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Abstract

We evaluate residual aliasing among simultaneously excited and acquired slices in slice
accelerated multiband (MB) echo planar imaging (EPI). No in-plane accelerations were used in
order to maximize and evaluate achievable slice acceleration factors at 3 Tesla. We propose a
novel leakage (L-) factor to quantify the effects of signal leakage between simultaneously acquired
slices. With a standard 32-channel receiver coil at 3 Tesla, we demonstrate that slice acceleration
factors of up to eight (MB = 8) with blipped controlled aliasing in parallel imaging (CAIPI), in the
absence of in-plane accelerations, can be used routinely with acceptable image quality and
integrity for whole brain imaging. Spectral analyses of single-shot fMRI time series demonstrate
that temporal fluctuations due to both neuronal and physiological sources were distinguishable and
comparable up to slice-acceleration factors of nine (MB = 9). The increased temporal efficiency
could be employed to achieve, within a given acquisition period, higher spatial resolution,
increased fMRI statistical power, multiple TEs, faster sampling of temporal events in a resting
state fMRI time series, increased sampling of g-space in diffusion imaging, or more quiet time
during a scan.
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1. INTRODUCTION

The recent availability of high and ultrahigh magnetic fields has enabled acquisitions of
functional magnetic resonance imaging (fMRI) data with increasingly higher spatial
resolution and finer detail, e.g. (De Martino et al., 2011; Heidemann et al., 2012; Polimeni et
al., 2010; Yacoub et al., 2008; Zimmermann et al., 2011). Acquisitions of such high-
resolution data over the entire human brain in a time efficient manner, however, face severe
challenges using conventional approaches. Almost all fMRI studies currently employ a
multi-slice approach based on slice selective gradient recalled echo (GRE) echo planar
imaging (EPI) (Mansfield, 1977) due to its wide-spread availability and the fast single-slice
acquisition speed of the EPI method for spatial encoding. Over the years, the acquisition
speed of EPI has significantly improved with the advent of partial Fourier sampling
(Feinberg et al., 1986) and parallel imaging (Griswold et al., 2002; Pruessmann et al., 1999;
Sodickson and Manning, 1997) methods, resulting in reductions in the amount of A-space
data collected and, hence, the total echo train length in an EPI acquisition. These
improvements have led to important gains in EPI image quality; however, they have not
commensurately impacted the speed of whole brain coverage due to the presence of contrast
preparation period in applications like fMRI or diffusion weighted imaging, which equals or
exceeds the total duration of the EPI echo train. Consequently, even with EPI, whole brain
coverage unavoidably requires prolonged volume acquisition times (TR), especially when
the targeted volume are required to be covered in high isotropic resolutions. In turn, this
limits the total number of time points and the sampling bandwidth in an fMRI time series,
especially at lower field strengths where longer echo delays (i.e. TEs) are needed for optimal
blood oxygenation level dependent (BOLD) contrast.

Three dimensional (3D) echo volume imaging (EVI) (Mansfield et al., 1994) uses a single
contrast preparation period followed by a single 3D A-space encoding readout. However,
EVI has limited achievable spatial resolution and potentially sub-standard image quality,
due to the T,* decay during a long echo train required to fully encode the volumetric spatial
information. In addition, distortions on two of the 3D image axes and losses in signal-to-
noise ratio (SNR) are present, as well as signal dropout in regions close to air filled cavities
in the head, such as the temporal lobes and inferior frontal cortex. Multi-shot segmented
EVI along with parallel imaging can significantly alleviate these problems (Poser et al.,
2010; Posse et al., 2012; Wielopolski et al., 1995). However, to achieve this efficiently,
parallel imaging is employed on the two orthogonal phase encoding dimensions, leading to
considerable SNR losses. Furthermore, A-space segmentation can lead to degraded A-space
coherence (Feinberg and Oshio, 1994), which is especially detrimental to functional imaging
(Moeller et al., 2006). Echo shifting approaches, such as PRESTO (Golay et al., 2000; Liu et
al., 1993), increase volume coverage in fMRI by efficiently utilizing the TE delay to readout
a different earlier excited slice. PRESTO, however, requires additional spoiling that reduces
SNR and spatial encoding and becomes constrained at higher field strengths where the
shorter Ty and T,* curtail the usable TE for the BOLD contrast. Consequently, these
approaches have not been able to supplant multi-slice GRE EPI as the dominant method
employed in fMRI.

The multi-band (MB) or simultaneous multi-slice (SMS) technique was originally
demonstrated with leg imaging using a spine radio frequency (RF) coil and GRE acquired
with one A-space line at a time (Larkman et al., 2001). In the MB approach, several slices
are simultaneously excited using a single RF pulse tailored for selective excitation at
multiple frequencies (i.e., a multiband pulse), and subsequently unaliased following parallel
imaging principles. The application of MB to EPI was first introduced by Nunes et al.
(Nunes et al., 2006) in brain imaging. Motivated by the possibility of acquiring high
resolution functional brain images at 7 Tesla over the entire brain (Ugurbil, 2012), we
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recently first evaluated the prospect of using MB-EPI for fMRI (Moeller et al., 2010). We
demonstrated a 16-fold, two-dimensional acceleration yielding significant reduction in
whole brain acquisition time without substantial degradation in SNR or image quality
(Moeller et al., 2010, 2008). Slice acceleration using MB technique was also recently
combined with the SIR technique (Feinberg et al., 2002; Loenneker et al., 1996) for fMRI
and diffusion weighted imaging (Feinberg et al., 2010; Setsompop et al., 2012), adopted for
steady state free precession (SSFP, (Stab et al., 2011)), radial (Yutzy et al., 2011), and spiral
(Poser and Stenger, 2012) acquisitions, and incorporated into Hadamard encoding (Banerjee
etal.,, 2012; Chu et al., 2012).

The ability to unalias the MB GRE slices was improved by the controlled aliasing in parallel
imaging results in higher acceleration (CAIPIRINHA) method (Breuer et al., 2005). This
was achieved by alternating the phase of the excitation pulses progressively for each k-space
line in a GRE sequence, which collected a single A-space line after each RF pulse. The phase
modulation results in a spreading of the aliasing energy and an exploitation of coil
sensitivity profiles along multiple dimensions, thereby reducing g- factor and significantly
expanding the acceleration capability of the receiver coil. Unfortunately, in EPI, only one
RF excitation is used for all A-space lines in the entirety of A-space coverage; therefore,
modulation of the RF pulse phase (Jesmanowicz et al., 2011) to shift simultaneously excited
slices relative to each other is not possible. Instead, it was demonstrated that small slice
gradient pulses (“blipped pulses”) could be employed during the EPI echo train to
accomplish the same result. The first demonstration of this principle utilized slice gradient
blips which resulted in a linear accumulation of gradient moment to achieve aliased image
shifts in the phase encoding direction (Nunes et al., 2006) with an interdependent tilting of
the voxel. This limitation of the linear gradient blip strategy was overcome by the recently
introduced blipped controlled aliasing in parallel imaging (blipped CAIPI) technique
(Setsompop et al., 2012), a modulated gradient moment scheme of slice blips that does not
result in tilted voxels. The blipped CAIPI method has also been adopted into segmented EPI
(Polimeni et al., 2012) and readout-segmented EPI (Frost et al., 2012).

In the current paper, we introduce a leakage (L-) factor (Moeller et al., 2012) for
quantitatively evaluating the performance of the MB technique, with respect to residual
aliasing among simultaneously excited and acquired slices. In the absence of in-plane
acceleration, we examined the feasibility of achieving up to eight simultaneously excited
slices with acceptable image quality at 3 Tesla using a standard 32-channel receiver coil.
The effects of neuronal and physiological signal fluctuation at high slice accelerations were
also investigated from single-shot fMRI time series.

In the following theory section, we briefly review the blipped CAIPI technique, which was
described in detail previously (Setsompop et al., 2012).

2. THEORY

The time domain MB EPI signal (ignoring the relaxation effects) in the presence of off-
resonance effects, AB(x,y,z)), can be expressed as:

MB Az /2

S(tusta)=D [ [[p(x,y,z)e” NEPEwT Mgt te) g =HmGatavairtnGylent) dedydz )

1=1—Az%/22Y

where MB is the number of simultaneously acquired slices, Az is the slice thickness,
p(x.y,z) is the spin density modulated by transmit and receive variations, y is the
gyromagnetic ratio of the nucleus of interest, Zgp is the echo spacing, and Ly is the
readout dwell time (1/%e is the readout bandwidth), m7and nare A-space step indices
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along the readout and phase encoding directions, Gyand G, are idealized rectangular
gradient amplitudes.

In a traditional multi-slice CAIPIRINHA GRE implementation (Breuer et al., 2005), the
shifting of adjacent slices in a simultaneously excited group of slices is achieved through
progressive phase shifts in the excitation pulse for consecutive acquisitions of each 4-space
line. In an EPI sequence, the corresponding phase shift has to be introduced by a gradient
moment. For a particular MB factor, a unit PEgprr blip moment (Ap) can be calculated
as:

Ablipz(27TPESHIFT>/(7AS) [2]

where PEsy et is the desired amount of spatial shift proportional to the phase encoding field
of view (FOVpg in mm), AS (mm) is the separation between slice bands, and Agyp is the
required blip gradient moment. Note that the blip gradient moment is independent of
magnetic field strength (Bp), and is inversely proportional to the gyromagnetic ratio (y) and
slice band distance (AS).

Applying this unit blip gradient moment, scaled to an integer blip train pattern (F(n), where
nrepresents PE steps) as in the blipped CAIPI method, generates the desired phase
differences between simultaneously excited slices in an MB acquisition, hence the desired
spatial shift along the PE axis in image space. The resulting shifts are governed by the
Fourier shift theorem (Bracewell, 1999), e.g., a blip train pattern of [1-1] for PEgyrt =
FOV/2, [1 -2 1] for PEgyptr = FOV/3, [11 -31] for PEgy rt = FOV/4, and so forth. The
starting phase difference is not important, because of the cyclic nature of the phase encoding
dimension in A-space. This implies that an arbitrary pre-blip can be applied at the beginning
of the EPI echo train.

As a result of the slice blip, for each A-space line there is an accumulated slice gradient blip

Acum

moment, Az, (), which is equal to the total area of the slice gradient blip (including any
slice pre-blip, Aprepsjp) from the beginning of the EPI echo train:

Aﬁ:;;m(n): Z F(p)Ablip(p)+Aprcblip [3]

pzik;naz
where &,/ is the largest phase encoding index. Hence, the MB EPI signal with blipped
controlled aliasing can be expressed as:

MB Az /2

Acum

S(tm, tn):Z j ffp(I, v, Zl)e(fi’YAblip (n)zl)e*i’yAB(Z,y,ZL)(TE+mtdwgll+ntesp)e*i’y(mcxtdwe”x+nGyteSpy)dxdydzl [4]

1=1—Az%/2%Y
after slice off-center phases (a known quantity) have been subtracted.

In the blipped CAIPI method, a balancing pre-blip was chosen to minimize ghosting artifact
in the point spread function (PSF) of the attenuated EPI echo train. As a result, slice gradient
moment in units of half Ap, is always present for even PEgpFr factors for all A-space
lines, while the periodic fully refocused slice gradient is retained for odd PEgy, et factors.
Assuming the slice dependent residual phase error 8 ndesired (with implicit in-plane terms),
elundesimd(tm’ tn): Af’l_/z p(Zl)e_i'y(Afh?;‘m(n)zl+AB(zl)(TE-&-’rntdwell—i-ntesp))dzl
—Az /2

[5]
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is small compared to the desired blipped CAIPI phase modulation, the MB data can be
satisfactorily unaliased using the slice-GRAPPA algorithm (Setsompop et al., 2012).

3. METHODS

3.1 Image acquisition

All in vivo experiments were performed on the 3 Tesla WU-Minn Human Connectome
Project (Van Essen et al., 2012) Skyra scanner (Siemens, Erlangen, Germany) equipped with
SC72 gradients operating at 100 mT/m maximum absolute gradient amplitude (maximum
readout gradient amplitude, readout Gy, restricted to 42 mT/m for oblique slice
orientations) with a maximum slew rate of 200 mT/m/ms (Heberlein et al., 2012;
Kimmlingen et al., 2012). Imaging data were acquired with a standard 32-channel head
receiver coil (Siemens) and a body transmitter. All data were obtained using a transverse
oblique plane to cover the whole brain (about 12 — 13 cm of coverage in the slice
dimension). A blipped CAIPI multiband EPI sequence (Appendix 1) was used for all
acquisitions.

Four healthy volunteers participated in this study. Two volunteers were scanned for slice
unaliasing evaluation. We acquired single-shot fMRI time series on two other volunteers.
Each participant provided written informed consent to the imaging protocol, which was
approved by the institutional review board (IRB) at the University of Minnesota.

3.1.1 Slice unaliasing evaluation—The entire brain was covered using 60 or 64 slices
and 2 mm isotropic resolutions with the following parameters: FOV = 192 x 192 mm2,
matrix = 96 x 96, partial Fourier = 6/8, TE/TR = 30/4800 ms, bandwidth = 2368 Hz/pixel,
echo spacing = 0.55 ms, flip angle = 55° (<< Ernst angle ~ 90°, due to peak power limitation
for MB = 12), sinc excitation pulse width = 12.8 ms, and no in-plane acceleration. Note that
the excitation pulse width was not optimal for low MB factors. Instead, it was chosen in
order to match the pulse width of the MB = 12 excitation pulse, which was limited by peak
power despite the already reduced flip angle. Different multiband factors MB =1, 2, 4, 6, 8,
10, and 12 were employed with the same PEgy 1 = FOV/4, chosen for optimal slice
unaliasing performance at very high slice acceleration factor (MB >= 8, see L-factor results
below in Table 1 — 3). One single band (SB) reference scan was acquired before each MB
acquisition for all MB acquisitions in this study. One hundred repetitions and five noise
scans without excitation pulses were acquired for MB =1 (i.e., SB), for the simulation of g-
factors and signal leakage (L-) factors. Raw k-space data were used for evaluation as
described in sections 3.2.4 and 3.2.5 below.

3.1.2 Single-shot fMRI time series—To assess the effect of increasing MB factor on
the sampled physiological noise distribution, a set of resting state single-shot fMRI data was
acquired (MB factors = 1, 3,5, 7 and 9, FOV = 192 x 192 mm?, matrix = 96 x 96, slice
thickness 2 mm, partial Fourier = 7/8, TE/TR = 30/75 ms, bandwidth = 2368 Hz/pixel, echo
spacing = 0.55 ms, flip angle = 20° (~ Ernst angle), sinc excitation pulse width = 6 ms, no
in-plane acceleration, and 4096 measurements (approximately 5 minutes total acquisition
time for each MB factor) from a healthy volunteer with simultaneous cardiac and respiratory
monitoring at 400 Hz using a finger pulse oximeter (Siemens) and a chest breathing belt
(Siemens). The TR (75ms) was minimized and matched across different MB factors. These
were not whole brain acquisitions.

A fixed volume acquisition scheme was used in one volunteer. In MB = 1, only one slice at
the center of the brain was acquired repeatedly at the rate of 75 ms per image. Similarly
using the same 75 ms TR for MB = 3, 5, 7 and 9, multiband sequences simultaneously
acquired 3, 5, 7, and 9 slices, respectively, using adequate slice distances (AS= 64 mm, 32
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mm, 21.3 mm, and 16 mm, respectively) in a fixed volume to mimic realistic situations of
whole brain coverage with MB = 2, 4, 6 and 8. The choice of odd MB factors in this
experiment was for the convenience of slice co-localization with the MB = 1 acquisition
during slice positioning. The slices were set so that one of the slices in MB > 1 acquisitions
corresponded exactly (in ideal situation without subject motion) to the slice acquired in MB
= 1. For MB = 3 and 5 acquisitions, a PEsy et = FOV/3 was used, while for MB =7 and 9,
a PEsypt = FOV/4 was used based on L-factor results (see Table 1 — 3) for optimal slice
unaliasing.

In addition, a fixed spacing acquisition scheme was used for another volunteer in order to
match multiple slice locations across different MB factors. The fixed slice spacing (AS) was
chosen to be 21.3 mm, resulting in adequate whole brain coverage at MB = 7, nevertheless,
under coverage for MB = 3 and 5 and over coverage for MB = 9. Two MB = 3 datasets were
acquired with AS=21.3 and 42.6 mm, respectively, resulting in five matched slice locations
for MB = 3 with higher MB factor acquisitions. All other acquisition details were the same
as in the fixed volume acquisition scheme.

A field map (2D gradient echo with FOV =220 x 188 mm, matrix = 110 x 94, slice
thickness = 2 mm, TE{/TE,/TR = 4.92/7.38/650 ms, flip angle = 50°) was acquired in this
experiment for routine geometric distortion correction.

3.2 Image reconstruction and evaluation

3.2.1 Slice unaliasing—In (Moeller et al., 2010), a slice-unaliasing algorithm was
introduced based on a conventional GRAPPA algorithm. The GRAPPA kernel was
calculated from a synthetic extended FOV (Blaimer et al., 2006). In (Setsompop et al.,
2012), it was shown that this approach was not compatible with slice shifted acquisitions
because of phase discontinuities. A slice-GRAPPA technique was proposed as a solution.
The slice-GRAPPA multiband unaliasing implemented in this study was the same as in
(Setsompop et al., 2012).

3.2.2 Image reconstruction pipeline and implementation—The slice-GRAPPA
algorithm was implemented online on the scanner to output magnitude images in the same
fashion as standard clinical images for the spectral analyses of the single-shot fMRI. The
online reconstruction incorporated corrections for EPI image intensity variation and spatial
shifts due to Bg off-resonance modulations, for example, as induced by respiration (Pfeuffer
et al., 2002), before the slice-GRAPPA operation. The partial A-space was zero-filled after
the slice-GRAPPA operation.

3.2.3 Noise de-correlation—For unaliasing of signal with in-plane GRAPPA, it was
shown in Breuer et al. (Breuer et al., 2009) that the noise-covariance is altered. Since the
slice-GRAPPA algorithm is similar to the GRAPPA algorithm the noise-covariance of the
signal between the different channels is also altered with the slice-GRAPPA algorithm. One
way to represent the effect of this is to calculate a new slice-specific noise-correlation after
noise has been unaliased with the slice-GRAPPA algorithm. For calculation of the new
noise-covariance, NV channels with noise were reconstructed with the slice-GRAPPA
algorithm, followed by the calculation of the covariance between the noise-signals. After
unaliasing of the A channels representing a multi-slice noise, each slice will have a signal in
N channels representing slice-specific noise. The correlation of these signals can be used to
estimate the noise-correlation. For a system with A/channels and M simultaneously acquired
slices, the AMVacquired signals were split into //x M signals with the slice-GRAPPA
unaliasing algorithm. From the //x M noise signals, an [V x M] x [N x M] covariance
matrix was calculated. Each &/ x N/ diagonal block was a measure of the slice-dependent
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coil-correlation g2(n,unaliased) and was used for noise de-correlation from the multiple
channels. Note that in the online reconstruction, the vendor implemented a spatially
invariant noise de-correlation matrix [V x A] estimated from a few A-space noise samples
(by opening ADC in the absence of any RF or gradients) instead of from all slices in the
image volume. In addition, the noise decorrelation is applied before the slice-GRAPPA
algorithm. Despite these differences, we do not expect significant impact to the conclusions
drawn in this paper for any adequately decoupled coil array.

3.2.4 Noise-amplification (g-factor)—For assessment of the noise-amplification (g-
factor) with the slice-GRAPPA algorithm, the pseudo-replica method developed for both
GRAPPA and non-Cartesian parallel imaging was used (Robson et al., 2008). Noise
correlation and thermal noise level were estimated from a noise-only acquisition as
described in section 3.2.3 above. With the known Gaussian noise level, a A-space
representing pure thermal noise can be generated by drawing samples from a Gaussian
distribution with the estimated noise level. A series of 100 repetitions of the same type of
noise (each repetition having the same number of samples as what was acquired in A-space),
with matched correlation and noise level, was generated for each channel. The noise was
added to a single MB A-space (acquired without any repetitions) to generate a pseudo time
series of the same image with 100 different noise images, and the 100 multiband A-spaces
were un-aliased separately with the slice-GRAPPA algorithm. For each repetition of
unaliased A-spaces with added noise, a combined image was constructed for each repetition
and slice with a SENSE (R=1) algorithm (Lenglet et al., 2012; Sotiropoulos et al., 2013),
which is the complex-valued, sensitivity-weighted, SNR-optimal combination for an array
of correlated receivers (Roemer et al., 1990). The standard deviation of the real part of this
signal, after it had been processed through the slice-GRAPPA algorithm, was compared with
the real part of the noise signal itself. The ratio of the two defines the pixel specific noise
amplification. A mask was defined for all signal inside the object based on a simple intensity
threshold. Mean g-factors were calculated by averaging the values from all pixels within the
mask. For evaluation of the range and distribution of g-factor values, histograms of all pixels
in the mask were used.

3.2.5 Signal leakage (L-) factor due to residual aliasing—The g-factor as described
in section 3.2.4 quantifies how much the SNR is reduced. More importantly, the multi-slice
separation algorithm results in residual aliasing or signal leakage across simultaneously
acquired slices. For signals from within the same slice, but from different channels,
alterations to noise-correlations are not detrimental. However, correlations between signals
originating from different slices are detrimental and will appear as residual aliasing or signal
leakage. To evaluate signal leakage, the changes in the signal need to be quantified. This can
only be achieved if the signal changes are known a priori. As such, a MB time series with
100 frames was formed such that

MB(k,t)=)_  a(slice, 1)SByice(k) [5]

where a(slice, f) = (1 + 0.1 - cos (4n - slice - 1), t=0...99 and slice=1...N, and the SB’s
were single band acquisitions which had slice-specific phase shifts added to emulate any
accumulated phase from gradient blipping. The choice of a(s/ice, {) was made such that the
Fourier transform with respect to ¢of a(s/ice, §), Ha(slice, §)) had a narrow linewidth limited
by the number of points in the time-series. Let £y, denote the values for each slice where ~
(a(slice, B) has its maximum. With the choices of imposed signal modulations for each slice
a(slice, 1), signals originating from a given aliased slice were well defined in the spectral
frequency. From the synthesized MB time series, signal leaking from a given slice was
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determined from S7;°°" (z, f)forf # { fsice } Dy COmparing those frequencies to

slice

shice (@, f)forf={fsice}

To obtain comparable coefficients for calculating the amount of signal leakage, S7;°°" (z, f)

slice
TeC ()71

was normalized for each 7., such that Z |Sgiice (@ fstice)| = 1. To quantify the residual
unaliased signal energy, ST (z, fsice) Was analyzed for signal when slice’ # slice. Signal

slice’

leakage, referred to as the L-factor for each slice, is defined as

L — factor(slice’, slice)=p(slice’)y  |Siiieet (, fuice)|, masked to only include pixels in the

brain (defined by a signal intensity threshold £) and £~ ") (slice’) => . (\5'51233 z, 0)|>e),
The L-factor has spatial variation, similar to the g-factor. To describe the spatial distribution
of the L-factor for the whole imaging volume, three summary L-factor values are defined
below.

L—factor(slice’, slice .
A maximal L-factor stice’ #—sllce{ ( )} was calculated as the average slice

specific maximal aliasing or signal leakage for the whole volume. Firstly, the L-factor was
averaged within the mask for each slice; secondly, the slice (except the slice itself that was
used to induce controlled signal fluctuations) with the maximal aliasing was identified
among all slices and among all slice permutations for the induced controlled signal
fluctuation within the MB slice group; and finally the maximal L-factor for each MB slice
group was averaged among all MB slice groups to yield a single maximal L-factor value
representing the entire acquisition volume.

L—factor(slice’, slice
Similarly a mean L-factor stice’ ;eézme{ ( )} was calculated as the average

slice specific aliasing or signal leakage for the whole volume. The L-factor was first
averaged within the mask for each slice as for the maximal L-factor. Then the mean L-factor
was calculated by averaging over all slices (except the slice itself that was used to induce
controlled signal fluctuations) and all slice permutations for the induced controlled signal
fluctuation within the MB slice group, and all MB slice groups.

A ninety nine percentile (99%) L-factor was also calculated by first taking the 99% L-factor
value within the mask for each slice. Then the 99% L-factor was averaged over all slices,
permutations, and MB slice groups as described for the mean L-factor above.

3.3 Spectral analysis of single-shot fMRI time series

Image preprocessing was performed using (FSL 4.1.9, fsl.fmrib.ox.ac.uk). Each acquired
slice in the single-shot fMRI datasets (2 mm isotropic and TR/TE = 75/30 ms) was 2D
motion-corrected using the temporal mean volume as a reference (MCFLIRT, (Jenkinson et
al., 2002)) and corrected for geometric distortion using the acquired field map (FUGUE,
(Jenkinson et al., 2012; Jezzard and Balaban, 1995)), followed by time series linear
detrending.

For the fixed volume data, spatial-temporal multi-taper filtering (Mitra et al., 1997; Percival
and Walden, 1993) with singular value decomposition (SVD), was applied for energy
partitioning for the formation of an aggregate coherence spectrum. In this method, the time-
series datasets were first projected down from a center frequency to a frequency interval at
direct current (DC) prior to performing SVD. The coherence was then assessed for each
center frequency as the percentage of the energy that was captured by the dominant singular
value. The process was repeated at each frequency in 0.01 Hz increment across the full
spectral range up to the Nyquist limit (Mitra and Pesaran, 1999). Example coherence color
maps at respiratory (0.3 Hz) and cardiac (1.2 Hz) frequencies were generated for the slice
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that was common to all acquisitions, in order to compare spatial coherence patterns across
increasing MB factors.

For the fixed spacing data, conventional power spectral densities (PSDs) were calculated as
an alternative simpler way to assess the effect of increasing MB factor on sampled
physiological noise distribution. PSDs were derived for each voxel time-course by averaging
a set of independent spectral estimates obtained by using a multi-taper method (MTM),
which employs a series of orthogonal Slepian sequences that are applied as data tapers prior
to discrete Fourier transform (Mitra and Pesaran, 1999). PSD maps were then generated for
spectral peaks at physiologic frequencies (e.g. cardiac and respiration along with their
harmonics and interactions) by threshold relative to the standard deviation of the power
densities over all voxels at the spectral peak frequency. Slices from two different fixed
spacings for MB = 3 acquisitions were displayed together; while for MB =7 and MB =9
acquisitions the slices outside the central five slices were not shown.

4. RESULTS

4.1 Slice unaliasing

Slice unaliasing performance for blipped CAIPI was evaluated with almost fully relaxed
magnetization (i.e., long TR whole brain acquisition as described in section 3.1.1) for MB
factors up to 12 using 2 mm isotropic resolutions. Three representative (top, middle, and
lower brain) slices, not from the same MB slice group, are shown from a whole brain
acquisition (Fig. 1, top panel). Apparent image artifacts are negligible up to MB = 6. Image
blurring and residual aliasing start to become noticeable at MB = 8; nevertheless even MB =
12 images still show respectable image quality. The achievable TR for a 60 or 64 slice
whole brain acquisition with 2 mm isotropic resolution for the different MB factors are
given below the images for each MB factor. The three-plane view of an MB = 8 image
acquired with minimum TR = 0.6 s (Fig. 1, bottom panel) shows the effects of contrast
difference and SNR reductions with high slice accelerations.

4.2 Noise amplification (g-factor)

Histograms of the g-factor over the entire brain (Fig. 2) show distributions with higher peak
values and widths for higher MB factors, demonstrating increased noise amplification. As
expected, the mean g-factor also increases with higher MB factors (Fig. 2). Comprehensive
g-factor calculations for different MB factors with different PEgy T are tabulated in the
supplementary data (insert Supplementary Table 1 here). Notably, g-factors below unity
were observed, especially prominent for MB = 2, indicating certain noise cancellation in
parallel imaging based on slice unaliasing. Such a decrease below unity in GRAPPA
construction was previously noted (Polimeni et al., 2008; Setsompop et al., 2012).

4.3 Signal leakage (L-) factor

Residual aliasing due to signal leakage from a particular slice into all other slices acquired
simultaneously for a given MB factor and PEg et can be evaluated with L-factor maps
(Fig. 3). Images with MB of 3, 4, 8 and 12 are illustrated with different shifts in the phase
encoding direction. In each set, the amplitude of the modulation in one of the slices (slices
that appear predominantly in red in Fig. 3) and the leakage of this modulation to other slices
are shown using a color scale. The top row illustrates MB = 3 with PEgy et = FOV/3 (Fig.
3A) and no PEgy et (Fig. 3B). There is no perceptible leakage from the center slice to the
two adjacent slices at this relatively low MB factor with or without PEgy 1. Note that
rigorous statistical analysis of resting state fMRI were performed previously at MB = 3
without PEgH rT (Feinberg et al., 2010) and also with a PEgp et = FOV/3 (Smith et al.,
2012) and we use these conditions as a conservative benchmark to evaluate acceptable
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performance (i.e., noise amplification and residual aliasing) of higher MB factors in this
paper.

For higher MB factors the PEg et becomes more important. For MB = 4, for example, a
PEgy rt of FOV/4 (Fig. 3C) significantly reduces the cross talk among the slices compared
to that without PEgy et (Fig. 3D). With MB = 8 (Fig. 3E) and even more so with MB =12
(Fig. 3F), there is leakage present even with PEgyrr = FOV/4. Tables 1 and 2 list
quantitative estimates of the signal leakage shown in Figure 3, using calculated parameters
of the mean and maximum L-factors (as described in section 3.2.5) for different MB factors
(up to MB = 12 with different PEg 7). Table 3 tabulates ninety nine percentile L-factors.
In these tables AS (mm) is the distance between simultaneously excited slices for a given
MB factor with whole brain coverage.

4.4 Single-shot fMRI time series

It is well recognized that temporal fluctuations in an fMRI time series contain contributions
from physiological processes such as cardiac pulsation and respiration and that these
contributions affect the contrast-to-noise ratio (CNR) of the fMRI maps. Therefore, the
temporal stability of the MB acquisition and the relative sensitivity to these physiological
process were evaluated using time-series data obtained either with a single slice acquisition
(i.e., MB = 1), or with multiband acquisitions using MB factors of 3, 5, 7 and 9, at the fastest
TR achievable (75 ms, section 3.1.2) with 2 mm isotropic resolutions and TE = 30 ms.
Within this TR, the number of slices acquired was equal to the MB factor.

In the fixed volume acquisition scheme, only one slice was common to all acquisitions.
Coherence spectra were examined for this slice and are shown in Figure 4 for one subject.
For comparison, power spectra are displayed for the simultaneously but separately acquired
data from physiological monitoring devices (Fig. 4, bottom panel). Only the physiological
data obtained during the MB = 9 acquisition are shown; others were similar. The spatial
coherence maps (in color) for respiratory (0.3 Hz) and cardiac (1.2 Hz) frequencies
superimposed on the anatomical image of the common center slice are illustrated next to the
coherence spectra in Figure 4. These maps display the expected strongest coherences in the
ventricles and at the edge of the brain due to respiration induced head movement and/or
cerebrospinal fluid (CSF) pulsation. These maps resemble the commonly observed
artifactual components from the spatial independent component analysis (ICA) of typical
fMRI time series. The overall spatial patterns are consistent among different MB factors,
despite the expected slightly more false positives and noisier coherence maps for MB > 5.

For the fixed spacing acquisition scheme, PSD maps for the five common slices in different
MB factors show similar consistent spatial pattern for a cardiac modulated respiration peak
at 1.05 Hz (insert Supplementary Figure 1 here).

5. DISCUSSION

The g-factor has been widely accepted as the de-facto metric for noise behavior in parallel
imaging experiments. However, in fMRI, the more relevant noise source originates from
temporal fluctuations, which are often dominated by physiological processes and not
necessarily the thermal noise in a single image, to which the g-factor contributes. Hence a
greater potential confound is the cross-contamination artifact among the simultaneously
excited and acquired slices. Such cross-contamination can lead to false “activation” in slices,
as we investigated in a previous study (Moeller et al., 2010). We propose here a new metric,
L-factor (section 3.2.5), by which this cross-contamination can be systematically evaluated
in a fashion analogous to the g-factor. Similar to the g-factor, the L-factor has spatial
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variation. The mean, maximal, or 99% L- factor as calculated in this paper is one among
many alternative definitions to summarize the L-factor distribution and variation.

The mean L-factor as defined in this manuscript may appear low in number despite the
“total” amount of signal leakage can be substantial at high MB factors. However, we
refrained from defining a “total” or combined leakage factor because the leakage signal can
add either coherently or incoherently. The L-factors reported here represent the on average
leakage from any given slice. The “total” mean or maximal leakage is not directly
proportional to the reported on average L-factors or the MB factor.

If we take the performance of MB = 3 as an approximate guide, based on previous rigorous
fMRI analyses of resting state fMRI time series (Feinberg et al., 2010; Smith et al., 2012)
with some tolerance towards slightly higher L-factors, we can empirically consider a mean
L-factor <= 0.05 and a maximum L-factor <= 0.9 acceptable. Caution should be noted,
however, in that these L-factors, stated as “acceptable”, are arbitrarily defined as an upper
limit based on the integrity of previous fMRI experiments that demonstrated the expected
spatial distributions and reliability in the functional maps. Additional rigorous fMRI
analyses are needed to define more generalizable L-factor thresholds. Nevertheless, the
observed leakage percentages, even at high MB factors remain comparable to typically
observed in-plane EPI Nyquist ghosting levels, even at 7T (Poser et al., 2012; van der
Zwaag et al., 2009). In addition, the L-factor could serve as a metric for evaluating different
optimization strategies for the slice-GRAPPA kernel (Cauley et al., 2012; Setsompop and
Wald, 2012).

Temporal stability of any acquisition method employed for fMRI is of critical importance
since the functional CNR depends on the temporal fluctuations in an fMRI time series.
Besides potential execution issues and various instrumental demands of a particular pulse
sequence that can affect its temporal stability, how physiological noise sources arising from
cardiac pulsation and respiration come into an acquisition scheme can be sequence
dependent (e.g., see (Hu et al., 1995)). Therefore, the temporal stability of the MB technique
was examined compared to that of a conventional single slice EPI acquisition in the fixed
volume single-shot fMRI acquisition. The single-shot fMRI time series was employed to
acquire images as fast as possible to minimize frequency aliasing in the spectral domain for
a wide range of frequencies (TR = 75 ms). The MB approach was used to acquire 3, 5, 7 and
9 slices simultaneously at the same TR with one of the slices aligned to the slice employed
in the single slice EPI acquisition. The choice of odd MB factors was for the convenience of
the common center slice positioning. The two outermost slices defined the edge of the fixed
volume, which needs one less MB factor than that in the single-shot fMRI dataset to cover in
a multi-slice whole brain gapless acquisition. Hence our spectral results of MB = 3, 5, 7 and
9 in the fixed volume single-shot fMRI time series correspond to MB = 2, 4, 6 and 8 in
practical whole brain fMRI acquisitions.

The analysis using spatio-temporal multi-taper analysis techniques ((Mitra et al., 1997),
discussed further in the next paragraph) revealed similar components in the different MB
time series although the spatial extend of the coherence at the cardiac frequency tended to
increase somewhat for MB > 5, which we speculate to be due to increased residual aliasing
and/or spatial blurring for higher MB factor images. The consistent correspondence of the
various frequency components between MB = 1 and MB > 1 offers reassuring evidence that
high MB factors (albeit with associated g-factor and L-factor penalties) do not necessarily
obscure the neuronal activity of interest at low frequency or perturb signal fluctuations from
physiological (i.e., cardiac or respiratory) sources.
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The particular spectral analysis method used for the fixed volume single-shot fMRI
acquisition is because of the spatio-temporal nature of the imaging data. Spectral
consistency between the datasets acquired with increasing MB factors were initially assessed
by verifying the correspondence of noise content from the monitored physiologic data using
an average of PSD estimates of individual time-series calculated using multi-taper methods
(Percival and Walden, 1993). However, the averaging of spectra over all the voxels in a
dataset to form an aggregate spectrum tends to suppress complex spectral structure, thus,
spatio-temporal multi-taper analysis techniques (Mitra et al., 1997) were employed.
Although a simple time-space SVD of datasets does partition the energy spatially, it does so
in a manner that does not generally correspond to something biologically relevant. For
example, the cardiac and respiratory signal energies, two dominant sources of physiologic
noise which are well localized and coherent in frequency and space (Hu et al., 1995), may
interfere via a single beat tone partition and thus not be partitioned separately. This is the
motivation for using a space-frequency SVD for energy partitioning for the formation of an
aggregate spectrum. The resultant coherence spectrum (Fig. 4, top five panels) retains more
of the complex structure when compared to the average PSD (data not shown) against the
structure manifest in the power spectra of the simultaneously recorded physiologic signals
(Fig. 4, bottom panel).

A conventional power spectral analysis was used, as an alternative simpler spectral analysis
method, for the fixed spacing single-shot fMRI acquisitions to provide additional evidence
at multiple common slice positions (supplementary data Fig. 1). Despite the fact of non-
practical whole brain acquisition protocols for certain MB factors (i.e., under coverage for
MB = 3 and MB =5 and over coverage for MB = 9) due to the requirement of slice co-
localization, the consistent spatial patterns for physiological frequency at different MB
factors complements and corroborates the results from the fixed volume single-shot fMRI
data.

The performance of parallel imaging using receiver coil sensitivity profiles depends on
magnetic field strength (Ohliger et al., 2003; Wiesinger et al., 2006, 2004), as well as the
number of coil elements and their layout in the multi-channel array employed for signal
detection. Typically required in-plane accelerations and transmitter peak power may,
however, limit high slice acceleration factors at 7 Tesla. In principle, though, higher slice
accelerations would be feasible with a larger number of coil elements (Wiggins et al., 2009),
especially along the slice direction. Therefore, the MB results presented here are specific to
the field strength (3 Tesla) and the specific head coil (Siemens 32-channel head array for a
Skyra system) employed (Wiggins et al., 2006).

In-plane accelerations were not used in this study in order to evaluate the full potential of
slice accelerations at 3T. To obtain optimal BOLD contrast at 3T (Gati et al., 1997) without
in-plane accelerations, partial Fourier factor of 6/8 or 7/8 were needed in this study at 2 mm
isotropic resolution with a matrix size of 96. The HCP SC72 gradient used in the study
allows readout G5 0f ~ 42 mT/m, which is much stronger than a typical 3T clinical
scanner with readout G,y 0f ~ 24 mT/m. The higher readout G, helps to reduce echo
spacing at high resolution in the readout direction. Hence partial Fourier and/or a longer TE
would be required on a typical 3T scanner to achieve 2 mm isotropic resolution, without in-
plane accelerations, as in this study. In addition, spatial blurring as well as susceptibility
dropout could result from partial Fourier factors. Consequently, the choice of an MB GRE-
EPI whole brain fMRI protocol on a 3T scanner depends on the tolerance to these negative
consequences, the desired spatial resolution and volume coverage, and the need for ultra-
short TRs. Through our extensive pilot evaluation within the HCP, including additional
testing at Oxford University using 32 channel head coils at 3T (Griffanti et al., 2013), when
in-plane accelerations are deemed not needed, MB factors of up to 8 (PEgyr = FOV/3 or
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FOV/4) are acceptable and, if needed, could be used to achieve the maximum reduction in
TR for fMRI studies.

Understandably, the combination of phase encoding under-sampling and slice acceleration
limits the maximum achievable slice acceleration factor. The effect of in-plane acceleration
can be intuitively thought as folding of the FOVpg, hence increasing the slice aliasing
energy and reducing the effectiveness of controlled aliasing between slices. There are
ongoing efforts to evaluate and improve the performance of such a two axis acceleration
(Moeller et al., 2010), which is imperative for 7 Tesla applications of MB-EPI.

It is expected that the optimal PE shift (i.e., minimal L-factors and g-factors) increases as
MB factor increases, €.g., an optimal PEsy et = FOV/3 for MB = 6 and an optimal PEgy et
= FOV/4 for MB = 10. However, at high MB factors, there is a trade-off between
minimizing direct (no relative shift between distant slices) overlap of MB slices versus
maximizing PEsn et between adjacent MB slices. Other factors influencing the L-factors
and g-factors, and hence the optimal PEgy T, include the size of the field-of view in the
phase encode direction (i.e., FOVpg) and the distance, AS, between adjacent slice bands, in
addition to the specific field strength and receiver coil array. It is worth noting that, for
protocol optimizations, the absolute values of the L-factors and g-factors, which depend on
many experimental factors, are not as generalizable as the trends of these two metrics, as
presented in the tables in this paper.

Spin echo (SE) MB-EPI does not typically operate at high slice acceleration factors (MB >=
3) due to peak power and/or specific absorption rate (SAR) limitations, or because of Tq
saturation effects (Setsompop et al., 2012). Recently, however, power independent of
number of slices (PINS) RF pulses (Norris et al., 2011) have been demonstrated in SE-MB-
EPI BOLD studies (Koopmans et al., 2012) to alleviate RF power limitations. Periodic
modulation RF strategies, such as PINS pulses, have an unlimited FOV in the slice direction,
requiring a careful selection of slice orientation, which may not necessarily be optimal for
slice accelerations. Alternative approaches include variable-rate selective excitation
(VERSE) (Conolly et al., 1988; Setsompop et al., 2012), optimized phase offsets between
bands (Goelman, 1997; Hennig, 1992; Wong, 2012; Yao, 1995), or time shifting between
individual bands can be applied (Auerbach et al., 2013; Goelman, 1997; Yao, 1995) to
reduce peak power.

The high temporal efficiency of MB EPI with blipped CAIPI can be exploited in several
different ways. Certainly, the most straightforward application is to acquire a time series
with a higher rate of sampling, which we have shown improves the statistical significance of
resting state networks (RSNs) (Feinberg et al., 2010), or to enable novel analysis methods,
as we recently demonstrated with the use of temporal ICA to define temporally-independent
functional modes (TFMs) (Smith et al., 2012). Alternatively, fMRI time series with multiple
TEs (Kundu et al., 2012; Peltier and Noll, 2002; Poser et al., 2006; Posse et al., 1999; Speck
and Hennig, 1998) can be acquired with an entire volume acquired inside the TE loop (Xu et
al., 2012a) instead of the TE loop inside of the slice loop (i.e., multi-echo) (Olafsson et al.,
2012). Auditory fMRI studies could also benefit hugely by using MB acceleration to reduce
scanner noise interaction by reducing the image acquisition time and trading that gain for a
prolonged silent period (Schwarzbauer et al., 2006), while keeping the same TR. However,
because of the slow hemodynamic response and lower dimensional statistical analysis
methods (Feinberg et al., 2010), block-designed task fMRI studies may not significantly
benefit from very high slice acceleration factors. In certain applications at 3T, the temporal
efficiency of MB EPI can also be traded-in for higher spatial resolution when a longer EPI
echo train is not the limiting factor. Lastly, the blipped CAIPI technique can be combined
with simultaneous image refocused (SIR) scheme to further reduce the volume acquisition

Neuroimage. Author manuscript; available in PMC 2014 December 01.



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

1duasnuey Joyiny vd-HIN

Xu et al.

Page 14

time (Feinberg et al., 2010; Setsompop et al., 2012), albeit at the expense of lengthening the
EPI echo train.

Despite the focus on fMRI, the high acquisition efficiency has benefits far beyond fMRI.
Any 2D GRE-EPI based acquisition, such as dynamic susceptibility contrast (DSC) imaging,
arterial spin labeling (ASL), T,* mapping, phase contrast velocity imaging (Fienberg et al.,
2012), etc., could be significantly improved in temporal resolution when trade-off in lower
image SNR (due to g-factor and T, saturation penalties) is affordable.

5. Conclusion

In this work, we demonstrated that multiband (MB) EPI, also known as simultaneous multi-
slice (SMS) EPI, with the blipped CAIPI method can achieve high slice accelerations
without significant degradations in image quality and without noise over-amplification or
exaggerated residual aliasing. Our spectral analyses of single-shot fMRI verified that
temporal fluctuations due to both neuronal and physiological sources are estimable, and
could ultimately be removed through image analysis, even at very high slice acceleration
factors. In the absence of in-plane accelerations, slice acceleration factors of up to 8 (MB =
8) can be routinely used in fMRI studies with a standard 32-channel head coil at 3 Tesla.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix I: blipped CAIPI implementation

We used a pre-blip so as to assure, among the many refocusings and subsequent moment
nullings for every FOV/PEgy et phase encoding line, that the gradient moment at the A
space center line (kp) was nulled (Xu et al., 2012b), thereby enforcing a fully refocused peak
kp signal (insert Supplementary Figure 2 here). Our earlier implementation introduced an
error from slice off-center phase inconsistencies between the SB reference and MB data,
which resulted in degraded image quality for our implementation of the blipped CAIPI (Xu
etal., 2012b, Fig. 3). With correct implementation, the standard blipped CAIPI sequence
and the aligned version produce image reconstruction results that are not noticeably different
for all MB acceleration factors reported in this work.
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Figure 1.

Slice acceleration up to MB factor of 12 (upper panel) demonstrates negligible image
degradation up to MB = 6 and good image quality up to MB = 8. Images were acquired with
matched TR = 4.8 s at 2 mm isotropic resolution (60 or 64 slices) for comparison between
MB factors. The example axial slices shown here were not from the same MB slice group.
Achievable TR at a given MB factor is listed below the images to show the acceleration
potential. Axial, coronal, and sagittal views of MB = 8 image from a different subject at
minimum TR = 0.6 s (bottom panel) illustrate the contrast alteration and SNR compromises
with TR reduction.
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Figure2.

Histograms of the g-factors over the entire brain show distributions with higher peak values
and widths for higher MB factors, as well as the expected increase in mean g-factor (i in the
legend). Note that the noise standard deviation for the g-factor calculation was measured
from the real part of the complex MR signal.
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Figure 3.

Signal leakage (L-) factor maps show little difference in signal leakage for MB3 with
PEsnirt = FOV/3 (A) or no PEgy et (B), while there is significant difference in signal
leakage for MB4 with PEgprr = FOV/4 (C) and no PEgy et (D). For high MB factors, e.g.,
MB =8 (E) or MB = 12 (F), the signal leakage is most pronounced in adjacent
simultaneously acquired slices, as well as those MB slices that directly overlap on top of
each other (black boxes), despite the applied PEgy rr = FOV/4.
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Figure 4.

Coherence spectra (top five panels) from fixed volume single-shot (TR/TE = 75/30 ms)
resting state fMRI time series demonstrate consistent spectral components for different MB
factors. Cardiac (bottom panel, red) and respiratory (bottom panel, blue) components from
simultaneous physiological monitoring are co-localized in the frequency spectrum with
those non-aliased spectral peaks in the coherence spectra. Spatial coherence maps (right of
the coherence spectra) at respiratory (0.3 Hz) and cardiac (1.2 Hz) frequencies, showing the
percentage of the energy captured by the dominant singular value, are overlaid on
anatomical images for the center slice positioned in common during different MB
acquisitions. The scale for the spatial coherence color maps (from 1.5% to 5.0%) is the
coherence at the respiratory or cardiac frequency (same range for all MB factors).
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