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Abstract

Diffusion weighted magnetic resonance imaging (DW1) data have been mostly acquired with
single-shot echo-planar imaging (EPI) to minimize motion induced artifacts. The spatial
resolution, however, is inherently limited in single-shot EPI, even when the parallel imaging
(usually at an acceleration factor of 2) is incorporated. Multi-shot acquisition strategies could
potentially achieve higher spatial resolution and fidelity, but they are generally susceptible to
motion-induced phase errors among excitations that are exacerbated by diffusion sensitizing
gradients, rendering the reconstructed images unusable. It has been shown that shot-to-shot phase
variations may be corrected using navigator echoes, but at the cost of imaging throughput. To
address these challenges, a novel and robust multi-shot DWI technique, termed multiplexed
sensitivity-encoding (MUSE), is developed here to reliably and inherently correct nonlinear shot-
to-shot phase variations without the use of navigator echoes. The performance of the MUSE
technique is confirmed experimentally in healthy adult volunteers on 3 Tesla MRI systems. This
newly developed technique should prove highly valuable for mapping brain structures and
connectivities at high spatial resolution for neuroscience studies.
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Introduction

Diffusion-weighted magnetic resonance imaging (DWI) techniques, including diffusion
tensor imaging (DTI), are now among the most powerful tools for assessing the neuronal
microstructures in vivo (Le Bihan et al. (1988); Moseley et al. (1990); Basser et al. (1994)).
To date, DWI data have been commonly acquired with single-shot pulse sequences, such as
single-shot echo-planar imaging (EPI) (Turner et al. (1991)), to avoid significant artifacts
resulting from amplified motion-induced phase errors (Anderson and Gore (1994)).
However, single-shot DWI is often limited in spatial resolution (Farzaneh et al. (1990)),
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making it difficult to measure detailed diffusion properties in fine structures where high
spatial resolution is required (Jezzard et al. (1998)).

Significant efforts have been invested to address the resolution limitation in DWI. Advances
in parallel imaging techniques have enabled higher spatial resolution and fidelity using
under-sampled k-space data at a chosen acceleration factor (Griswold et al. (2002)).
However, when using a lower acceleration factor (e.g., 2), parallel DWI is still limited by
geometric distortions and the less-than-ideal point-spread-function. On the other hand, when
using a higher acceleration factor, the noise is undesirably amplified in reconstructed
parallel MR images. To uproot these limitations, multi-shot techniques such as interleaved
EPI, interleaved spiral imaging, PROPELLER, and fast spin-echo pulse sequences with
embedded or inherent low-resolution navigator echoes have been developed to address the
amplified shot-to-shot motion-induced phase variations, and produce adequate high
resolution DWI data (Butts et al. (1996); Bammer et al. (1999); Atkinson et al. (2000); Pipe
et al. (2002); Wang et al. (2005); Skare et al. (2006); Atkinson et al. (2006); Porter and
Heidemann (2009); Li et al. (2011); Jeong et al. (2012)). However, navigator-echo based
correction can fail if the motions differ between the navigation and the actual DWI data
acquisition. Alternative phase correction schemes without using navigator echoes have also
been proposed. For example, it has been shown that the linear terms of motion-induced
phase errors may be estimated from interleaved DWI with an iterative, and often time-
consuming, computation algorithm in post-processing without navigation (Robson et al.
(1997)). However, this iterative computation framework may not be effective in correcting
nonlinear phase errors resulting from local motions in multi-shot DWI data. It has been
shown that linear and nonlinear phase variations in multi-shot DWI can be inherently
estimated from the embedded low-resolution signals of variable-density spiral imaging
(Miller and Pauly (2003); Liu et al. (2004); Frank et al. (2010)). A potential concern with the
variable-density spiral imaging methods is that the imaging throughput may be
compromized when a high-resolution navigator echo is desired.

To address the aforementioned technical challenges, we report here a novel interleaved DWI
technique, enabled by multiplexed sensitivity-encoding (MUSE), to achieve high spatial
resolution, high SNR, high spatial fidelity, and minimal motion-induced phase errors - all
inherently without the need for navigator echoes. The developed MUSE method first uses
the conventional SENSE technique (Pruessmann et al. (1999)) to estimate the motion-
induced phase variations among multiple EPI segments, and then jointly calculates the
magnitude signals of aliased voxels (due to intra-scan motion) simultaneously from all
segments of interleaved EPI. In comparison to the conventional SENSE procedure, the
MUSE method has a greatly improved matrix inversion conditioning and thus can produce
DWI images at higher SNR. As compared with existing navigator-based interleaved DWI
methods, our technique enables interleaved DWI without any pulse sequence modification.

DWI data obtained with an interleaved EPI pulse sequence are highly susceptible to aliasing
artifacts as the result of amplified shot-to-shot motion-induced phase variations in the
presence of strong diffusion weighting gradients. Here, without loss of generality for multi-
shot acquisitions, we discuss a simplified procedure for reconstructing aliasing-free images
from DWI data obtained with a 2-shot interleaved EPI sequence using a three-channel coil.
This procedure can be readily adapted to more interleaves and larger coil arrays, as shown in
our experimental results. Aliased images obtained from the first and second segments of 2-
shot interleaved EPI are represented by Equations 1 and 2, respectively, where v are aliased
signals detected by the fth coil (= 1, 2, 3) from the first EPI segment; v;are aliased signals
detected by the /th coil (=1, 2, 3) from the second EPI segment; S;are the coil sensitivity
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profiles for the jth coil; and pand gare un-aliased full-FOV images that we plan to
reconstruct.

Fov, Fov,
uj(x,y)=S j(x, y)p(x, y)+S ;j(x, y+ > )p(x, y+ ) @
ov, FOV,

F
vi(x, =S j(x, y)q(x,y)—S j(x, y+ )q(x, y+ > =)

2

FoOV,
Note that the sign before the S (x, y+—) term differs between Equations 1 and 2,
because of the relative k-space trajectory shift between two EPI segments. With known coil
sensitivity profiles, one can estimate unaliased full-FOV images from the acquired aliased
signals using parallel MRI reconstruction. For example, the full-FOV image p can be
calculated from the first EPI segment using the SENSE technique (Pruessmann et al.

FOV,

(1999)), where the two unknowns (i.e., p(x, J) and p(x, y+ )) are determined from the
three measured signals (i.e., u{x, )) with j=1, 2, 3). Similarl%/, the full-FOV image g can be
calculated from the second EPI segment with SENSE. Note that the full-FOV images pand
g differ mainly by the motion-induced phase inconsistencies between the two shots, as
shown in Equations 3 and 4, where the nonnegative real number D represents the magnitude
signal (i.e., the proton-density weighted by diffusion contrast) that is expected to be
consistent across multiple EPI segments; &and ¢ are the motion-induced phase errors that
differ between the two shots; and ¢ represents the background phase value that is
independent of motion. The full-FOV images estimated by the SENSE method (psand gy)
can be represented by Equations 5 and 6, where 77, and 7, are the SENSE-produced noises
that are usually significant when the number of unknowns (i.e., 2 in this example) is not
much smaller than the number of equations (i.e., 3 in this example).

p()C, Y):D(X, y)eig(x’«")*'c(x»)‘) (3)

q(x,y)=D(x, y)eiw(x,y)+c(x,y) 4

Ps(x,y)=p(x,y)+n,(x,y)  (5)

qs(x, y)=q(x,y)+n4(x,y) (6)

Even though the full-FOV images estimated by the SENSE method are susceptible to
undesirable noise amplification, the shot-to-shot phase inconsistencies, which are expected
to be spatially smooth, can be reliably estimated with Equations 7 and 8, where TV
represents the denoising operation based on total variation (Rudin et al. (1992)).

eig(x’y)+c(x,y) ~ TV(pS(x9 .V)) (7)
1TV (ps(x, M
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ch(,\))-#c(X)) ~ TV(q ()C y))
—TV(gs(x )

At this point, Equations 1 and 2 can be reformatted to Equations 9 and 10.

TV(ps(x,y))
[TV (ps(x,y))l

FOV,
ui(x, )= j(x,y) D(x, y)+| S j(x, y+ D(x,y+T) (9)

FOV\

TV(ps(x, y+—57))
| |

TV(gs(x,y))
ITV(gs(x, )l

Fov,

FOV, TV(qs(x,y+—52))
FoOV,

|TV(61s(X,Y+ 2)))|

‘yj(xv y): |:S](X, Y)

Fov,
}D(x,y)— S j(x, y+ D(x,y+T) (10)

It can be seen that Equations 9 and 10 have two common unknowns (i.e., D(x, J) and

)), and thus can be solved jointly when the information on motion-induced
TV(ps(x,y)
phase errors (e.g., m) is incorporated. The above described procedure, termed
multiplexed sensitivity encoding (MUSE), has a significantly improved matrix inversion
condition (with 2 unknowns and 6 equations in this example) as compared with the
conventional SENSE procedure (with 2 unknowns and 3 equations in this example). Even
though the concept of MUSE procedure is explained here with 2-shot EPI as an example, the
MUSE framework can be directly extended to interleaved EPI with a larger number of
segments. It should be noted that the multiplexed sensitivity encoding method is a pure post-
processing procedure, without requiring hardware or pulse sequence modification, and is
different from the recently developed multiplexed EPI pulse sequence (Feinberg et al.
(2010)).

Fov,
D(x, y+ 3

A series of experiments were conducted on 3 Tesla MRI systems (GEHC HD and MR750,
Waukesha, WI) to evaluate the developed MUSE method, as described below.

A) To evaluate the performance of the developed technique, DTI images (0.86 x 0.86 x
4mmP) were obtained from 6 healthy volunteers using an 8-channel receiver coil. DTI
images (with one baseline acquisition, and 15 diffusion weighting directions at a b factor of

either 500 or 1000-x) were acquired using a 4-shot interleaved EPI pulse sequence with a
twice- refocused spin- echo scheme to minimize the eddy current induced geometric
distortions (Reese et al. (2003)). Scan parameters included: number of partial-Fourier over-
sampling &y lines 12, in-plane acquisition matrix size 256 x 140 (i.e., 256 x 256 after
partial-Fourier reconstruction for a 4-shot scan), FOV 22 x 22c¢n?, axial-plane slice
thickness 4mm, TR 5 sec, and TE 59.3 msec.

The acquired data were processed with the following steps. First, the recently developed

phase-cycled reconstruction procedure (Chen et al. (2011)) was used to measure the 2D

phase errors resulting from odd-even echo inconsistencies in the baseline (i.e. T2-weighted)
image, and the measured information was then used to suppress the Nyquist artifacts in both
baseline and diffusion-weighted images. Second, the coil-sensitivity profiles were estimated
from the baseline T2-weighted images. Third, using the conventional SENSE reconstruction
procedure, four full-FOV images were reconstructed from four DWI segments, and the shot-
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to-shot phase variations were calculated with Equation 7, where the total variation algorithm
was used to smooth the complex images and phase-unwrapping was not needed. Fifth, the
smoothed phase maps (step 4) and the coil sensitivity profiles (step 2) were used to
reconstruct aliasing-free DWI images from the Nyquist-corrected DWI data, using the
MUSE algorithm. Sixth, the eigenvectors and the fractional anisotropy (FA) values were
calculated from the aliasing-free DTI data. Seventh, in order to illustrate the noise reduction
and SNR improvement as an advantage by the MUSE procedure, another set of aliasing-free
DTI data was generated by summing the phase-corrected maps derived from four EPI
segments with the conventional SENSE procedure (i.e., in step 3 described above)
(Holdsworth et al. (2012)), and the quality of the resultant FA maps were then assessed in
terms of the tensor fitting residual errors (Andersson and Skare (2002); Mohammadi et al.
(2010)).

B) To test the capability of achieving high in-plane spatial-resolution with the MUSE
technique, DWI (0.375 x 0.375 x 5mP) and DTI (0.3 x 0.3 x 8m7) data were acquired
with 4-shot interleaved EPI from a healthy volunteer. The DWI data set, consisting of 1

baseline image and 3 images with diffusion gradients at b=800-, applied along three
orthogonal directions, was obtained using an 8-channel coil with the following parameters:
number of partial-Fourier over-sampling ky lines 12, in-plane acquisition matrix size 512 x
268 (i.e., 512 x 512 after partial-Fourier reconstruction for a 4-shot scan), FOV 19.2 x

19.2cr?, axial-plane slice thickness 5mm, TR 6.5 sec, and TE 74.3 msec. The DTI data set,

consisting of 4 baseline images and 15 DWI at b=500-=, was obtained using an 8-channel
coil with these scan parameters: number of partial-Fourier over-sampling ky lines 12, in-
plane acquisition matrix size 512 x 268 (i.e., 512 x 512 after partial-Fourier reconstruction
for a 4-shot scan), FOV 15.3 x 15.3¢r77, axial-plane slice thickness 8mm, TR 5 sec, and TE
75.5 msec. The developed MUSE method was used to reconstruct high-resolution DWI and
DTI maps, as described in A).

C) To test the reliability of the MUSE method for processing data at different SNR levels, 7
DWI data sets were acquired from a healthy volunteer using an 8-channel coil with b factors

of 500, 750, 1000, 1250, 1500, 1750 and 2000-«. Each DWI data set consisted of 1 baseline
image and 3 images with diffusion gradients applied along three orthogonal directions. Scan
parameters included: number of partial-Fourier over-sampling &y lines 12, in-plane
acquisition matrix size 384 x 204 (i.e., 384 x 384 after partial-Fourier reconstruction for a 4-
shot scan), FOV 19.2 x 19.2¢n?, axial-plane slice thickness 4mm, TR 5 sec, and TE ranging
from 61.7 to 87 msec. Images reconstructed with the MUSE method and the conventional
SENSE procedure were compared in terms of the white-matter coefficient of variation (i.e.,
the ratio of standard deviation to the mean signal intensity within white-matter ROIs).

D) To further assess the inherent SNR penalty resulting from either MUSE or SENSE
reconstruction, three sets of 4-shot spin-echo EPI data (without diffusion sensitizing
gradients) were acquired from a healthy volunteer using different receiver coils: 8-channel
GE coil; 32-channel GE coil; and 32-channel NOVA coil. Additionally, a 2-shot EPI data
set was acquired with an 8-channel GE coil. Scan parameters included: number of partial-
Fourier over-sampling &y lines 12, in-plane acquisition matrix size 256 x 140 (i.e., 256 x
256 after partial-Fourier reconstruction for a 4-shot scan), FOV 22 x 22¢n?, axial-plane
slice thickness 4mm, TR 5 sec, and TE 59.3 msec. Without applying diffusion-sensitizing
gradients, interleaved EPI images reconstructed directly with 2D FFT (after Nyquist artifact
removal) were free from motion-induced aliasing artifact, and thus could be used as the
reference to quantify the SNR penalty in either MUSE or SENSE reconstruction.
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chenetal.

Results

Page 6

Using the new MUSE procedure, the aliasing artifacts in interleaved EPI based DWI can
always be reliably removed, as confirmed from all the acquired data, and the produced
images have higher SNR as compared with the SENSE-produced images, as summarized
below.

A) Figure 1a shows the Nyquist-corrected DWI images produced by the conventional
interleaved EPI reconstruction (i.e., a direct k-space data combination followed by 2D FFT),
corresponding to 15 directions obtained from one representative participant. As expected,
the levels of motion-induced aliasing artifacts vary significantly, depending on the degree of
intrascan motion. The ghost-to-signal ratio (GSR) is 0.36 + 0.13 in images shown in Figure
la. Figure 1b shows that the motion-induced aliasing artifacts can be effectively eliminated
using MUSE, regardless of the levels of aliasing artifacts in the raw DWI data. The GSR is
0.08 + 0.01 in images shown in Figure 1b. It should be noted that even though the motion-
induced aliasing artifacts can also be reduced (GSR: 0.19 + 0.01) with a conventional
SENSE procedure, the resultant images have significantly lower SNRs. Figures 1c¢ and 1d
compare the FA maps produced with the conventional SENSE reconstruction (i.e., the
combination of 4 images produced by applying SENSE to individual segments: Holdsworth
et al. (2012)) and the new MUSE technique, respectively. Further analyses showed that, for
white-matter voxels in this slice, the tensor fitting residual errors achieved with the MUSE
method was 53% of that from the conventional SENSE reconstruction (Andersson and Skare
(2002); Mohammadi et al. (2010)). It is demonstrated that MUSE-enabled DWI1 has a
significantly lower noise level as the result of improved conditioning for matrix inversion.

Figures 2a and 2b show the DTI images before and after applying the MUSE procedure,
respectively, for another slice that includes the brainstem and eyes where local motion
artifacts are prevalent. It can be seen that, because of the local motion, the aliasing artifacts
can be highly significant in many of the interleaved DWI images (Figure 2a, GSR:
0.36+0.22). Furthermore, the aliased signals of the eyes may destructively interfere with the
brain images. These aliasing artifacts can all be effectively eliminated by the MUSE
procedure, as demonstrated in Figure 2b (GSR: 0.05 + 0.01). Again, even though the
motion-induced aliasing artifact can also be suppressed (GSR: 0.13+0.01) with the
conventional SENSE reconstruction, the resultant DTI images and FA map have lower SNR
(Figure 2c) as compared with the MUSE produced results (Figure 2d). For white-matter
voxels in this slice, the tensor fitting residual errors (Andersson and Skare (2002);
Mohammadi et al. (2010)) achieved with the MUSE method was 69% of that from the
conventional SENSE reconstruction.

For a 2D 4-shot EPI of 256 x 256 matrix obtained with an 8-channel coil, the data
processing time was about 83 sec (including 20 sec for an iterative 2D phase-cycled
reconstruction and Nyquist artifact removal; 17 sec for initial SENSE estimation of shot-to-
shot phase variation, 10 sec for the total variation based noise reduction, and 36 sec for the
final MUSE reconstruction) with Matlab programs running in an Apple Macbook Pro (2.7
GHz intel core i7 CPU; 8GB DDR3 memory). Note that the computation time can be
reduced by performing pre-processing steps (including 2D phase-cycled reconstruction,
initial SENSE based estimation of shot-to-shot phase variation, and total variation based
smoothing) only in the central portion of the k-space data. For example, if the pre-
processing steps were carried in the central 64 x 64 k-space matrix and the calculated phase
errors maps were subsequently interpolated to 256 x 256 matrices for the final MUSE
reconstruction, then the total data processing time was about 50 sec per slice (including 4
sec for an iterative 2D phase-cycled reconstruction and Nyquist artifact removal; 3 sec for
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initial SENSE estimation of shot-to-shot phase variation, 7 sec for the total variation based
noise reduction, and 36 sec for the MUSE reconstruction).

B) Figure 3a shows a MUSE-based DWI image at high in-plane resolution (voxel size:
0.375 x 0.375 x 5mm?; matrix size: 512 x 512), where fine anatomic features are visible. In
contrast, the low-resolution version of the same image (Figure 3b: voxel size: 1.5 x 1.5 x
5mimP; matrix size: 128 x 128), reconstructed from only the central portion of the k-space
data, has significantly lower anatomic resolvability (as indicated by arrows). Figure 4a
shows an FA map with high in-plane resolution (0.3 x 0.3 x 8mm?) generated by the
developed MUSE method. The voxels inside the white box are displayed in Figure 4b,
where distinct FA patterns, likely between white matter and gray matter (indicated by green
and red arrows), are visible. Figures 4c and d show the contours of the indicated green and
red voxels overlaid onto the mean DWI and T2*-weighted EP1 maps (i.e., the non-diffusion-
weighted baseline EPI), respectively, suggesting that white and gray matter FA patterns can
be differentiated with the MUSE-based high-resolution DTI. Images shown in Figures 3 and
4 indicate that the developed MUSE method enables high-resolution DWI and can provide
information that is usually not available at low in-plane spatial-resolution.

C) Figures 5a and b compare the MUSE- and SENSE-produced DWI maps corresponding to

b factors ranging from 500 to 2000 at a 250-x step. It can be seen that the motion-induced
aliasing artifacts can all be effectively removed with the MUSE method regardless of the
SNR level, and the MUSE method is less susceptible to undesirable noise amplification as
compared with the SENSE reconstruction. The magnitude average of all 7 MUSE-DWI and
the magnitude average of all SENSE-DW!I are shown in Figures 5c and d, respectively, for
an easy visualization of the SNR difference between these two reconstruction methods. The
white-matter coefficient of variation (i.e., the ratio of standard deviation to the mean signals
in a white-matter ROIS) in images reconstructed with the MUSE and SENSE methods are
shown by black and yellow bars, respectively, in Figure 5e. The SNR values for the MUSE-
based DWI images, measured by the ratio of white-matter signals to the background noises,
are 8.5, 6.5, 5.0, 3.9, 3.4, 2.9, and 2.4. These data suggest that the MUSE reconstruction is
superior to conventional SENSE reconstruction even for DWI data with very low SNR.

D) Non-diffusion-weighted interleaved EPI images reconstructed directly with 2D FFT were
used as the reference to measure the SNR penalty resulting from either MUSE or SENSE
reconstruction. First, for data obtained with an 8-channel GE coil, the white-matter
coefficient of variation in 4-shot MUSE images was 3.1% higher than that obtained with 2D
FFT, and the white-matter coefficient of variation in 4-shot SENSE images was 23.3%
higher than that obtained with 2D FFT. Second, with the same 8-channel GE coil, the white-
matter coefficient of variation in 2-shot MUSE images was 0.4% higher than that obtained
with 2D FFT, and the white-matter coefficient of variation in 2-shot SENSE images was
14.6% higher than that obtained with 2D FFT. Third, for data obtained with a 32-channel
GE coil, the white-matter coefficient of variation in 4-shot MUSE images was 1.2% higher
than that obtained with 2D FFT, and the white-matter coefficient of variation in 4-shot
SENSE images was 16.7% higher than that obtained with 2D FFT. Fourth, using a 32-
channel NOVA coil, the white-matter coefficient of variation in 4-shot MUSE images was
8.5% higher than that obtained with 2D FFT, and the white-matter coefficient of variation in
4-shot SENSE images was 41.0% higher than that obtained with 2D FFT. These data
suggest that the SNR penalty resulting from the MUSE reconstruction is generally not
significant for 2-shot and 4-shot EPI, and is always smaller as compared with the SENSE
reconstruction.
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Discussion and Conclusions

A general and effective approach to enable high-resolution DWI through multi-shot
acquisitions, termed MUSE, is presented in this report. The developed MUSE technique
produces multi-shot DWI data with higher spatial resolution and fidelity, as compared with
single-shot acquisition. In comparison to the conventional navigator-based interleaved DWI,
the new MUSE technique, which requires neither navigator nor reference echoes, also has
several advantages. First, the imaging throughput of navigator-less interleaved DWI is
higher than that of navigator-based interleaved DWI. Second, unlike navigator-based
correction which could fail when the motions differ between navigation, the newly
developed MUSE method can inherently measure and correct phase errors. Similar to the
variable-density spiral imaging based DWI (Miller and Pauly (2003); Liu et al. (2004);
Frank et al. (2010)), our MUSE method is capable of inherently estimating both linear and
nonlinear phase variations directly from the acquired multi-shot DWI data, but without
requiring any pulse sequence modification.

A limitation of the MUSE method is that the number of EPI segments cannot be higher than
the number of coils, otherwise the phase variation maps cannot be estimated with the
conventional SENSE procedure (i.e., step 3 described in the Methods section). It should be
noted that, as compared with the conventional SENSE reconstruction, the MUSE procedure
has an improved matrix inversion conditioning even when the number of EPI segments is
not significantly smaller than the number of coils. For example, as demonstrated in our
human brain data, robust high-resolution DWI can be obtained from a 4-shot interleaved EPI
acquisition using an 8-channel receiver coil.

It should be pointed out that the MUSE algorithm is different from existing parallel imaging
based motion correction methods that were designed to correct large scale motion in non-
diffusion-weighted MRI (Bydder et al. (2003)). In contrast, in this report we mainly address
the issues related to shot-to-shot phase inconsistencies in interleaved DWI due to small-scale
(e.g., sub-voxel) motions, while assuming that there is no large-scale intrascan motion (i.e.,
significantly larger than 1 voxel) and the magnitude signals remain constant across multiple
EPI segments. This condition is largely met in most of our scans with cooperative subjects.
In the presence of very large scale motion, it would be inappropriate to assume that the
magnitude signals remain constant across multiple EPI segments. In this case, the MUSE
algorithm would need to be further modified or expanded to accommodate for large-scale
intrascan motion (Bammer et al. (2007)). It should also be noted that the developed method
is designed to address the phase variations among EPI segments, but not those within each
individual segment.

Even though the MUSE procedure is only demonstrated with interleaved DWI in this paper,
the concept of multiplexed parallel imaging can also be applied to eliminate motion-induced
artifacts in interleaved high-resolution DWI and DTI with non-Cartesian k-space trajectories
(such as spiral imaging). We expect that MUSE may also be applied to improve the quality
for other types of studies where high spatial resolution is desired, such as those in
interleaved EPI based functional MRI (fMRI) in the presence of phase variations over time
due to physiological motions or magnetic field drifting.

In conclusion, we report in this paper a novel and robust technique to enable high-resolution
DWI through a multi-shot acquisition scheme, all inherently without the need for navigator
and reference echoes. It is also worth noting that this developed MUSE technique can be
readily incorporated with previous advances such as massive parallel imaging to further
improve the spatial resolution for DWI. It should thus find broad applications in modern
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neuroscience investigations of detailed brain microstructures and related functions where
very high spatial resolution is required.
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Figure 1.

(a): Four-shot interleaved DTI data ( b=500-<) of 15-direction are susceptible to motion-
induced phase errors. (b): Using the MUSE technique, the motion-induced aliasing artifacts
can be eliminated. (c): The FA map generated from the conventional SENSE reconstruction
has a low SNR. (d): The SNR is improved in FA map produced with the MUSE technique.
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Figure2.

(a): Pronounced motion-induced artifacts appear in interleaved DTI when there exist local
and nonlinear motions (e.g., in the brainstem). (b): The aliasing artifact can be eliminated
with the MUSE technique. (c): The SNR is low in the FA map produced with the
conventional SENSE procedure. (d): Using the MUSE technique, the FA map of high-SNR
can be achieved.
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Figure 3.

(a): DWI data of high in-plane resolution (voxel size: 0.375 x 0.375 x 5mmnP; b=800-x)
provides good anatomic resolvability. (b): The low-resolution reconstruction of the same
data set (voxel size: 1.5 x 1.5 x 5mmP) cannot reveal the same anatomic details.
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Figure4.

(a): FA map of high in-plane resolution (voxel size: 0.3 x 0.3 x 8m17; b=500-<). (b): FA
values for voxels inside the white box of (a). (c) The contour of the indicated green and red
voxels in (b) overlaid onto the mean DW!I image. (d) The contour of the indicated green and
red voxels in (b) overlaid onto the baseline T2-weighted EPI.
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Figurebs.

(a): MUSE-generated DWI corresponding to different b factors (from 500 to 2000 in a
250 step). (b): SENSE-generated images of the corresponding b factors (from

500 to 2000-<). (c): The magnitude average of all 7 MUSE-generated DWI. (d): The

m2
magnitude average of all 7 SENSE-generated DWI. (e) The coefficient of variation

measured from white-matter ROIs of MUSE-DWI (black bars) and SENSE-DWI (yellow
bars) corresponding to different b factors.
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