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Abstract

The recent advancement of simultaneous multi-slice imaging using multiband excitation has
dramatically reduced the scan time of the brain. The evolution of this parallel imaging technique
began over a decade ago and through recent sequence improvements has reduced the acquisition
time of multi-slice EPI by over ten fold. This technique has recently become extremely useful for
i) functional MRI studies for improving the statistical definition of neuronal networks, and ii)
diffusion based fiber tractography for improving the ability to visualize structural connections in
the human brain. Several applications and evaluations are underway which show promise for this
family of fast imaging sequences.

The brain is the challenge

It is hard to comprehend the daunting scale of neuronal networks let alone the number of
neurons in the human brain. It is known that the human cerebral cortex contains ~1010
neurons and ~1014 connections therefore mapping this neuronal network on its smallest
“micro” scale is currently an impossible task. On a macro scale, the human brain is
structurally organized into the cerebral cortex, the highly cellular gray matter in a
convoluted sheet ~ 3 mm thick, covering ~ 1,000 ¢/7 and folded into gyri in each of two
hemispheres [1]. The cortex has distinct functional areas which have underlying connecting
white matter fiber tracks, nevertheless the number of different cortical areas, their
boundaries and long range fiber connectivity have not been completely defined. It has been
proposed that there are ~150-200 cortical areas with distinct neuronal function, connectivity
and network organization [2]. Efforts are underway to use MRI for large scale mapping of
the normal human brain [3] and to use high resolution MRI to study cortical organization at
an intermediate scale. Using cortical layer specific resolutions, it is possible to study
neuronal circuit inputs and outputs to different cortical layers as well as different cortical
functional organization [4; 5; 6]. Previously described anatomically and functionally distinct
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neuronal populations forming local circuits into distinct subunits, i.e. cortical columns [7]
have been identified with functional MRI (fMRI) [8].

The long measurement time of MRI has hampered large scale mapping of structural and
functional connectivity in the brain for which both higher spatial and temporal resolutions
are critical for this task. In this review we focus on advances in fast MRI imaging recently
being used for neuronal network mapping. To study brain circuitry and functional
organization, several different approaches exist including task based fMRI, resting state
fMRI and diffusion based axonal fiber tractography. The term ‘resting state fMRI’ is a
misnomer since the brain is actually quite active in functional connectivity studies. The
subject lies awake with no stimulus or task, while the fMRI scans the entire brain in
hundreds or thousands of times to detect spontaneous brain activity occurring in different
cortical areas for which strong correlation in activity indicates areas are connected in
networks with functional connectivity. Diffusion imaging is a very different approach to
identify brain connectivity through 3D fiber reconstructions utilizing anisotropic
characteristics encoded in diffusion images [9; 10] revealing neuronal fiber orientations and
pathways.

We will review recent imaging sequences utilizing simultaneous and multiplexed signal
encodings. The faster diffusion imaging is useful to achieve higher spatial and angular
resolutions in fiber tractography [11]. And use of these imaging sequences led to the recent
discovery that faster BOLD sampling of the whole brain greatly improves the statistical
definition of functional connectivity networks between different cortical regions [12]. We
give our perspective on the very recent advances in simultaneous multi-slice imaging, now
up to 30 times faster than EPI with such sub-second MRI underpinning recent neuroscience
research.

Echo Planar Imaging is the workhorse

Echo planar imaging (EPI) [13; 14] with its extremely high sensitivity to blood susceptibility
contrast mechanisms and its extremely fast “snap-shot imaging” speed is used for nearly all
fMRI studies [15; 16]. The single echo train (snap-shot) of EPI is critically important for
successful fMRI and diffusion imaging due to smoothly varying velocity dependent phase
shifts through the echo train, whereas the phase errors become discontinuous or periodic in
multi-shot im aging sequences. The single-shot EPI phase error function in k-space avoids
ghost artifacts from pulsatile CSF and brain velocity [17] that can obscure the low level
signal. Single-shot EPI is also the most commonly used pulse sequence for diffusion
imaging of human brain, producing 3D data for visualization of neuronal fiber tractography.
Diffusion imaging with high angular resolution (HARDI) schemes may show exquisitely
beautiful patterns of neuronal fibertracks [18], however, they can take up to 10 hours in ex
vivo animal studies and such times are intolerable in human studies.

For the last few decades, the acquisition time of EPI images used for fMRI and diffusion
imaging not been substantially reduced. Nearly all efforts to make EPI faster have depended
on shortening the echo train time length both by reducing the number of echoes and through
faster gradient switching with the goal to reduce T2* signal decay and image artifacts. These
include partial Fourier [19], parallel imaging [20; 21] and gradient ramp sampling and
sparse sampling techniques [22]. While these techniques significantly reduce the echo train
period, they do not reduce the relatively long initial sequence time period used to encode the
diffusion or the blood oxygen level dependent (BOLD) fMRI contrast. With incorporation of
partial Fourier and parallel imaging into EPI, scan times for imaging the entire brain have
decreased by less than half for fMRI and very little for diffusion imaging. Nonetheless, these
techniques have benefits of reducing artifacts, image distortions from field inhomogeneity
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and in raising signal by reducing the effective TE, the echo time encoding the center of k-
space. In particular, for diffusion imaging, the shorter TE reduces T2 signal decay and
therefore compensates for SNR reduced by the square root of the acceleration factor [23].

The optimal encoding time for BOLD contrast is dependent on field strength by TE = ~T2*,
but with trade-offs in reduced SNR at later TE, hence at 7 Tesla (T) the optimal TE for fMRI
ranges from 15-25 ms and for fMRI at 3T ranges from 30-40ms. With shorter TE the trade-
off exist between reduced BOLD contrast and higher SNR and less signal drop-out artifact
in brain near regions of air sinuses or bone interfaces with high susceptibility. In diffusion
imaging the diffusion sensitizing period usually ranges between 20-100ms depending on the
amount of diffusion encoding (b-value). This is determined by the gradient system’s
maximum gradient amplitude which ranges from 30-50 mT/m on most human scanners.
These contrast encoding times cannot be shortened without reducing the desired physiologic
contrast of BOLD or diffusion in images. The duration of EPI echo trains vary upon several
factors particularly image resolution, parallel imaging and partial Fourier reductions,
however echo train times are typically between 20-80 ms, on the time scale of the
physiological encodings, hence the total time of the pulse sequence cannot be reduced too
greatly. For fMRI studies, the time constraints of conventional EPI impose a restriction on
the ability to acquire very high-resolution whole brain image in a time frame suitable for
typical fMRI paradigms (<3s); for example, 1 mm isotropic whole brain acquisition with
~100 imaging slices would result in a TR of 8-9s. As above, higher spatial resolution was a
strong driving force in the first applications of SMS-EPI to fMRI at [24] and to reduce the
long acquisition time of diffusion imaging [11; 12].

In general, it is extremely inefficient to spend time encoding diffusion contrast or BOLD
contrast in all brain regions but then to only read out one slice. To significantly shorten the
diffusion and fMRI scan times, the initial diffusion gradients or the T2* BOLD period in a
pulse sequence can encode several images in the same sequence rather than only one image.
To do this, there are at least three ways to encode multiple 2D images in a single-shot pulse
sequence. What will be the major topic of this review, first is a slice variant of parallel
imaging with which it is possible to perform simultaneous multi-slice imaging [25]. A
second approach is to use multiple excitation pulses to refocus echoes from different images
in an echo train known as simultaneous image refocused (SIR) EPI [26] (knighting EPI to
match Sir Peter Mansfield). Third, is to perform single-shot 3D imaging sequences by
modulating gradients on two spatial axes in addition to the frequency readout axis to achieve
3D spatial encoding, with the earliest method being echo volume imaging by Mansfield [13;
27]. In EVI or more recent 3D imaging sequences, the entire image volume is inherently
encoded by an initial contrast labeling period in the sequence. In this review, we will focus
on the first two approaches, which have seen dramatic development over the last few years.

Simultaneous Imaging makes EPI several times faster

Simultaneous multi-slice EPI

The simultaneous multi-slice (SMS) pulse sequence applies a multiband (MB) composite RF
pulse with slice-selective gradient to simultaneously excite multiple slice planes. With
standard 2D k-space encoding alone, the images from simultaneously excited slices are not
distinguishable. Nonetheless, the use of an RF receive coil array can provide the extra
spatial encoding that will allow these images to be separated. David Larkman and colleagues
at Imperial College first proposed and demonstrated simultaneous multi-slice MRI utilizing
multiple RF coils and SENSE image reconstruction to separate simultaneously acquired
imaging slices [25].

The SMS imaging can be formulated in image domain with SENSE reconstruction as:
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Si171+Si2722+5;5 T+ SimTm=C;

where Sj is the complex sensitivity of coil i at slice j, and x;is the spatially dependent
complex signal from slice j. C;is the complex signal acquired in coil i in image domain.
Hence through the use of sensitivity profiles (estimated via a separate set of single band
images), the signal from each of the imaging slices can be estimated as [x] = [S]™1 « [C]
(note: For improved reconstruction, information about the coils’ noise covariance can be
used to whiten/pre-process the signal C) [20; 28].

The first use of SMS in EPI and for human brain imaging was first demonstrated by Nunes
et al [29] where it was shown that high g-factor noise amplification is generally observed
due to the typically smaller volume of coverage along the slice direction, Figure 1. This
smaller volume of coverage causes the distances between simultaneously excited slices and
hence the aliasing voxel to be small; resulting in a poorly conditioned unaliasing
reconstruction problem. A method to mitigate this issue based on the Wideband technique
[30] was also proposed in this work, utilizing unipolar blipped gradient pulses on Gs
concurrent with blipped phase encoding pulses on Gp, but this causes significant voxel
blurring artifact. Subsequently, Moeller and colleagues at Minnesota used SMS-EPI for
fMRI at 7 Tesla [24] to achieve a TR useful for fMRI studies while increasing the number
slices made thinner to reduce through-plane dephasing from Bo inhomogeneity, problematic
at ultra-high field imaging. In this work, the use of large coil array with improved spatial
orthogonality of the coil elements at high field strength plays an important role to partially
mitigate the g-factor penalty issue. Moeller utilized a SENSE/GRAPPA hybrid approach
proposed by Blaimer et al [31] to implement the reconstruction for the SMS acquisition.
Studies performed at 7T were in coronal plane to take advantage of the larger coil numbers
along that imaging plane to achieve MB-4 using a 24 channel coil [24]. A point about
nomenclature is that multiband (MB) and ‘simultaneous multi-slice” (SMS) have recently
been used interchangeably in the literature. Here we maintain the earliest name hence SMS-
EPI, while utilizing the term MB to describe slice acceleration factors created by the
multiband pulses e.g. MB-4.

Simultaneous Image Refocused (SIR) EPI

Concurrent with the early work by Larkman, a different approach of simultaneous echo train
imaging was described [26] as simultaneous image refocused (SIR) EPI or simultaneous
echo refocused (SER) EPI. A major difference from SMS is that SIR EPI does not use
parallel imaging and coil sensitivity for image separation. Instead it applies sequentially two
or more excitation pulses to create separable signals from two or more slices, Fig.1b. The
SIR method relies on defocusing pulses on Gr axis placed between the excitation pulses to
modify the refocusing times of echoes from different slices. Dissimilar to SMS where
echoes from different slices are concurrent, SIR separates slice echoes in each read period of
the echo train. Therefore the ability to separate SIR-EPI slices is not dependent on coil
sensitivity so slices can be acquired contiguously adjacent at small distances without
suffering directly from g-factor related SNR losses. SIR technique has increased image
distortion from larger echo spacing and inherent to EPI will have signal loss in regions of
high susceptibility.

Reduction in scan time is extremely valuable for diffusion imaging, which can otherwise
exceed human tolerance. The shortening of scan time allows larger data sets for higher
spatial resolution angular resolution to be used. SIR-EPI was the earliest method to
significantly reduce the TR and the acquisition time of high angular resolution diffusion
imaging (HARDI). The relatively large sequence time for diffusion encoding effects several
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SIR slices simultaneously, rather than a single slice for greater efficiency [32]. Figure 2
shows the fiber tracks from diffusion imaging acquisitions comparing normal EPI to SIR-2
EPI and SIR-3 EPI, with the acquisition time reduced from 25 minutes to 8.5 minutes. The
disadvantage of using SIR-EPI in diffusion imaging is the delay in TE by as much as 10-15
ms which reduces SNR and can only be mitigated by incorporation of partial Fourier and in-
plane parallel imaging techniques.

Unlike diffusion imaging which favors the earliest possible TE to maximize signal following
the diffusional signal loss, in fMRI, a later TE is desirable for greater T2* dependent BOLD
contrast, and therefore a sequence dead time of 10-20 ms is often used before the echo train
readout. This delay time can be replaced with the lengthened echo train in SIR EPI for
efficient use of total acquisition time without lengthening of TE. However for high spatial
resolution acquisition (below 2 mm), SIR requires longer echo trains and in effect
compound the TE delay.

Multiplexed-EPI combines SIR and SMS

Combining the two orthogonal acceleration approaches produced what is referred to as
Multiplexed EPI [12; 33]. The slice acceleration factor of Multiplexed EPI is given by the
product of the accelerations of SIR and MB, resulting in a net number of images per echo
train = SIR x MB as shown in Figure 3. Maximum acceleration factor of 4 x 3 = 12 slices
was demonstrated [12] but was limited by image g-factors and artifact from SMS-EPI.
Image artifacts from higher g-factor can be observed with MB=3 whereas image distortions
become severe at SIR=4. Figure 4 shows functional connectivity in human brain has
improved definition with multiplexed-EPI allowing faster TRs of .4s and .8s compared to
2.5s using normal EPI. The greater precision in the temporal sampling of the slowly varying
spontaneous BOLD signal resulted in improved resolution of functional networks. For
gradient echo sequence with acquisition performed at the Ernst angle, the SNR per shot will
decrease, while the SNR per unit time will increase as TR is reduced (assuming thermal
noise dominates).

SMS and SIR can be used to considerably speed up fMRI and diffusion acquisitions, but
important trade-offs have to be considered. For fMRI using SMS-EPI, a shorter TR results
in higher temporal sampling rate, which increases SNR per unit time until this gain is offset
by the higher g-factors and signal loss from reduced T1 recovery. Reductions in SNR due to
in-plane slice accelerations are well known [34; 35]. For many fMRI protocols,
physiological noise is the dominating noise source, thereby the g-factor penalty and image
thermal noise is less crucial and a higher MB acceleration factor can be utilized. Using SIR
in multiplexed EPI further increases acquisition speed and number of images per echo train,
however, at a cost of lengthening of the echo train and the echo spacing which increases
geometric distortions, signal dropout, and minimum achievable TE. By efficient use of
gradient ramp sampling and the efficiency of sharing gradient switching for multiple echoes,
the echo spacing and echo train length of SIR-2 is increased by ~35% and SIR-3 by ~80%
rather than double or tripled, using 40 mT/m maximum gradients and pulse durations for 2.5
mm isotropic spatial resolution useful for fMRI. It is also possible to incorporate in-plane
parallel imaging to reduce the effective echo spacing and echo train length (N) by half or
more, however, the reduced geometric distortions are at a price of higher g-factor and VN
SNR loss. With higher MB-factor in SMS EPI, the increased g-factor has a heterogeneous
distribution in each different image depending on the coil array geometry. Quite dissimilar,
SIR does not use coil sensitivity profiles to separate images so images can be adjacent to
each other without increasing g-factor.
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Controlled Aliasing improves SMS-EPI and makes it several times faster

The concept of hexagonal sampling was introduced to the signal processing [36] and further
ideas were proposed to MRI [37; 38] to control the aliasing pattern and improve upon de-
aliasing of conventional rectangular sampling. Such approaches first found their use in MRI
to spatial-temporal sampling efficiency [39]. The ability for SMS technique to accelerate the
EPI acquisition is limited by the ill-conditioning of parallel imaging reconstruction at hi gh
slice acceleration factors. The “controlled aliasing in parallel imaging results in higher
acceleration” (CAIPIRINHA) technique was proposed by the Wurzburg group [40] to
mitigate this issue by introducing an in-plane image shift between the simultaneously
acquired slices to increase the distance between aliasing voxels thereby making them easier
to separate. This in plane shift was achieved by modulating the phase of the magnetization
excited in the individual slices for each k-space line through using a different phase
modulated rf pulse for each k-space line acquisition. For example, alternating the phase of
every other k-space line’s excitation by 1 will result in a spatial shift of FOV/2 in the PE
direction for that slice. This concept was presented early on in the development of SMS
imaging and precedes the work on SMS-EPI in [28,29].

Single-shot EPI uses only a single rf excitation pulse, preventing the use of CAIPIRINHA
with rf pulse phase cycling to create the desired controlled aliasing. Alternative approach of
incorporating controlled aliasing, suitable to EPI, was proposed on the basis of the wideband
method [41], to create relative in-plane shifts between the simultaneously acquired slices,
both in the readout direction [29; 30] and in the phase encoding direction [29].
Unfortunately this technique relies on the use of slice gradient to introduce phase
modulation during the readout, causing a continuous accumulation of through-slice phase
and resulting in considerable degree of voxel tilting on the slice axis hence blurring of in-
plane resolution.

To accomplish controlled aliasing in EPI without the limitation imposed by voxel tilt
blurring, the blipped-CAIPI acquisition scheme [33] was proposed, Figure 5. Unlike the
wideband based technique, in the blipped-CAIPI technique the gradient pulses are designed
specifically to periodically refocus (“phase rewind”) the through-slice phase accumulation to
overcome the voxel tilting artifact. The blipped-CAIPI method applies slice axis gradient
pulses (blipped Gs) during the read gradient switching, simultaneous with the image phase
encode pulses (Gp) to create the desired phase modulation between the simultaneously
excited slices. An example of a blipped-CAIPI acquisition scheme to create an inter-slice
FOV/2 shift along the y direction between two simultaneously excited slices is shown in
Figure 6 (for the case where one of the excited slice is at iso-center). The pulse sequence
scheme is shown on the left, where the amplitude of the Gs blips, are chosen to each create a
phase accrual of magnitude mt for the top excited slice. The resulting linear phase modulation
along ky for the top slice is shown on the right of the figure. This phase modulation causes a
FOV/2 shift for the top-slice while, the bottom slice, which is at iso-center, sees no phase
modulation and hence is not affected by the Gs encodes. The resulting aliased FOV/2 inter-
slice shifted image is shown on right of figure. For the general case where neither of the
simultaneou sly excited slices are at iso-center, the re/ative phase modulation between the
slices caused by each of the Gs encodes is still 1, and a simple post-processing step can be
used to correctly align the aliased images [33]. The use of blipped-CAIPI significantly
reduces g-factor noise and artifact level, particularly at high MB acceleration factors, Figure
7. Good quality images at MB-6 and higher accelerations have no severe signal loss in their
central regions for which it was not necessary to “align” blipped CAIPI pulses as recently
reported [42] to achieve gradient moment nulling at the ko (center of k-space) echo position.
There may however be reduced sensitivity to sources of encoding errors with the align
approach, yet to be investigated.
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The periodic reversal of the Gs gradient in the blipped-CAIPI sequence is the key to
eliminate blurring artifact present in the wideband technique which becomes prohibitively
severe with closely spaced slices using higher MB factors. This periodic reversal
significantly reduces the buildup of the gradient moment and the through-slice dephasing in
the echo train. Additionally, the initial “balancing” Gs blip shown in red in the Gs encode
scheme (Fig. 6a) can be used to further reduce minor ghosting artifact of the blipped-CAIPI
sequence that is typically already very low.

For CAIPIRINHA based acquisitions, image domain based reconstruction via SENSE
algorithm is directly applicable. However, a k-space based reconstruction using the SENSE/
GRAPPA hybrid technique [31] results in significant artifact. To overcome this issue the
slice-GRAPPA reconstruction algorithm was proposed [33]. It uses a separate GRAPPA-like
kernel set [21] to estimate the k-space data of individual slices from the collapsed slice data.
Thus, for the 3-fold slice-accelerated acquisition, three separate sets of GRAPPA kernels are
fitted and applied. During the GRAPPA kernels estimation, the pre-scan calibration data,
acquired one slice at a time, is summed to create a synthesized collapsed dataset. A
GRAPPA kernel set is then calculated for each of the slices, to best estimate the individual
slice pre-scan data from the synthesized collapsed dataset. It was shown in [21] that under
normal brain imaging conditions where sufficient image structures exist, slice-GRAPPA
fitting algorithm permits the resulting kernels to utilize fixed coil sensitivities information to
successfully un-alias the slices. However, in phantoms with no or limited structure, the
fitting algorithm tends to cause the kernels to rely on both the underlying image signal of the
pre-scan data and the coil sensitivities to un-alias the slices. Since the underlying image
signal can change from one TR to the next (due to e.g. diffusion encoding or phase drift) the
unaliasing performance of such algorithm tends to be quite poor in such cases when there is
little structure in the image. Detailed description and analysis of the slice-GRAPPA
algorithm can be found in [21].

Ongoing studies seem to indicate that the use of high slice and in-plane accelerations leads
to an increased sensitivity to physiological noise for diffusion imaging. Of particular
importance for diffusion measurement is the concurrent sensitivity to velocity phase shifts
[17] from brain pumping action and CSF motion [43]. These vascular driven motions cause
image artifacts, particularly in lower central brain regions. The constrained optimization
technique in calculating slice-GRAPPA kernels as proposed by Cauley et al [44] and its
variants being investigated can significantly reduce the signal leakage between the
simultaneously excited slices. As a result, these new algorithms seem to have the ability to
mitigate the strong dip in tSNR in the lower central brain regions. This is an important and
active area of research, which will allow for more robust use of SMS acquisitions at high
acceleration factors.

The blipped-CAIPI modification of SMS EPI acquisition has allowed for a dramatic
increase in the slice acceleration factor from MB-3 to MB-12. This has been achieved by
spreading the voxel aliasing pattern to both the slice as well as the in-plane phase encoding
directions, thereby increasing the distance between the aliasing voxels to make better use of
the spatial variation of the coil sensitivities in teasing apart the aliased voxels. Nonetheless,
when parallel imaging in-plane acceleration is used in combination with slice acceleration,
the ability for the blipped-CAIPI sequence to spread the aliasing is constrained by the
aliasing that is already in place in the image phase encoding direction. Therefore, the
achievable slice acceleration factor at acceptable g-factor and image artifact levels is more
limited. Recently, the wave-CAIPI sequence was introduced [45] as a way to try to address
this issue. With this sequence, additional sinusoidal Gp and Gs gradients are applied during
the acquisition of each kr readout line of a simultaneous multi-slice acquisition. The
application of these extra gradients allows for the spreading of the aliasing voxels into the
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read direction, in addition to the PE and slice directions. It was shown in a FLASH
acquisition that, with such technique, a 3x3 acceleration factor (PE x slice) can be achieved
at almost no g-factor penalty using a 32 channel head coil at 3T. The application of such
technique to rapid SMS-EPI acquisition is a promising avenue, but will require good
characterization of the gradient systems for accurate reconstruction.

Discussion

RF Power limitations

RF heating is the major potential problem and serious physiologic limitation of the SMS
technique with the relatively high energy requirement of the MB RF pulses leading to high
Specific Absorption Rate (SAR). The peak power of a multi-band RF pulse scales with the
square of the number of simultaneously excited slices. This quadratic increase in peak power
is partially mitigated in GE-EPI, where the excitation flip angle is typically reduced to
follow Ernst angle at short TRs used for fMRI. However, for SE-EPI which requires
multiband 180° refocusing as used for diffusion imaging, the quadratic increase in peak
power can easily causes the SAR to exceed safety limits as does the greater power
requirements of ultra-high field 7T imaging [34]. The peak power can be reduced by
lengthening the duration of the RF pulse and by employing the VERSE algorithm [46]. The
lengthened pulses increase the TE and the TR, and can cause degradation in the slice profile
for off resonance spins. Similarly, the VERSE pulse also degrades slice profiles for off-
resonance spins. The current use of VERSE to reduce RF energy is already close to its limits
for refocusing pulses in a typical diffusion imaging sequence at 3T with MB = 3 or 4. New
alternative RF pulse designs with lowered RF energy requirement will be needed to achieve
higher MB factors for SE-EPI based fMRI and diffusion imaging at 7T. Note that for spin-
echo sequence, the optimal SNR is achieved at 1.25T; and a higher MB factor is typically
not useful in most SE-EPI imaging protocols.

The recently proposed “power independent of number of slices” (PINS) RF pulses can be
used to significantly reduce SAR [47]. This technique relies on the use of a comb function to
modulate the rf pulse and encode a periodic distribution of excitation. This results in a
simultaneous multi-slice excitation with power characteristic that is nearly independent of
the number of simultaneously excited slices. The PINS method was successfully used in a
typically SAR intensive multiband spin echo resting state fMRI acquisition at 7T [47; 48;
49]. We note that the periodic function that defines excitation of slices in PINS may have
less well defined slice profile. While axial oriented images would have slices extending into
low coil sensitivity regions in the neck, with excitation in the sagittal orientation, signal is
limited by the head-air interfaces. The combined use of PINS pulse and selective excitation
pulses has been proposed to circumvent this limitation [48]. An alternative approach in
reducing rf power is by specifying a different rf phase for each of the frequency modulated
rf waveforms in the multi-band pulse [50] following earlier work on phase shifted multiband
pulses [51; 52]. It was shown that, with this technique, the rf peak power can be reduced by
more than a factor of two at high MB factors. However, this method does not reduce the
total energy of the RF pulse and therefore it is not clear to what extent SAR is reduced.
Future development is still necessary to further reduce power requirement of MB pulses.
The use of parallel transmit can potentially offer a solution, whereby different rows of
transmit coils in a transmit array are used to excite different slices in a simultaneous multi-
slice excitation. With such technique, each row of transmit coil will excite a subset of slices
and hence required much lower power.
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Gradient limitations

For human imaging, the gradient slew rate is limited to avoid causing undesirable
physiological stimulation notably peripheral nerve stimulation (PNS). The avoidance of PNS
limits the slew rate of EPI gradient switching as well as limits the slew rate of large
amplitude gradients used for diffusion encoding. Nearly all MRI scanners are built with
longer gradient coils for whole body imaging and have slew rates limited to 200 T-m=1.s71,
Smaller head only insertable gradient coils can be run with twice the slew rate, 400
T-m~L.s71 and their smaller diameter requires engineering similar smaller diameter multi-
channel receiver coils for SMS imaging. Limitation posed on the gradient slew rate results in
lengthening of the echo spacing and hence image distortion and total T2* decay in the
requisite longer echo trains. To some extent, in-plane parallel imaging can mitigate these
effects by reducing the effective echo spacing and the echo train length. However, when in-
plane parallel imaging is used in combination with slice parallel imaging in SMS
acquisition, the combined acceleration factor is the product of the acceleration factors and
the g-factor increases significantly. This increases quite rapidly, thereby limiting the
achievable MB factor. Improvement in image distortion correction and/or control aliasing
algorithms is needed to allow for rapid EPI acquisition with high MB factor that produces
largely distortion free images. Development of shorter gradient coils to cover primarily the
head region therefore would substantially improve SMS-EPI by providing faster gradient
switching to shorten echo trains and in turn reduce susceptibility based image artifacts,
distortions and shorten TE.

High field imaging

High field imaging is used to study the brain cerebral cortex at very high spatial resolution
and with increases in BOLD contrast due to the susceptibility contrast mechanisms that are
field dependent. At higher field strength imaging, acquisitions with thinner imaging slices,
Figure 8, are used to reduce signal drop-out in the image caused by the increased intra-voxel
dephasing due to increased Bo inhomogenity. However, the use of thinner images requires
proportionally more images for whole brain coverage in fMRI, which in turn increases TR.
To overcome this issue, the earliest 7T studies [24] achieved a four fold increase in the
number of images per TR using SMS EPI acceleration.

The biological heating from multiband rf pulses increases greatly with field strength as the
power increases quadratically with magnetic field strength. The ability of RF pulse
lengthening and VERSE algorithm to mitigate the SAR heating problem is not sufficient in
high MB factors SE EPI acquisitions at 7T. The recent application of PINS pulse to SE EPI
reduced SAR at 7T and appears to be a very useful SAR reduction approach at these higher
fields [48; 49]. The SIR SE EPI sequence may have an advantage of reduced SAR at ultra-
high field imaging as the refocusing pulse can cover two or more adjacent slices without
using MB pulses which have much greater peak power [12]. The inherent bandwidth
difference between excitation and refocusing pulses of SIR SE EPI causes the lipid signal
not to be refocused at 7T which obviates the need of lipid suppression pulses and this further
reduces SAR.

Diffusion image optimization—Regarding sequence optimizations, the optimal TR for
SE-EPI based diffusion imaging that maximizes SNR per unit time is ~1.25 T1 [53; 54].
Nonetheless, when compare to this optimal TR, the SNR per unit time of an acquisition at
TR of 2.6T1 is already ~90% of the optimal value, while the SNR per shot at this TR is 25%
larger. This significantly larger SNR per shot results in less sensitivity to the non-Gaussian
noise behavior and the resulting bias in the estimation of diffusion parameters [10].
Additionally, acquisition at such TR would exhibit much smaller g-factor and image artifact
penalty, since a much lower slice acceleration factor would be required. Based on this
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analysis, for most diffusion acquisitions, the ideal operating TR would be around 2.5-3s at
3T. The typical TR for e.g. 2 mm isotropic resolution in whole brain acquisition is around
10s. Therefore the use of MB=3-4 is generally sufficient and blipped-CAIPI allows this to
be achieved with minimal g-factor penalty in diffusion imaging, Figure 9. However, a
somewhat higher MB factor might be required when higher resolution imaging (1.5mm or
1mm) with longer TR used. The use of SIR might not be ideal for diffusion imaging if MB
is already used. The TE increase and hence T2 signal loss from SIR can be quite significant
compare to the additional SNR gain that could be achieved from further TR reduction.

Diffusion imaging is challenged by the use of strong diffusion encoding gradients for high
b-values and high spatial resolution, as both substantially reduce image SNR. Higher
maximum gradients allow shorter pulses for earlier TE reducing T2 signal decay in the echo
train which raises SNR. In spin echo based diffusion sequence, using either the Stejskal-
Tanner sequence or the twice refocused SE sequence [55], the b-value has

b=+2G26? (A — 6/3) dependence where yis the gyromagnetic ratio, Gis the amplitude of
the diffusion encoding gradient pulse where for a given b-value the maximum gradient,
Gmax reduces the gradient pulse times to shorten TE. Most commercial MRI scanners have
Gmax in the range of 30-50 mT/m peak gradient scanners (Siemens). Stronger gradient
systems for the NIH Human Connectome Project for 3T scanners amplitudes on 1.5T and 3T
scanners and 70 mT/m on 7T human brain imaging have recently been developed for (Skyra,
Siemens); at Washington University the scanner has Gpax 0f 110 mT/m and at the MGH
Harvard laboratory a scanner with G, of 300 mT/m for dedicated diffusion research [56].
The stronger gradients are only useful for the diffusion pulses and not for shortening the
echo trains to reduce TE where the gradient switching and peak gradient amplitude of the
read gradient contribute to physiological stimulation and therefore the gradient hardware
system is slew rate limited to 200 mT/m/s Additional reductions in diffusion data acquisition
time for HARDI fiber tractogra phy can be accomplished i.e., compressed sensing [57; 58;
59] combined with using more efficient sampling of the g-space coverage; SMS-EPI has
enabled a 12 fold time reduction in Diffusion Spectrum Imaging (DSI) acquisitions [11].

FMRI with faster imaging—In considering optimization of imaging speed for fMRI, the
potential gains in neuronal information will undoubtedly be limited by the sluggish
hemodynamic response of BOLD and by delay differences in neurovascular coupling
between different brain regions. Yet as shown in functional connectivity research [12; 60],
task based fMRI will likely benefit from the improved statistics offered by higher sampling
rates. Slice time correction procedures with their interpolation effects on temporal precision
in sampling neuronal signal will to a large extent be mitigated by simultaneous timing.
Another advantage of high temporal resolution is that physiological noise from cardiac and
respiratory effects on periodic signal variation can be resolved and filtered from the BOLD
signal. It is not clear at this time what could be the best sampling frequency, given the
conventional EPI at 3 second TR samples a ~0.33 Hz band and with faster sequences it is
possible to sample ~10 Hz capable of largely oversampling and avoid frequency aliasing of
respiration and cardiac frequencies [61; 62; 63].. A tradeoff of faster sampling with less time
for signal recovery using reduced TR would lead to lower SNR. However the shorter TR
allows use of lower Ernst angle pulses which in turn leads to another favorable tradeoff in
reducing the SAR of higher MB excitation pulses.

The use of multiplexed EPI with high MB acceleration factor to achieve very fast whole
brain coverage will have challenges of higher g-factors and limitations of SAR which may
require extensive changes in RF pulse designs. In these very fast TR regimes the use of 3D
encoding permits much reduced SAR via the use of a single volume selective pulse rather
than using multiband pulses for multi-slice 2D imaging. Very fast scanning in the realm of
100 ms TR for fMRI and functional connectivity research is also being pursued with non-
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Cartesian k-space trajectories in MR encephalography approaches which have evolved in
efficiency from concentric shells to stack of spiral trajectories [61; 62; 63]. Using TRs of a
few hundred milliseconds there is sufficient oversampling of cardiac and respiratory
frequencies in time-series fMRI studies to allow filtering of these physiological noise
sources.

Future Volume Imaging

Simultaneous multi- vo/ume rather than multi-s/ice imaging is one interesting direction to
explore as a possible means of increasing speed and resolution and reducing SAR. The
encoding of contiguous 3D slices with a conventional selective excitation pulse would have
much lower SAR than a similar slice number MB pulse. Exciting only a few limited
thickness 3D slabs with a MB pulse would reduce SAR compared to SMS-EPI and
potentially increase slice coverage. There are two types of sequences commonly used for
single-shot 3D imaging of brain. The first is the echo volume imaging (EV1) and multi-slab
variants which has been utilized for fMRI [64]. While the second type, producing gradient
echoes and spin-echo (GRASE) [65] is derivative of a CPMG pulse sequence with multiple
gradient refocused echoes between the 180° refocusing pulses. The 3D GRASE sequence is
used for brain perfusion mapping with the ASL technique and used for ultra-high resolution
fMRI at 7T using zoomed resolution approaches [5; 8; 66]. One limiting effect with longer
3D encoding sequences is slice blurring due to spin relaxation. It should be possible to
greatly reduce this problem by shortening echo trains using simultaneous multi-volume
excitations to maintain slice coverage; i.e., MB-2 would reduce echo train by half to reduce
blurring or to a lesser extent for increased slice coverage. In addition to perfusion imaging,
velocity phase imaging is the most common approach used for hemodynamic imaging for
which SMS-EPI can be used to measure positions simultaneously [67] and modified with
segmented sequence variants for simultaneity in physiological measurements of velocity,
tissue strain and pulsatility while eliminating cardiac cycle variations by recording slices
simultaneously.

Conclusion

Simultaneous multi-slice EPI achieves high speed through multiplexing image data and then
extracting the images with multiple receiver systems. The resulting reduction in imaging
time does not rely on reducing the echo train length, N, and therefore SMS-EPI does not
incur the VN dependent reduction in SNR as occurs with scan time reductions from partial
Fourier and in-plane parallel acceleration techniques. To fully utilize these higher achievable
imaging speeds future reduction of peak power to remain within SAR limits will require
further innovations in rf pulse design exemplified by the PINS pulse and potentially the use
of multi-channel transmission systems. Another important requirement for EPI based brain
imaging is the requisite fast gradient switching and high gradient amplitude, which must be
within safety limits to avoid peripheral nerve stimulation.

Many neuroscience studies using fMRI and diffusion imaging as well as diagnostic medical
imaging will likely benefit from simultaneous multi-slice technology. In addition to brain
applications, diffusion imaging is commonly used for imaging the body for which large
reductions in scan time should be very desirable in diagnostic radiology. The simultaneous
multi-slice technique contributes to an increase in MR efficiency and allows trade-off
between, scan time, SNR and spatial resolution. One promising impact will be if the faster
imaging allows patients to tolerate new quantitative studies of the brain using structural and
physiological metric currently requiring too much time in the scanner. The recent
advancements in imaging speed using simultaneous multi-slice technique will facilitate the

J Magn Reson. Author manuscript; available in PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Feinberg and Setsompop Page 12

translation of basic neuroimaging research to thereby improve mental health by providing
new insights into neurological disorders.
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Figure 1.

Pulse sequence diagrams comparing variations of a) simultaneous multi-slice (SMS) EPI
and b) Multiplexed EPI with MB x SIR images per echo train. Diagram shows A)
simultaneous excitation with a multiband pulse of 3 slice planes with sinc modulated rf
pulses to excite different bands on the slice selective gradient axis. The signals of the slices
are superimposed in the echo train and separated with information from different rf coils
requiring sensitivity profiles by acquiring the slices separately. B) Multiplexed EPI using
SIR x MB encoded images. The sequence uses multiple MB excitation pulses with small
interposition gradient pulses on Gr axis to shift the respective echoes onto two halves of
each readout time period, with each gradient reversal simultaneously refocusing echoes into
an echo train. The echoes are sorted into two different k-spaces before performing slice
GRAPPA extraction of their corresponding SMS images.
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Figure2.

Comparison of multiplexed EPI images at different acceleration factors. Each row shows 4
adjacent slices out of total 60 slices at 2mm isotropic resolution covering the entire brain.
Each row of images was obtained with a different pulse sequence a nd slice acceleration
(SIR x MB) producing 1, 4, 6 and 12 slices from the EPI echo train. Maximum MB
acceleration was limited to 3 due to artifacts from large g-factors as the sequence did not use
blipped-CAIPI controlled aliasing. SIR factor was limited by increased distortions. Adapted
from [12].
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Figure 3.

Diffusion imaging for neuronal fiber track display accelerated with simultaneous image
acquisition. The 3D images show neuronal axon fiber tracks in the human brain, in vivo,
using simultaneous image refocused (SIR) EPI with either 2 or 3 images per echo train.
Compared to EPI (left) the full 3D data set was acquired 2-3 times faster with SIR-2 EPI
(center) and SIR-3 EPI (right) with acquisition times shown. The fibertrack images were not
exactly aligned and small differences in distortion are present. The colors designate direction
of fibers in orthogonal axes. Adapted from [68].

Adapted from: D.A. Feinberg, S. Moeller, S.M. Smith, E. Auerbach, S. Ramanna, M.
Gunther, M.F. Glasser, K.L. Miller, K. Ugurbil, and E. Yacoub, Multiplexed echo planar
imaging for sub-second whole brain FMRI and fast diffusion imaging. PLoS One 5 (2010)
e15710.
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Figure 4.

Faster imaging improves statistical definition of networks in functional connectivity maps.
Functional connectivity determined by the correlation of BOLD activity occurring
throughout the entire brain. Here an axial image showing four networks in different colors.
The networks have higher statistical significance to show larger color areas using higher
sampling rates comparing (left to right) normal EPI, 4 images per echo train, and 9 images
per echo train using multiplexed EPI for TR reduced from 2.5 seconds to 0.8 and 0.4
seconds, respectively. Adapted from [12].

Adapted from: D.A. Feinberg, S. Moeller, S.M. Smith, E. Auerbach, S. Ramanna, M.
Gunther, M.F. Glasser, K.L. Miller, K. Ugurbil, and E. Yacoub, Multiplexed echo planar
imaging for sub-second whole brain FMRI and fast diffusion imaging. PLoS One 5 (2010)
e15710.
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Figure5.
SMS EPI Blipped-CAIPI sequence modified with additional blipped gradient pulses
(hatched box) with periodic gradient moment nulling with larger amplitude phase-rewind
pulses to repeatedly null the gradient moment in the echo train. The particular 2 negative
polarity blipped pulses followed by a 3rd positive polarity pulse to normalize the gradient
moment and rewind net phase creates an FOV/3 controlled aliasing.
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Figure®6.

A) provides details of the Blipped-CAIPI acquisition scheme. The Gs gradient pulses shown
are played out during the echo train readout and modulate the phase of the echoes as a
function of slice position on the slice axis. The images become shifted in the field of view
(FOV/2) on the phase encoded axis. Adapted from [11]. B) Shown are FOV/3 inter-slice
image shift in MB-6 simultaneous excited slices. The inter-slice shifted collapsed image is
shown with its corresponding de-aliased images and final image process corrected images.
Without blipped-CAPPI (bottom) there is superimposed alignment of the collapsed image
data resulting in poorer image quality from image cross-talk and higher g-factor yielding
lower SNR.

Modified from: K. Setsompop, J. Cohen-Adad, B.A. Gagoski, T. Raij, A. Yendiki, B. Keil,
V.J. Wedeen, and L.L. Wald, Improving diffusion MRI using simultaneous multi-slice echo
planar imaging. Neuroimage 63 (2012) 569-580.
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Figure7.

Comparison of SMS EPI with blipped-CAIPI controlled aliasing (CA) and without (no CA).
At low acceleration of MB2 images look about the same but at MB-4 and higher MB-8 there
is severe artifact with no CA and higher g-factor in images. Each column shows 3 of 36-40
images acquired in separate scan of the brain with all parameters except MB-factor held
constant: TR=2s, TE=36 ms, 70°, isotropic 2.5 mm voxels. The actual minimum achievable
scan time of the brain could be reduced by shortening TR from the time required for normal
EPI ~3s divided by MB down to ~250 ms at MB12. Shorter TR requires reducing flip angle
to reduce SAR, which also changes image contrast. (provided by Liyong Chen and David
Feinberg)
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Figure8.

Simultaneous multi-slice EPI at 1-mm isotropic resolution, imaging whole-brain GRE-EPI
blipped-CAIPI acquisition at 7 Tesla with 3 slice and 2 in-plane acceleration (TR = 2.88
second). a) Coronal, sagittal, and axial views of the unaliased 3D volume. b) and c):
Corresponding 1/g map of a representative slice group for blipped-CAIPI and non-blipped
acquisition, respectively. Adapted from [33].

Adapted from: K. Setsompop, B.A. Gagoski, J.R. Polimeni, T. Witzel, V.J. Wedeen, and
L.L. Wald, Blippedcontrolled aliasing in parallel imaging for simultaneous multislice echo
planar imaging with reduced gfactor penalty. Magn Reson Med 67 (2012) 1210-24.
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Figure9.

Comparison of the general fractional isotropy (GFA) in a diffusion Q ball based orientation
distribution function with a 3 x faster scan time using SMS EPI (left) acquired without SMS
with 2x in-plane accelerated (10 min), and (right) MB=3 SMS and 2x in-plane accelerated
(3.3 min) acquisitions. Similar results are observed. Adapted from [11].

Modified from: K. Setsompop, J. Cohen-Adad, B.A. Gagoski, T. Raij, A. Yendiki, B. Keil,
V.J. Wedeen, and L.L. Wald, Improving diffusion MRI using simultaneous multi-slice echo
planar imaging. Neuroimage 63 (2012) 569-580.
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