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A B S T R A C T

Increasing spatial and temporal resolutions of functional MRI (fMRI) measurement has been shown to benefit the
study of neural dynamics and functional interaction. However, acceleration of rodent brain fMRI using parallel
and simultaneous multi-slice imaging techniques is hampered by the lack of high-density phased-array coils for
the small brain. To overcome this limitation, we adapted phase-offset multiplanar and blipped-controlled aliasing
echo planar imaging (EPI) to enable simultaneous multi-slice fMRI of the mouse brain using a single loop coil on a
9.4T scanner. Four slice bands of 0.3� 0.3� 0.5mm3 resolution can be simultaneously acquired to cover the
whole brain at a temporal resolution of 300ms or the whole cerebrum in 150ms. Instead of losing signal-to-noise
ratio (SNR), both spatial and temporal SNR can be increased due to the increased k-space sampling compared to a
standard single-band EPI. Task fMRI using a visual stimulation shows close to 80% increase of z-score and 4 times
increase of activated area in the visual cortex using the multiband EPI due to the highly increased temporal
samples. Resting-state fMRI shows reliable detection of bilateral connectivity by both single-band and multiband
EPI, but no significant difference was found. Without the need of a dedicated hardware, we have demonstrated a
practical method that can enable unparallelly fast whole-brain fMRI for preclinical studies. This technique can be
used to increase sensitivity, distinguish transient response or acquire high spatiotemporal resolution fMRI.
1. Introduction

Recent advances in ultrahigh field MRI and parallel imaging tech-
niques have shown that increasing spatial and temporal resolutions of
functional MRI (fMRI) could benefit the study of neural dynamics and
functional interaction. High spatial resolution can improve blood
oxygenation level dependent (BOLD) sensitivity by reducing within voxel
susceptibility artifacts and partial volume effect (Frahm et al., 1993), and
allows resolving hemodynamic responses from individual cortical col-
umns (Duong et al., 2001; Harel et al., 2006) or cortical layers (Siero
et al., 2011; Poplawsky et al., 2015; Goense et al., 2016), which may
further be used to infer information flow (Huber et al., 2017). Although
hemodynamic response is slow, it has been demonstrated that high
temporal resolution (>1 Hz) helps not only to increase BOLD sensitivity
and statistical power (Neggers et al., 2008; Posse et al., 2012; Smith et al.,
2013), to distinguish/reduce physiological noise (Chuang and Chen,
2001; Hennig et al., 2007; Tong et al., 2014), but also allows the detec-
tion of high frequency neural activation (Lewis et al., 2016) and
resting-state oscillation above the conventional 0.1 Hz range (Boubela
et al., 2013; Lee et al., 2013; Lin et al., 2015; Chen and Glover, 2015). As
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the neural basis of such fast hemodynamic activity is unclear, animal
studies are needed to understand its neurophysiological origins (Chuang
and Nasrallah, 2017).

Conventionally, high temporal resolution requires the sacrifice of
spatial resolution and coverage, or vice versa. In recent years, simulta-
neous multi-slice (SMS) techniques have emerged which can accelerate
data acquisition by exciting several spatially distributed slices simulta-
neously with multiband composite radiofrequency (RF) pulses and using
array coil sensitivity information to resolve aliased and mixed signals
from the excited slices. It shortens volume repetition time (TR) by the
number of simultaneously excited slices and is particularly beneficial for
single-shot sequences such as echo-planar imaging (EPI) whereas con-
ventional 2D parallel imaging approaches (Pruessmann et al., 1999;
Griswold et al., 2002) can only reduce the TR partially. The SMS tech-
niques have been widely adopted for high temporal and spatial resolu-
tions in fMRI and diffusion tensor imaging of human brain (Feinberg
et al., 2010; Moeller et al., 2010; Feinberg and Yacoub, 2012; Setsompop
et al., 2012).

As large number of receiving coils in the accelerated slice direction is
required to provide additional spatial information, it is currently difficult
ging, The University of Queensland, Brisbane, Queensland, 4072, Australia.
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Fig. 1. Multiband EPI pulse sequence. a) Multiband excitation slice profiles
using a four-band Hermite RF pulse. Slices of the same color were excited
simultaneously. Each volume contains 4 excitations (16 slices in total) to acquire
a whole brain. b) The locations of acquired ky and kz lines. For MB¼ 4 scans,
four k-space lines form a cycle in the ky-kz direction, so the individual slice
image is shifted for FOV/4 after reconstruction. c) Pulse sequence diagram of
MB-EPI. Gz gradient blips between the readout lines induce an extra phase shift
between each phase-encoding line to create the acquisition pattern shown in b).
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to apply SMS techniques to rodent fMRI because of the very limited
number of receiving coils that can be positioned on the small rat and,
particularly, mouse brains. Nonetheless, there are a few SMS techniques
that does not rely on multiple receiving coils. Hadamard encoding
(Maudsley, 1980; Souza et al., 1988) applies different phase pattern for n
simultaneously excited slice in n repetitions, followed by linear combi-
nations of the n images to separate individual slice images. Since it needs
more repetitions, it is not useful for single-shot EPI acquisition.
Phase-offset multiplanar (POMP; Glover, 1991) technique is another
method that only requires 2D Fourier transforms for image reconstruc-
tion. POMP uses phase-modulated multiband RF pulses to introduce
different phase gradients in k-space for each slice, which shifts each slice
image to a different phase-encoding location so the resulted images do
not overlap. In order to avoid aliasing of simultaneously excited slices,
the field-of-view (FOV) in the phase-encoding direction may have to be
extended. However, in single-shot sequences it is not possible to generate
phase gradients along phase-encoding direction through RF pulse
manipulation. Inspired by blipped-Controlled Aliasing in Parallel Imag-
ing (CAIPI) technique (Setsompop et al., 2012), Lan et al. (2017) pro-
posed a POMP-EPI technique that utilizes slice-select gradient blips to
impose different amount of linear phase for different slices between each
readout lines. With an extended FOV, each slice will then be shifted to a
different portion of the FOV and allows acceleration in slice-select di-
rection and increases fMRI acquisition efficiency in human brain (Lan
et al., 2017). Since POMP-EPI increases phase encoding lines to accom-
modate the simultaneously acquired slices, it can only accelerate few
slices before the echo train becomes too long with image quality
degraded by susceptibility artifacts. As rodent fMRI is generally acquired
at ultrahigh field (�7T) with significant susceptibility artifacts (Hong
et al., 2015), whether it is feasible to acquire SMS with this approach is
unclear.

In this study, we further developed and optimized POMP-EPI for ul-
trafast fMRI of the mouse brain at 9.4T. Taking advantage that rodent
brain is like a narrow ellipsoid in the coronal plane, two slices could be
acquired simultaneously without increasing a typically square FOV and
matrix size. With a moderate increase of phase encoding, a multiband
(MB) factor of 4 was achieved with 16 slices covering the whole brain
with 0.3� 0.3� 0.5mm3 spatial resolution in a TR of 300ms. Using
sequence parameters optimized in phantom, in vivomouse fMRI of visual
stimulation and resting state were evaluated. Ultrafast fMRI with TR of
150ms covering the entire cerebrum was also demonstrated.

2. Methods

2.1. Multiband RF pulse and Multiband-EPI (MB-EPI) sequence

For SMS excitation, multiband RF pulses based on a Hermite pulse
was created using the Fourier shift theorem proposed by Müller (1988).
The Hermite pulse ω1ðtÞ was generated from a product of Hermite
polynomials and a Gaussian function which has the form of

ω1ðtÞ ¼
�
1�

� t
T

�2
�
e�ð t

TÞ2

where T is a constant that determines the pulse width.
Fig. 1 shows the 4-bandMB-EPI slice acquisition scheme. A 4-band RF

pulse was used to excite slices that are 0.5mm thick and 2.4mm apart
(Fig. 1a) to cover an FOV of 9.6mm in the slice-select direction. During
EPI acquisition, slice-select gradient blips were applied between the
readout lines (Fig. 1c) to introduce slice-dependent linear phase in-
crements along ky direction and create a k-space pattern which cycles
every four readout lines, as shown in Fig. 1b. The amplitude of the
blipped gradient was selected so that the phase difference of successive
simultaneously excited slices was exactly π/2. It effectively shifts the
acquired slices FOV/4 apart from each other, so the aliasing can be
avoided with increased FOV (Setsompop et al., 2012; Lan et al., 2017).
49
During image reconstruction, the extra dephasing induced by the Gz blips
is compensated by adding slice-dependent phase terms to each k-space
line, which refocuses the simultaneously excited slices at different loca-
tion along the phase encoding direction and removes the ghost images.
As adding Gz blips to the single-band EPI (SB-EPI) acquisition also in-
duces through-slice dephasing (Setsompop et al., 2012), residual
ghosting could appear at FOV/MB locations. We also measured the
ghosting artifact level in the 4-bandMB-EPI protocols and compared with
the SB-EPI using the same extended FOV and phase encoding.

2.2. Phantom preparation

A cylindrical structural phantom of 17mm diameter filled with
agarose gel (2% w/v in the outer tube) was used for assessing image
quality. Inner tube was filled with 4% w/v agarose gel to simulate tissue
contrast variations. Different structure patterns along the z direction
were created using a 3D printer to differentiate the simultaneously ac-
quired slices.

2.3. Animal preparation

Animal experiments were approved by the animal ethic committee of
the University of Queensland and conducted in compliance with the
Queensland Animal Care and Protection Act 2001 and the current Na-
tional Health and Medical Research Council Australian Code of Practice
for the Care and Use of Animals for Scientific Purposes. C57BL/6 mice
(N¼ 8, male, age¼ 10–16weeks old) were used in the experiments. Mice
were anesthetized with 3% isoflurane in a mixture of O2 and Air in a 1:2
ratio. After inserting an intraperitoneal catheter, the animal was secured
on an MRI holder with ear and tooth bars to minimize head motion. A
bolus of 0.05mg/kg medetomidine (Troy Laboratories, Australia) was
then injected. 10min after the bolus injection, constant infusion of
0.1 mg/kg/h medetomidine (i.p.) was started to maintain the sedative
level and the isoflurane level was reduced to 0.25–0.5%. The respiration
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rate and rectal temperature were continuously monitored (Model 1030,
SAII, USA), with the temperature maintained at 36.5–37 �C by a water
heater. The peripheral oxygen saturation (SpO2) and heart rate were
monitored by a pulse oximeter (SAII).

2.4. Stimulation design

For visual stimulation, an optical fiber was attached to the MRI
holder, pointed to a light diffuser and connected to a light-emitting diode
blue light source (Model M470F3, Thorlabs, USA) which was controlled
by a data acquisition device (USB-3101, Measurement Computing, USA)
and an in-house program running on Matlab (The MathWorks Inc., USA).
Stimulation was done in a block design with alternating 39 s resting and
21 s stimulation, repeated 3 times and adding another 60 s of resting at
the end (total duration 4min). Visual stimulation was done by flashing
blue light (470 nm, 0.1 mW output power at the end of a single optical
fiber) inside the scanner bore with 20ms duration at 5 Hz.

2.5. MRI acquisition

MRI was conducted on a on a 9.4T pre-clinical scanner (Biospec 9.4/
30, AVIII HD, PV6.0.1, Bruker BioSpin MRI GmbH, Ettlingen, Germany)
with a gradient insert (model BGA-12S HP, Bruker) of max ampli-
tude¼ 440mT/m and slew rate 3440 T/m/s. A 23mm volume transmit/
receive coil (Bruker) was used for the phantom test and an 86mmvolume
transmit coil with a 10mm single-channel receiving surface coil (Bruker)
were used for in vivo imaging. Localized high-order shim (MAPshim)
based on B0 map was applied. High resolution structural MRI was ac-
quired using fast spin echo with TR/TE¼ 5500/40ms.

For phantom imaging, a conventional single-shot gradient-echo SB-
EPI with 20 and 16 single-slice excitations per TR, where slice thick-
ness was 0.5mm with 0.1 mm gaps, in-plane resolution¼ 0.3� 0.3mm2

(FOV¼ 19.2� 19.2mm2 with matrix size¼ 64� 64) and band-
width¼ 300 kHz, was used as the reference standard. Flip angles were
chosen as the Ernst angle for gray matter T1 at 9.4T which is around
2000ms (de Graaf et al., 2006). Time-series were acquired at
TR¼ 1000ms and flip angle¼ 52� for 4min (240 repetitions) after 10 s
of dummy cycles. Two echo time (TE) values (17.7 and 15ms) were
compared to two MB-EPI sequences (see details below). Saturation slice
was applied to null out half of the FOV in phantom to only acquire signal
with a dimension similar to the mouse brain. The 4-band MB-EPI
sequence had an extended FOV of 38.4mm and the phase encoding
step was increased to 128 to maintain the same in-plane resolution
(0.3� 0.3mm2) as SB-EPI. This increased phase-encoding number
increased the minimum TE to 17.7ms for full k-space acquisition (matrix
size¼ 64� 128). To reduce susceptibility effects of the prolonged echo
train, ¾ partial Fourier (matrix size¼ 64� 96) and shorter TE of 15ms
were used in the second MB-EPI protocol. Due to the gradient duty cycle
limit, the achievable acceleration was less than four-fold which allowed
the TR to be reduced to 300ms while keeping other parameters un-
changed. To test the effect of Gz blips on image quality, images were
acquired using 4-band MB-EPI gradient scheme but with single-band RF
pulse, and compared with regular SB-EPI results. Key sequence
Table 1
Sequence parameters of phantom imaging. PF: Partial Fourier.

Sequence TR (ms) TE (ms) FOV (mm2) Acquisition Matrix Sli

SB-EPI 1000 17.7 19.2� 19.2 64� 64 20
15.0

MB-EPI 1000 17.7 19.2� 38.4 64� 128 20
300 17.7

PF-MB-EPI 1000 15.0 19.2� 38.4 64� 96 20
300 15.0

NOTE: the minimum TR was determined assuming minimum TE was used, and only
gradient duty cycle could become too high with minimum TR values and cause insta
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parameters for phantom tests were listed in Table 1. All phantom ex-
periments were repeated three times to ensure consistency of the
assessment.

Based on the phantom tests, the MB-EPI with partial Fourier acqui-
sition was chosen for in vivo study. Eight mice were scanned using 4 sets
of sequence parameters listed in Table 2. SB-EPI and MB-EPI of the same
nominal spatial resolution and coverage (16 slices) were scanned with
TE¼ 15ms, and with TR of 1000ms (flip angle¼ 52�) and 300ms (flip
angle¼ 30�), respectively. A MB-EPI of TR/TE¼ 300/11ms for further
reducing susceptibility artifact was also evaluated. Ultrafast MB-EPI (TR/
TE¼ 150/15ms, flip angle¼ 22�) was scanned with reduced spatial
coverage (slice number¼ 12, MB factor¼ 4), which was sufficient to
cover the entire cerebrum. Starting at 45–50min after the medetomidine
bolus injection, fMRI with visual task was conducted for 4min and
repeated for each sequence protocol. Afterward, 10min long resting-state
fMRI scans were acquired using each protocol. To minimize the influence
of physiological variation over time, the order of the 4 sequence pro-
tocols was pseudo-randomized.

2.6. Assessment of point spread function and T2* weighting

The point spread function (PSF) of each acquisition scheme used in
the in vivo imaging was simulated. The k-space weighting function for
gray matter tissue of T2*¼ 15/25/35/45ms covering the T2* range from
7.0 T to 16.4T (Guilfoyle et al., 2003; de Graaf et al., 2006; Pohmann
et al., 2011) was simulated in the phase-encoding direction and Fourier
transformed to obtain the PSF. The amount of blurring was defined as the
voxel PSF full width at half maximum (FWHM) ratio between two se-
quences. To evaluate the additional T2* weighting induced by the
increased echo train length, the Tw*-weighted (BOLD) signal intensity of
each acquisition scheme was defined as the area under the PSF at the
central voxel. The activation signal change was then simulated as the
signal intensity variation when T2* was increased by 0.1ms over a range
of basal T2* from 15 to 45ms.

2.7. Data processing

Data were processed with Matlab, FSL (v5.0.11, https://www.fmrib.
ox.ac.uk/fsl), AFNI (ver 17.2.05, National Institutes of Health, USA), and
ANTs (v2.3.1, http://stnava.github.io/ANTs/). The k-space data of the
SMS images were first phase-corrected and reconstructed in Matlab, then
cropped and rearranged into proper 3D volumes for further analysis.
Motion correction was applied to in vivo data using FSL mcflirt. Task fMRI
time-series were then high-pass filtered at 0.01 Hz. For resting-state fMRI
data, nuisance which includes quadratic drift, 6 motion parameters, and
the top 10 principal components of signals outside the brain, was
regressed out (Chuang et al., 2019>) and then band-pass filtered (AFNI
3dTproject) to remove signal variations beyond 0.01–0.3 Hz. To evaluate
the influence of high frequency component, the resting fMRI data were
also analyzed with only highpass filtered at 0.01 Hz. Spatial smoothing
by a 0.3mm Gaussian kernel was applied to both task and resting fMRI.

Brain masks for the in vivo time-series were automatically created by
PCNN3D (Chou et al., 2011; https://sites.google.com/site/chuanglab/so
ce Number MB Flip Angle Minimum TR (ms) Minimum TE (ms)

– 52� 625 10.9

4 52� 240 17.7
30�

4 52� 205 10.8
30�

gradient timing but not duty cycle limit was considered. In a prolonged scan the
bility of the system.
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Table 2
Sequence parameters of in vivo imaging. PF: Partial Fourier.

Sequence TR (ms) TE (ms) FOV (mm2) Acquisition Matrix Slice Number MB Flip Angle Minimum TR (ms) Minimum TE (ms)

SB-EPI 1000 15 19.2� 19.2 64� 64 16 – 52� 505 10.8
PF-MB-EPI 300 15 19.2� 38.4 64� 96 16 4 30� 170 10.8
PF-MB-EPI 150 15 19.2� 38.4 64� 96 12 4 22� 135 10.8
PF-MB-EPI 300 11 19.2� 38.4 64� 96 16 4 30� 170 10.8

NOTE: the minimum TR was determined assuming minimum TE was used, and only gradient timing but not duty cycle limit was considered.
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ftware/3d-pcnn) using motion corrected images and then manually
inspected and edited. A study-specific EPI template was generated from
the SB-EPI datasets of all mice by nonlinear warping (ANTs) the extracted
and B1 corrected (N4, implemented in ANTs) brain EPI to a 0.2mm
T2-weighted MRI AMBMC (The Australian Mouse Brain Mapping Con-
sortium) template (Ullmann et al., 2013; http://imaging.org.au/AMBM
C/AMBMC). Then all the warped EPI data was intensity normalized
and averaged to form the EPI template. Afterward, 2nd pass of nonlinear
warping to the EPI template was calculated and applied to the fMRI data.

Spatial Signal-to-Noise Ratio (SNR) was measured as the division of
average intensity over the voxels containing 2% agarose gel in phantom
or the voxels within the brain mask in in vivo images by the standard
deviation of intensity in an artifact-free area outside the object (8000
voxels for phantom, 6100 voxels for in vivo images). Temporal SNR
(tSNR) was calculated voxel-wise inside the whole phantom or whole
brain by dividing the temporal mean by the temporal standard deviation
of each voxel. The intensity of masked four-band images was first
matched to the single-band ones by linear least squares fitting. The
percentage difference is then calculated as the residuals divided by the
average of the two images. Signal drift was estimated as the average slope
of a linear fitting to mean value normalized voxel time-course of the EPI.

2.8. Statistical analysis

For the analysis of task fMRI time-series, a design matrix was created
which includes a boxcar waveform convolved by a double gamma
function of 2 s initial delay, its first-order temporal derivative, and the 6
estimated motion. Voxel-wise noise autocorrelation was estimated in the
residuals and the time-series was pre-whitened accordingly using FSL
FILM. 1st-level general linear model (GLM) analysis was conducted for
each subject's pre-whitened data to generate individual z-maps. After
warping the statistical maps to the EPI template, second level random
effect analysis was conducted using one-sample t-test to find the group
activated region (p< 0.05, false discovery rate (FDR) corrected). The
difference in detection sensitivity between SB-EPI and MB-EPI were
compared using repeated measures ANOVA (Prism, GraphPad Software
Inc, USA) for mean z-score of all voxels, mean z-score of activated voxels,
percentage BOLD signal change, and activated area size in the primary
visual cortex (V1). This region of interest (ROI) was created by manually
editing the V1 area in the AMBMC atlas to remove mis-matched voxels at
the edge of the EPI template. Percentage signal change in a voxel was
defined as the beta estimate corresponding to the normalized hemody-
namic response function (HRF) regressor in the GLM analysis.

To measure functional connectivity from the resting-state fMRI data,
seed-based correlation analysis was performed with seed time-courses
defined as the averaged signals from each labeled brain area in the
AMBMC atlas. The connectivity was assessed with 4 ROIs, with two from
the cortex, V1 and the primary somatosensory (S1) cortices, and two
from the subcortical areas, the hippocampus and amygdala. The ROIs
were divided into the left and right side. Pearson's correlation coefficients
between each voxel and seed time-courses were calculated to generate
the functional connectivity map. The correlation of ROI time courses
between the hemispheres was calculated as the connectivity strength.
Fisher's z-transformation was used to convert correlation coefficients to z
values. Second level random effect analysis was then conducted on the
individual z-maps using one-sample t-test and thresholded at p< 0.005,
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FDR corrected. The difference in connectivity strength detected by SB-
EPI and MB-EPI were compared using ANOVA.

3. Results

3.1. Image quality optimization in phantom

Phantom images acquired with single- and four-band EPI over 16
slices are shown in Fig. 2a. In general, both sequences generated good
quality images with minimal artifacts. Discrepancy between multiband
and single-band acquisitions could be found in areas with strong sus-
ceptibility changes and the edge of the object. There was mismatch at the
edge between single-band and multiband images with long TE (17.7ms)
and full k-space acquisition (upper row in Fig. 2a). Distortion and blur-
ring due to the prolonged acquisition window of full k-space multiband
sequence was largely reduced with short TE (15ms) and¾ partial Fourier
acquisition (lower row in Fig. 2a). This can be seen in the percentage
difference single- and multi-band scans where short TE acquisition pro-
duced comparable signal across regions with susceptibility signal drop.
Fig. 2c shows the line profiles across a region that has susceptibility
induced signal dropout. The mean square error between single- and four-
band images is 10.93%� 1.39% (mean� standard deviation (STD)) at
TE¼ 17.7ms, and 9.99%� 2.86% at TE¼ 15ms.

Unlike typical SMS acquisition in human which has certain SNR
penalty, the temporal SNR of the four-band EPI were increased whereas
the spatial SNR was comparable (Fig. 2b). The four-band acquisition
generated 42%� 4.8% higher tSNR at TR/TE¼ 1000/17.7ms, and
59%� 3.4% higher tSNR at TR/TE¼ 1000/15ms when comparing to
SB-EPI with the same TR/TE and nominal spatial resolution. Such tSNR
advantage would allow shortening TR without much tSNR decrease.
When the TR of four-band full k-space acquisition was shortened to
300ms, tSNR dropped to be 80%� 3.4% of the SB-EPI with TR/
TE¼ 1000/17.7ms due to less T1 recovery. With partial Fourier and
short TE, the tSNR was 90%� 4.2% of the SB-EPI.

As the MB-EPI requires higher gradient duty cycle and RF power, it
may lead to more system heating and instability. To evaluate the stability
of the SMS acquisition, the amount of signal drift was compared between
sequences with the same TE during a 3-min scan. For TE¼ 17.7ms, SB-
EPI had 0.73%� 0.39% of signal drift, and MB-EPI had 0.46%� 0.16%
(TR¼ 1000ms) and 1.42%� 0.36% (TR¼ 300ms). For TE¼ 15ms, the
signal drift of SB-EPI was 0.85%� 0.45%, whereas the drift in MB-EPI
was 0.34%� 0.10% (TR¼ 1000ms) and 0.81%� 0.17%
(TR¼ 300ms). With partial Fourier and short TE, MB-EPI has signal drift
comparable to SB-EPI (TR¼ 1000ms) at a much short TR of 300ms.

Table 3 lists the FWHM of the voxel PSF in the phase-encoding di-
rection, estimated for the EPI encoding schemes used in our in vivo im-
aging. For a tissue T2*¼ 35ms (roughly equivalent to the average gray
matter tissue T2* at 9.4T, Zhao et al., 2004), MB-EPI with ¾ partial
Fourier has a 36% increase in the PSF FWHM compared to the regular
SB-EPI with the same nominal in-plane resolution of 0.3mm.

To assess the potentially enhanced T2* weighting due to the longer
echo train, the activated BOLD signal change as a function of T2* was
simulated (Supplementary Fig. S1). The MB-EPI (TE¼ 15ms, ¾ partial
Fourier) generates a percentage signal change that is 10%–20% larger
than SB-EPI of the same TE with T2* in the range of 15–45ms. This makes
the MB-EPI having an equivalent T2* weighting as the SB-EPI with
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Fig. 2. Image quality in phantom. a) The 1st row shows the single-band (left) and 4-band EPI (center) acquired with TR/TE¼ 1000/17.7 ms. The 2nd row shows
those acquired with TR/TE¼ 1000/15ms and ¾ partial Fourier. The percentage difference of the single- and multi-band images is shown in the right. The longer
acquisition window of the MB-EPI sequence results in more signal decay and distortion which is prominent at the edge of the phantom object. b) SNR and tSNR of the
six different protocols used in phantom tests. The tSNR maps on the right show increased tSNR of the MB-EPI. c) The line profiles of MB-EPI corresponding to the
purple/orange lines in the percentage difference maps show reduced artifacts by partial Fourier and shorter TE.

Table 3
Simulated point spread function. The simulated full width at half maximum
(FWHM) of the voxel point spread function in phase-encoding direction of
different sequences listed in Table 2, estimated for tissue T2* ¼ 15–45 ms. PF:
Partial Fourier.

Sequence SB-EPI PF-MB-EPI

Nominal Resolution (mm) 0.30 0.30
FWHM (mm) (T2* ¼ 45 ms) 0.36 0.49
FWHM (mm) (T2* ¼ 35 ms) 0.36 0.49
FWHM (mm) (T2* ¼ 25 ms) 0.37 0.50
FWHM (mm) (T2* ¼ 15 ms) 0.37 0.52

Fig. 3. Image quality of the mouse brain in vivo. The EPI magnitude images
(gray scale) and tSNR maps (hot color) for SB-EPI with 1000 ms TR (top) and 4-
band MB-EPI with 300ms (middle) and 150 ms TR (bottom). Slight blurring
could be seen in the y direction of MB-EPI due to the broadening of the point
spread function.
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TE¼ 17.5ms.

3.2. Image quality in vivo

Fig. 3 shows example slices of in vivo SB- and MB-EPI images and the
corresponding tSNR maps from one representative animal. General
image quality was comparable to the SB-EPI but more geometric
distortion and resolution blurring could be observed in the MB-EPI. Over
the whole brain, the tSNR of MB-EPI was 97%� 19.1% (N¼ 3) for
TR¼ 300ms and 65%� 14.7% for TR¼ 150ms compared to the SB-EPI
acquired with 1000 ms TR (tSNR¼ 48.1� 9.61). In the visual cortex, the
tSNR of MB-EPI was 86%� 6.8% (N¼ 8) for TR¼ 300ms and
62%� 3.7% for TR¼ 150ms compared to the SB-EPI acquired with
1000 ms TR (tSNR¼ 76.4� 7.62). The tSNR inside the mouse brain
decreases with the increasing distance to the 10mm receiving coil. The
52
SB-EPI tSNR maps showed that at the location 3mm deep under the top
brain surface the average tSNR dropped to ~62% of the voxels at the top
of the brain, and further down to ~49% at the depth of 4.5mm. The
signal drift over the whole brain during a 10-min scan was
2.95%� 1.40% for SB-EPI, 1.41%� 0.59% for MB-EPI of TR¼ 300ms
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and 1.59%� 0.30% for MB-EPI of TR¼ 150ms. There was also insig-
nificant difference in the total displacement estimated by FSL mcflirt
which were 0.15� 0.187 voxels for SB-EPI, 0.2� 0.115 voxels for MB-
EPI of TR¼ 300ms and 0.32� 0.107 for MB-EPI of TR¼ 150ms. These
together indicate good stability of the MB-EPI protocols using standard
hardware available despite a trend of increasing displacement with
shorter TR likely due to frequency drift induced by the system heating.

Although this MB-EPI method avoided brain image overlap, it would
still suffer from slice aliasing due to the Nyquist ghost artifacts. Ghosting
artifacts in MB-EPI caused by the Gz blips are shown in the Supplemen-
tary Fig. S2. Without Gz blips, the Nyquist ghost artifact of SB-EPI in the
extended FOV and phase encoding scheme could be seen at the ½ FOV.
Adding Gz blips to the SB-EPI acquisition caused additional ghost to
appear at every ¼ FOV. The average intensity of the ghost at ½ FOV was
increased from 3.4%� 0.22% to 4.4%� 0.51% (N¼ 3) of the true object
(Fig. S2a), whereas the additional ghosts at ¼ and ¾ FOV had intensity
about 1.5%� 0.69% of the true object. Therefore the reconstructed slice
Fig. 4. Visual fMRI. a) Group t-maps (p< 0.05, FDR corrected, N¼ 8) of the 4 seque
BOLD signal averaged across V1 (N¼ 8). The gray bars indicate the stimulation du
responses of the first stimulation block. d) Comparison of the 4 protocols for percent s
(from left to right). *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.
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from aMB-EPI would have ghost contamination from the other 3 slices by
a factor of around 5.5%� 0.56% (Fig. S2b).
3.3. Task fMRI

Animal physiology was maintained stable during the fMRI scans with
respiration rate¼ 128� 15 breaths/minute, heart rate¼ 255� 40 beats/
min, spO2¼ 98%� 2%, temperature¼ 36.7� 0.3 �C. Fig. 4 shows the
visual activation measured by SB-EPI and 3 kinds of 4-band MB-EPI
protocols: TR/TE¼ 300/15ms, TR/TE¼ 150/15ms and TR/TE¼ 300/
11ms. The increased temporal sampling of the MB-EPI protocols dras-
tically increases the detected activation in the visual cortex and thalamus
(Fig. 4a). The average percentage signal change in V1 was higher in the
MB-EPI (0.27%� 0.044%) than that in the SB-EPI (0.22%� 0.060%) of
the same TE (15ms) but the difference was not statistically significant
(Fig. 4d). The signal change was clearly reduced at a shortened
TE¼ 11ms. The activated area in the V1 was significantly increased by
nce protocols, overlaid on a T2-weighted anatomical image. b) Detrended mean
rations. The shaded color represents the standard error of mean. c) The BOLD
ignal change, activated area, and z-scores of all voxels and activated voxels in V1
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more than 4 folds with TR/TE¼ 300/15ms and 3 folds with shorter TR
or TE due to the significantly increased z-score by about 77% using the
MB-EPI (Fig. 4d).

3.4. Resting-state fMRI

Fig. 5 shows the functional connectivity maps and bilateral connec-
tivity strengths measured in 4 seed areas. Unlike the significant increase
in the task fMRI, similar spatial extent of the resting-state networks was
obtained by SB-EPI and the 3MB-EPI protocols. More connectivity was
Fig. 5. Resting-state functional connectivity with bandpass filtered at 0.01 an
rected, N¼ 8) using seed regions in the right a) V1, b) S1, c) hippocampus, and d) a
regions. No significant difference was found.
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detected in the contralateral side and the striatum of the amygdala
network using MB-EPI with TR/TE¼ 300/15ms, indicating the advan-
tage of increased statistic power for regions with very low SNR like
amygdala. However, the connectivity strength was not significantly
different (Fig. 5b). To evaluate the influence of high-frequency compo-
nent, the data was also processed with highpass filtering at 0.01 Hz
(Fig. 6). Without the lowpass filter, the group connectivity z-score was
generally reduced due to higher noise that includes physiological arti-
facts. Comparable connectivity maps could be obtained with a lower
threshold at p< 0.05 (FDR corrected).
d 0.3Hz. Group resting-state functional connectivity maps (p< 0.005, FDR cor-
mygdala. e) The connectivity strength (z-score) between the left and right seed



Fig. 6. Resting-state functional connectivity with high-pass filtered at 0.01Hz. Group resting-state functional connectivity maps (p< 0.05, FDR corrected, N¼ 8)
using seed regions in the right a) V1, b) S1, c) hippocampus, and d) amygdala.
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4. Discussion

We demonstrated the first practical SMS technique for high temporal
resolution fMRI of the rodent brain without the need of a coil array. With
extended FOV and phase encoding, 4 slices could be simultaneously ac-
quired with moderate increase of susceptibility artifacts. The MB-EPI
significantly shortened the TR for acquiring the whole brain. Particu-
larly, the increased readout length increased SNR, leading to a compa-
rable SNR and tSNR at a TR of 300ms as the conventional EPI at
TR¼ 1000ms. These together resulted in drastically increased sensitivity
to functional activation due to the increased sampling rate. By reducing
the number of slices to cover only the whole cerebrum, fMRI as fast as
150ms was achieved with similar functional sensitivity as TR¼ 300ms.
Compared to currently used line-scanning method for ultrafast fMRI in
rodents (Silva and Koretsky, 2002; Albers et al., 2018), the MB-EPI
provides whole brain coverage instead of just 1D information per TR
and hence enables investigating neural dynamics and interactions across
the brain. It should be noted that the same MB-EPI protocol could be
easily adapted to rat fMRI using larger FOV and thicker slice.

Although reducing the matrix size to acquire a rectangle FOV that
covers only the brain could also reduce the scan time, this leads to a lower
SNR due to the reduced k-space sampling (e.g, >40% reduction if only
half FOV is acquired). On the contrary, the proposed multiband acqui-
sition could generate higher tSNR compared to SB-EPI with the same TR/
TE and volume coverage. This is mainly because of the 2� longer readout
window for full k-space, which ideally results in 44% higher SNR, and
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1.5-fold for ¾ partial Fourier acquisition, which ideally leads to 84%
higher SNR. Although the SNR gain should be slightly lower than the
theoretical estimate due to the T2* decay over the EPI echo train, the
spatial SNRmeasured in the phantomwas only comparable to the SB-EPI.
This is likely due to the increased susceptibility artifacts and residual
ghosts from other slices. However, tSNR gain was in line with the theo-
retic estimate. Therefore the tSNR gain can be traded for higher spatial
and/or temporal resolutions. As demonstrated in the TR ¼ 300 ms scans,
both spatial and temporal SNR were only reduced slightly due to the
decreased T1 recovery.

The substantially increased number of time points (3.3� for
TR¼ 300ms and 6.7� for TR¼ 150ms) for the same scan duration could
drastically increase the detection power in an fMRI experiment. Our re-
sults show an average of 77% increase of z-score and more than 4 times
increase of activated pixel number in the visual cortex using a visual
stimulation, which is consistent with the theoretically estimated increase
of 87% (¼ 1.2 signal change� 0.86 tSNR� ffiffiffiffiffiffiffi

3:3
p

scan number). Another
factor that may contribute to the sensitivity improvement is the separa-
tion of physiological artifacts. The mouse respiration rate in this study
ranged roughly between 1.9 and 2.4 Hz. It would be aliased to 0–0.4 Hz
and overlapped with the task frequency (~0.017Hz) at TR¼ 1000ms
and hence interfere with the detection of task activation using SB-EPI.
With the high frame rate of 3.3 Hz, the respiration would be aliased to
a higher frequency range (0.9–1.4 Hz) that is away from the task acti-
vation. In-flow effect may also enhancement the signal change at shorter
TR, though the use of Ernst angle would reduce its contribution. The
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increased statistical power will benefit the detection of activation in ro-
dents, particularly the mouse which has been previously shown to have
very low signal change in the visual cortex (Niranjan et al., 2016),
auditory pathway (Freches et al., 2018) and somatosensory cortex
(Nasrallah et al., 2014; Chang et al., 2018). With the sensitivity
enhancement and separation of physiological artifacts by the MB-EPI,
clear visual activation can also be detected even with a TR as short as
150ms.

Compared to TR¼ 300ms, the reduction of tSNR at TR¼ 150ms
could be largely compensated by the 2� increase of temporal samples.
However, the detected activated area was still smaller. The slightly lower
sensitivity may be because the actual HRF became critical in data analysis
at such high temporal resolution. Early study had reported fast BOLD
HRF in the rat brain with a time-to-peak around 2s (Silva et al., 2007).
Recently, a study comparing the influence of different anesthesia on the
HRF in the mouse brain showed complicated dynamics that may not be
modeled well using typical gamma variate functions (Schlegel et al.,
2015). Besides, the temporal autocorrelation is expected to be higher at
sub-second temporal resolution, which would lead to increased false
positive using typical autoregressive (AR) model of the 1st order (Boll-
mann et al., 2018). As the FSL FILM uses an adaptive approach to esti-
mate and reduce autocorrelation, it may be suitable for analyzing
ultrafast fMRI data (Demetriou et al., 2018). Further study would be
needed to determine an appropriate HRF under the particular anesthetic
setting and to evaluate the influence of noise model for ultrahigh tem-
poral resolution imaging. The high temporal resolution of MB-EPI would
allow more precise estimation of HRF in this regard.

Previous studies in human have suggested that ultrafast imaging
could improve the detection of transient neural dynamics, dynamic
connectivity while separating non-neural fluctuations that are faster than
BOLD (for review, see LeVan et al., 2018). Studies in human have
demonstrated improved statistic power and specificity in task fMRI using
sub-second temporal resolution (Chen et al., 2015; Demetriou et al.,
2018; Yoo et al., 2018), which is consistent with what we found in the
mouse brain. With the high-speed MB-EPI, it will allow the use of sparse
temporal sampling for studying auditory activation (Freches et al., 2018),
or to compare fMRI time-series with optical measurement which has very
high sampling rate (Sanganahalli et al., 2016).

Unlike the results of task fMRI, no significant difference was found
between the protocols in the resting-state functional connectivity. As the
connectivity strength should not change with temporal resolution unless
the noise starts to dominate, it is not surprising to see comparable inter-
regional correlation. Comparing the results with or without lowpass
filtering, the inclusion of high frequency component in resting fMRI
reduced the connectivity z-score but did not change the connectivity
pattern, except for the amygdala network. The increased sensitivity of the
MB-EPI with TR/TE¼ 300/15ms enhanced the detection of bilateral
amygdala connectivity. Furthermore, bandpass filtering allowed clear
detection of amygdala-striatal connectivity, which may be due to the
reduction of physiological artifacts that were aliased to above 1 Hz in
MB-EPI. Recent studies in human also showed that ultrafast imaging
could improve the separation of noise component and slightly increased
top range z-score, but the identified networks were comparable with
those of a typical TR unless short duration was used (Demetriou et al.,
2018; Jahanian et al., 2019). Therefore, the advantage of ultrafast im-
aging for resting fMRI analysis would be to study the dynamic changes
over short time windows (Sahib et al., 2018).

With the reduced scan time, it is possible to increase spatial resolution
using the MB-EPI. To evaluate the feasibility, a high spatial resolution
(0.15� 0.15� 0.6mm3) fMRI was conducted using a MB factor of 2 to
acquire 14 slices with TR/TE¼ 500/15ms. Our preliminary results show
that visual activation could be detected during a 6-min paradigm con-
sisting of five alternated resting and stimulation blocks (Supplementary
Fig. S3a). However, the tSNR of the high-resolution MB-EPI was only
about 25% of the SB-EPI with 0.3� 0.3mm2 in-plane resolution. More
data averaging will be needed to compensate the highly reduced tSNR.
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Besides, as the longer echo train increases the broadening of PSF along
the phase encoding direction, the resulted pixel blurring limits further
increase of spatial resolution. Therefore multi-shot acquisition is still
preferable for high resolution imaging. The shortened TR using MB-EPI
could allow multi-shot imaging without much sacrifice of temporal
resolution.

Another way to increase spatial resolution is to acquire thinner slices.
We performed a 4-band EPI to acquire 36 thin slices of 0.25mm
(gap¼ 0.05mm) with in-plane resolution of 0.3mm and TR/TE¼ 500/
15ms. Despite a 2� reduction of SNR, visual activation could also be
detected using a 6-min paradigm (Supplementary Fig. S3b). An advan-
tage of using thin slices is the reduction of susceptibility artifact as the
through-slice dephasing would be much less. Compared to the images of
0.5 mm slice thickness, the percentage difference map (Supplementary
Fig. S3b, bottom row) showed less signal drop-out around the lower edge
of the brain, which is closer to the ear canals. Therefore, besides
increasing temporal resolution, one could also use MB-EPI to increase
either in-plane or through-plane resolution while achieving sub-second
TR for high spatiotemporal resolution imaging.

The prolonged TE and readout window of the MB-EPI method leads to
more signal decay, susceptibility artifacts and distortion. Larger differ-
ence between multiband and single-band images can be found near the
areas with strong susceptibility. A 3/4 partial Fourier MB-EPI with
shorter readout window can reduce this discrepancy as shown in Fig. 2. A
shorter TE also helps recover the decayed signal. By reducing the TE from
15ms to 11ms, the activation signal change, z-score and area size were
slightly reduced, but the z-score and area size were still significantly
better than using the SB-EPI. Alternatively, the distortion could be
reduced using reverse-phased EPI (Hong et al., 2015). The longer echo
train may limit the amount of acceleration when using this sequence at
even higher magnetic field like 15.2T where the T2* is much shorter. To
control the susceptibility artifact at such ultrahigh field, a smaller MB
factor of 2 could be a more preferable choice. Alternatively,
multi-dimensional spectral-spatial RF pulse shaping strategies could be
used to reduce the B0 distortion of the excitation profile (Stenger et al.,
2000; Dumez and Frydman, 2013). Power scaling methods like variable
rate excitation (Conolly et al., 1988) or power independent of the number
of slices (Norris et al., 2011; Koopmans et al., 2013) could be used to
reduce RF power demand at higher fields. For further acceleration, array
coil with multiple elements along the slice direction would be needed to
allow slice overlap so that echo train does not need to be increased that
much. A stronger gradient system with higher slew rate will also effec-
tively shorten the EPI readout length to reduce susceptibility artifact, or
allow the acquisition of full k-space to reduce blurring in the
phase-encoding direction. On the other hand, the MB-EPI is expected to
have better image quality at lower magnetic field like 7T with longer T2*
and smaller magnetic field inhomogeneity.

The ghost artifacts from other slices caused by the Gz blips were in the
order of 5%. No significant slice aliasing was found that affected the
detection of task activation and functional connectivity. However, the
leaked signal would be stronger when using more sensitive coils (like
cryoprobe) or at much higher magnetic field and hence may lead to false
positive. Recent studies on SMS-EPI in human fMRI also show significant
slice leakage artifacts, which could be reduced by a slice-GRAPPA
method that takes such artifacts into account (Risk et al., 2018).
Further improving the ghost correction and reconstruction kernel may be
needed to further suppressing such slice leakage artifact in the MB-EPI.

5. Conclusion

We successfully demonstrated a SMS EPI for ultrafast fMRI of the
mouse brain on a pre-clinical scanner without the use of receiving coil
array. With a MB factor of 4, a temporal resolution of 300ms could be
easily achieved while maintaining the same spatial resolution and whole
brain coverage. The TR can be further pushed to 150ms with typical slice
number used in many rodent fMRI studies. The increased speed can be
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used to attain higher degrees of freedom for the fMRI time-series anal-
ysis, distinguish transient and detailed hemodynamic changes, or to
further increase the in-plane or through-plane spatial resolution for high
spatiotemporal resolution imaging. Such ultrafast fMRI will allow
detecting fast neural dynamics in task and resting state to understand
their neural mechanisms in animal models. As MB-EPI has been shown to
beneficial to arterial spin labeling perfusion imaging with a reduction of
arterial transit time difference between slices (Kim et al., 2013), this
method could be combined with spin labeling to improve perfusion im-
aging quality. With further design of multiband refocusing pulses, this
method could also be extended to spin-echo EPI for reducing suscepti-
bility artifacts in fMRI or accelerating diffusion tensor imaging.
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