. As 
such, a desired FOV/2 inter-slice shift 
is achieved. 

It is important to note that each Gz 
blip will also introduce a small phase 
variation 2δ across the finitely thick 
slices being acquired as shown in  
Figure 2. This through-slice phase 

variation created by each blip will 
result in a very minor signal attenu-
ation (typically less than 1%).  
The important concept in blipped-
CAIPIRINHA is the utilization of alter-
nating positive and negative gradient 
blips to limit ability of the gradient 
moment and this through-slice phase 
variation to accumulate during the 
EPI encode and cause significant sig-
nal attenuation. This solves the issue 
of the Wideband approach where 
only positive Gz blips are employed 
which results in accumulation of 
through-slice dephasing and voxel 
tilting artifacts. Thus, the blipped-
CAIPIRINHA method facilitates effi-
cient CAIPIRINHA controlled aliasing 
schemes for simultaneously acquired 
slices in EPI. This can be seen clearly 
when examining the 3× slice-acceler-
ated (SMS 3) example acquired using 
a 32-channel head coil at 3T shown 

in Figure 3. Here, the g-factor associ-
ated with FOV/2 shift and no-shift  
parallel imaging reconstructions are 
compared (both with slice-GRAPPA 
reconstruction). When no-shift was 
applied between the simultaneously 
acquired slices, the average retained 
SNR (1 / g-factor) dropped significantly 
to 68%. The blipped-CAIPIRINHA 
method with FOV/2 shift retained over 
99% of the SNR, while removing the 
3.5 voxel tilt that would have been 
present with the standard wideband 
approach. Thereby, blipped-CAIPIRINHA 
enables three times faster acquisitions 
in dMRI without incurring significant 
SNR penalty. (Note that in some 
regions the retained SNR is slightly 
greater than unity indicating some 
noise cancellation in the reconstruc-
tion process as previously demon-
strated in low acceleration in-plane 
GRAPPA acquisitions [13]).

SMS-EPI at SMS-3 acceleration acquired at 3T using Siemens’ 32-channel coil. The g-factor associated with FOV/2 shift and no-shift 
parallel imaging reconstructions are compared. The retained SNR (1 / g-factor), when no-shift was applied dropped significantly to 
68%. The blipped-CAIPIRINHA method with FOV/2 shift retained over 99% of the SNR, while avoiding the 3.5 voxel tilt associated 
with standard wideband approaches. 
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Critical implementation aspects for the blipped-CAIPIRINHA method are highlighted. 
The multiband 90-180 pulses with slice acceleration factor-3 designed using both the 
SLR and VERSE algorithms are shown. (4A) The VERSE 90 and 180 RF pulses along with 
corresponding Gradient pulses. (4B) A comparison of slice-profiles from a standard 
single-slice 90-180 RF pulse pair and those obtained from the slice acceleration factor 3 
RF pulse pair. These pulses are necessary to ensure image quality while limiting peak-
power and SAR. The benefits of the ‘LeakBlock’ Slice-GRAPPA reconstruction technique 
in reducing leakage signal contamination between simultaneously acquired slices is 
shown (4C).The individual leakage signal contaminations onto the 6th imaging slice  
(for a SMS 7 acquisition) are greatly reduced when compared with standard slice-
GRAPPA reconstruction. The use of ‘dual kernel’ slice-GRAPPA to separate SMS 3 blipped-
CAIPIRINHA EPI with FOV/2 shift data is shown (4D). The dual kernels operate specifi-
cally to the even and the odd lines of the slice-collapsed k-space data, and enable clean 
separation of both of the slice data and associated ghost (prior to the application of 
typical ghost correction).

4

RF pulse design and image 
reconstruction

When considering the use of blipped-
CAIPIRINHA for high slice accelera-
tion factors, there are several 
sequence design and image recon-
struction aspects that need to be 
carefully developed. Of particular 
importance to diffusion-weighted 
imaging (DWI) is the design of the 
multiband RF pulse that allows for 
multiple slices to be simultaneously 
excited in SMS acquisitions. Multi-
band RF pulses cause an increase in 
SAR, which is especially problematic 
for DWI since it relies on high SAR 
spin-echo 90-180 pulses. At SMS-3 
acceleration, the use of the VERSE 
algorithm [14] has been shown to 
provide adequate SAR reduction for 
in vivo DWI at 3T [15]. However, the 
benefit of SAR reduction from VERSE 
comes at a cost of slice profile distor-
tion at off-resonance frequencies. 
This can be mitigated by the use of 
the SLR algorithm for RF pulse design 
along with a high time-bandwidth 
product that improves the slice-pro-
file quality prior to the application of 
VERSE. Figure 4 (A, B) shows multi-
band 90-180 pulses with slice accel-
eration factor 3 designed using both 
the SLR and VERSE algorithms. Figure 
4A shows the VERSE 90 and 180 RF 
pulses along with corresponding gra-
dient pulses. Figure 4B shows the 
comparison of slice-profiles obtained 
from a standard single-slice 90-180 
RF pulse pair and those obtained 
from the slice acceleration factor 3 
RF pulse pair. Here, the high-quality 
slice profiles are achieved at both on 
resonance and 50 Hz off-resonance. 

In addition to the combined design 
of VERSE and SLR, a number of other 
approaches have been developed  
to reduce both SAR and peak-power 
of MB pulses. These techniques are 
particularly beneficial at higher slice 
accelerations and/or for ultra-high 
field imaging. In order to reduce 
peak-power, a phase optimization 
scheme [16], a pulse time-shift 
method [17] and a combined 
approach [18, 19] of phase optimiza-
tion with the use of 90° and 180° 
pulses with spatially-varying phases 
that combine to provide a flat  
spin-echo excitation phase have been 
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proposed. In addition, the Power 
Independent of Number of Slices 
(PINS) [20] and MultiPINS [21] RF 
pulse designs have been proposed as 
a strategy to excite/refocus a large 
number of imaging slices simultane-
ously without increasing peak power 
or SAR. 

A number of techniques have been 
developed in order to improve the 
quality of SMS-EPI image reconstruc-
tion. The original SENSE/GRAPPA 
approach for SMS reconstruction  
[22] has been modified to facilitate  
CAIPIRINHA acquisitions with inter-
slice FOV shifts [23-25]. Slice-GRAPPA 
[12], which has been widely-used for 
blipped-CAIPIRINHA SMS-EPI recon-
struction, has been redesigned to 
provide robust reconstruction 
through a ‘LeakBlock’ technique [26]. 
This technique reduces the leakage 
signal contamination between  
simultaneously acquired slices and 
has been shown to improve temporal  
stability at high accelerations.  
Figure 4C shows a comparison of  
signal leakage contamination in the 
standard and the improved LeakBlock 
slice-GRAPPA reconstructions for 
blipped-CAIPIRINHA acquisition at 
SMS-7 using a 32-channel head coil. 
It can be clearly seen that the individ-
ual leakage signal contaminations 
onto the 6th imaging slice are greatly 
reduced using the LeakBlock 
reconstruction. 

Another important consideration  
for SMS-EPI reconstruction is in the 
minimization of N/2 image ghosting 
artifacts. For SMS-EPI, this is a partic-
ular concern since a different slice-
specific ghost correction could be 
required for each of the simultane-
ously acquired imaging slices (due to 
differences in phase error of the N/2 
ghost for different slice locations). 
Thus, the N/2 ghost cannot be 
cleanly removed from the slice-col-
lapsed dataset prior to the parallel 
imaging (slice-unaliasing) reconstruc-
tion. The use of a ‘dual kernel’ slice-
GRAPPA, where separate GRAPPA  
kernels are applied to the even and 
the odd lines of the slice-collapsed 
k-space data has been shown to over-
come this issue [15]. This method 
enables a clean separation of both of 
the slice data and associated ghost, 

prior to the application of typical 
ghost correction. 

Figure 4D shows a comparison of the 
N/2 ghost artifact level for an SMS-3 
blipped-CAIPIRINHA SMS-EPI with 
FOV/2 shift reconstructed using i) 
single kernel slice-GRAPPA and ii) 
dual kernel slice-GRAPPA approaches. 
Note that the ghost artifact of the 
top imaging slice in the SMS acquisi-
tion lands directly in the center of the 
imaging FOV of the middle imaging 
slice (due to the FOV/2 inter-slice 
shift). This prevents the single kernel 
slice-GRAPPA approach from accu-
rately unaliasing the ghosting arti-
fact. Figure 4 shows the correspond-
ing large reconstruction artifact in 
the center of the middle imaging 
slice. With the use of dual kernel 
slice-GRAPPA, this artifact has been 
mitigated. The dual kernel approach 
has been successfully applied to 
SENSE/GRAPPA reconstruction [27] 
and an extension of the method has 
been used to overcome artifacts 
associated with phase-encode line 
bunching [28]. Finally, for SENSE 
based reconstruction of SMS data,  
a slice-specific phase error of the 
ghost artifact has been successfully 
incorporated into the parallel  
imaging reconstruction [29].  

Diffusion-weighted imaging 
applications

With the careful design of RF pulses 
and the image reconstruction frame-
work, blipped-CAIPIRINHA allows for 
the efficient acquisition of high qual-
ity SMS-EPI data for DWI. In clinical 
settings, where time is limited, DWI  
is often restricted to only a small 
number of diffusion encoding direc-
tions. This constrains studies to only 
examine the most basic diffusion 
information, such as the apparent 
diffusion coefficient (ADC). With the 
use of blipped-CAIPIRINHA SMS-EPI, 
diffusion-weighted acquisitions can 
be accelerated robustly by 3-fold to 
provide high quality data with negli-
gible SNR loss and artifact levels.  
This has allowed for more diffusion 
directions to be obtained in a clini-
cally relevant time-frame, enabling 
more complex diffusion models/met-
rics (e.g. Fractional Anisotropy (FA), 

Diffusion Kurtosis, and fiber tracking) 
to be considered. Figure 5 demon-
strates the use of blipped-CAIPIRINHA 
to achieve 3-fold acceleration for typi-
cal neuroimaging acquisitions based 
upon Diffusion Tensor Imaging (DTI), 
Q-ball, and Diffusion Spectrum Imag-
ing (DSI). Here, the color FA, Orienta-
tion Distribution Function (ODF),  
and the fiber tracking results from 
these diffusion models are compared 
using standard SMS-1 and blipped-
CAIPIRINHA SMS-3 acquisitions. In all 
cases, the high quality of the results is 
maintained at a 3-fold speed up with 
the blipped-CAIPIRINHA technique. 

There is a growing interest in the 
application of DWI to areas outside  
the brain, where it has also proven  
to be highly sensitive to tissue abnor-
malities. Similar to the neuroimaging 
applications described above, blipped-
CAIPIRINHA SMS-EPI can play a role in 
speeding up acquisitions in the body. 
Here, a large in-plane FOV has to be 
encoded and in-plane acceleration 
(typically a factor of 2) is used to 
reduce image distortion. While accel-
erations in the slice and in-plane direc-
tions are compatible, the use of both 
can lead to a high total acceleration 
factor (the product of the two acceler-
ation factors) and result in higher 
g-factor noise amplifications. For the 
DWI applications where SNR is inher-
ently low, it is desirable to keep the 
noise penalty to a minimum. Thus,  
a combined SMS-2 and in-plane-2 
acceleration strategy is typically 
employed for blipped-CAIPIRINHA 
SMS-EPI in the body. 

Figure 6 shows DWI results for liver, 
whole-body, and breast imaging from 
a standard in-plane-2 acceleration 
with and without the inclusion of 
blipped-CAIPIRINHA SMS factor 2. The 
imaging results are near identical, with 
the blipped-CAIPIRINHA acquisition 
providing a 2-fold speed up in imaging 
time. This is particularly useful for 
whole-body DWI, where a large num-
ber of imaging slices are acquired. 
Reducing these lengthy scans (often 
~20 minutes is required for standard 
diffusion scans focusing on the basic 
ADC metric) will have a significant 
impact on the wide-spread adoption  
of whole-body DWI in clinical settings. 
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3x Faster brain dMRI Diffusion Tensor 
Imaging, Q-ball, and 
Diffusion Spectrum 
Imaging are compared 
using standard SMS 1 
and blipped-CAIPIRINHA 
SMS 3 acquisitions at  
3T using Siemens’ 
32-channel head coil. 
The high level of 
similarities in color FA, 
Orientation Distribution 
Function, and the fiber 
tracking results can be 
clearly seen. 

5

Emerging applications 
of DWI in the body are 
demonstrated. Blipped-
CAIPIRINHA with SMS 2 
and in-plane GRAPPA 2 
was used in large FOV 
body diffusion. Relative 
to conventional DWI 
with in-plane GRAPPA 2, 
similar image quality 
can be seen. Blipped-
CAIPIRINHA SMS 
enables effective  
combination of in-plane 
GRAPPA acceleration 
which is critical for the 
reduction of distortions 
especially in large FOV 
DWI of the body. With 
blipped-CAIPIRINHA 
SMS-EPI, scan time 
reductions to a factor  
of 2 with similar image 
quality can be obtained 
for the liver, breast, and 
whole-body DWI.
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