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ABSTRACT
Motion-induced shot-to-shot phase variation and strong image aliasing artifacts are common in diffusion weighted imaging 
(DWI) multi-shot EPI (MS-EPI). Herein, motion-compensated diffusion encoding waveforms were used to minimize shot-to-shot 
phase variation, and an MS-EPI with Keyhole (MS-EPIK) trajectory was evaluated to mitigate image aliasing.
MS-EPI and MS-EPIK with non-motion compensated (M0), first order (M0M1), and first & second order (M0M1M2) motion-
compensated diffusion encoding waveforms and a reference single-shot (SS-EPI) acquisition with M0 diffusion encoding were 
acquired in vivo at 3T in five volunteers in the brain, liver, and heart. Mean diffusivity (MD) and fraction of anisotropy (FA) were 
reported in the brain and heart, and the apparent diffusion coefficient (ADC) in the liver.
No statistical differences in MD and FA between the SS-EPI, MS-EPIK, and MS-EPI when using the M0M1M2 waveform were 
found in white and gray matter. In the right liver lobe, statistical differences were found between the ADC of the SS-EPI and MS-
EPIK using the M0, M0M1, and M0M1M2 waveforms (p < 0.001) and with MS-EPI using M0M1M2 (p < 0.001). No differences were 
observed in MD and FA in the heart between SS-EPI, MS-EPI, and MS-EPIK in the heart.
MS-EPIK is less sensitive to image aliasing than MS-EPI approach but remains susceptible to image distortion. Overall, M0M1M2 
waveforms were found to be the best approach to mitigate shot-to-shot phase variation for MS-EPI in the brain, liver, and heart.

1   |   Introduction

Diffusion weighted imaging (DWI) is a technique that probes 
the self-diffusion of water molecules within the tissue. DWI 
is usually acquired using a single-shot spin-echo echo planar 
imaging (SS-EPI) sequence with diffusion encoding gradients 

placed symmetrically on either side of the 180° refocusing 
pulse [1]. In this traditional implementation, DWI has been 
robustly applied to several organs [2–4]. Despite its speed and 
efficiency, SS-EPI images remain severely affected by image 
distortion due to B0 inhomogeneities [5] and Nyquist ghost-
ing [6]. Efficient phase corrections exist for Nyquist ghosting 
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[7–9], while image distortion remains an active problem for 
modern SS-EPI.

B0 off-resonances induce phase accrual during the EPI echo 
train that leads to image distortion along the phase-encoding 
direction [10]. This sensitivity to B0 inhomogeneity is directly 
related to the EPI k-space traversal speed and the EPI gradient-
echo train length duration (TEPI). Retrospective image distortion 
correction has been proposed such as Blip-up Blip-down [11], 
BUDA [12], or B0 mapping correction [5], but all require addi-
tional acquisitions. A simplistic way to reduce B0 sensitivity is 
to directly shorten TEPI by using high readout bandwidth, or 
parallel imaging [13,14], but both come at the expense of lower 
signal-to-noise ratio (SNR).

Echo train length duration can also be reduced by using multi-
shot spin-echo EPI (MS-EPI), in which the k-space is acquired 
segmentally either in the readout [15] or phase direction [16]. 
The phase-encode segmented acquisition results in a lower 
number of k-space lines acquired per shot, hence a shorter TEPI. 
However, the interaction between diffusion-encoding gradients 
and physiological motion leads to shot-to-shot phase variations 
and image aliasing that has limited the use of MS-EPI for DWI.

Several retrospective reconstruction methods have been pro-
posed to reduce shot-to-shot phase variation. Simple linear 
phase variations can be corrected by re-acquiring a 2D low 
spatial resolution navigator after each shot [17,18]. Multiplexed 
sensitivity-encoding (MUSE) is a navigator-free method where 
each shot is first reconstructed by a parallel imaging SENSE ap-
proach and phase corrected [19]. An alternative approach is the 
local low-rank method [20,21], which is an iterative approach 
that can handle more complex phase variation and a higher 
number of shots than MUSE. However, the iterative process may 
lead to longer reconstruction times and is subject to extensive ad 
hoc tuning for good convergence.

Only a few prospective approaches have been evaluated to limit 
shot-to-shot phase variation [22,23] in DWI MS-EPI. Advanced 
diffusion encoding gradient waveform designs, such as gra-
dient moment nulling (GMN) [24], may be used to reduce the 
sensitivity of diffusion encoding to unwanted physiological 
motion. Diffusion encoding waveforms designed using GMN 
null the phase accumulated during the diffusion encoding for 
a given order of motion, but high-order GMN designs lead to 
an increased TE for an equivalent b-value compared to a non-
motion compensated M0 waveform. Traditional monopolar dif-
fusion encoding waveforms are non-motion compensated and 
zero-order nulled (M0). First-order nulled waveforms (M0M1), 
designed for velocities compensation, have been showed to suc-
cessfully reduce the cardiac motion sensitivity in liver DWI and 
remove unwanted signal loss in the left liver lobe [25–27]. First 
& second order (M0M1M2) nulled moment designs, which com-
pensate for velocities and accelerations, have been shown to suc-
cessfully compensate for cardiac motion and enable motion-free 
cardiac diffusion imaging [28–30].

Alternative strategies to SS-EPI readout have been proposed 
such as EPI with keyhole (EPIK) [31]. With EPIK readout, the 
k-space is under-sampled in the high frequency k-space re-
gions and fully sampled near the k-space center (i.e. keyhole). 

In multi-shot EPIK (MS-EPIK), the readouts acquire more 
lines per shot than traditional MS-EPI but fewer than SS-EPI. 
Previous work has investigated the readout keyhole region as a 
self-navigated technique to correct inter-shot phase variation in 
DWI MS-EPI [32]. Due to its unique k-space trajectory, MS-EPIK 
is more robust to image aliasing.

In this work, we proposed to evaluate prospective strategies 
to reduce shot-to-shot phase variation for interleaved phase-
segmented MS-EPI. We hypothesized that shot-to-shot phase 
variations are due to physiological motion that can be approx-
imated with constant velocity and/or constant acceleration 
during the diffusion encoding and thus can be mitigated with 
motion-compensated diffusion encoding. The first objective 
of this work was to investigate M0M1 and M0M1M2 motion-
compensated diffusion gradient waveforms as a prospective 
way to reduce shot-to-shot phase variation in MS-DWI. The sec-
ond objective was to investigate the capabilities of MS-EPIK 
for mitigating inter-shot phase variation and image aliasing. In 
silico and in  vivo comparisons between SS-EPI, MS-EPI, and 
MS-EPIK using M0, M0M1, and M0M1M2 diffusion encoding 
waveforms were shown in the brain, liver, and heart.

2   |   Theory

2.1   |   EPIK for MS DWI

In an SS-EPI trajectory, all k-space lines (Nlin) are sampled 
in a single shot by using a gradient echo train of alternating 
polarities and small phase-encoding “blip” gradients. In a 
phase-interleaved MS-EPI trajectory, the gradient echo-train 
sub-samples the k-space by using larger phase-encoding blip 
gradients. The acquisition is repeated Nshot times to completely 
fill the k-space. The duration of the echo-train length (TEPI) is 
divided by Nshot compared to an SS-EPI trajectory (Figure 1A), 
which leads to a lower TEPI; hence, MS-EPI trajectories have a 
lower phase build-up due to B0 inhomogeneities compared to 
SS-EPI.

EPIK is an EPI trajectory in between SS-EPI and MS-EPI. It was 
proposed initially by Zaitsev et al. [31] and has been principally 
use for fMRI [33] and perfusion imaging [34]. It has only been 
evaluated in a few DWI studies [32]. EPIK readout trajectories 
are composed of large phase-encoding blip gradients in the 
high-frequency regions of k-space and low blip gradients in the 
central part of k-space, the keyhole (Figure 1B). EPIK trajecto-
ries can be seen as having extra central k-space lines compared 
to MS-EPI trajectory or fewer lines than an SS-EPI one. It is thus 
expected that EPIK presents a higher sensitivity to field inhomo-
geneities than MS-EPI, but lower than SS-EPI [31].

Multi-shot EPIK (MS-EPIK) acquires high frequencies k-space 
lines for interleaving and fully samples the keyhole region for 
each shot. In this work, the MS-EPIK trajectories were con-
structed by adding extra central k-space lines compared to an 
interleaved MS-EPI trajectory. The extra lines were added to 
fill the gap between four interleaved k-space lines placed sym-
metrically from the center of the k-space. With the MS-EPIK 
trajectory, 4x(Nshot-1) extra k-space lines were sampled at the 
center of the k-space compared to the MS-EPI trajectory. With 
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this design, the polarity of the same keyhole line is expected 
to change between odd and even shots. In this work, these 
polarities changes were only considered during the Nyquist 
phase correction step.

Since the keyhole region is sampled for each MS-EPIK shot, it 
can be used for self-navigation [32]. Additionally, the keyhole 
region can also be used as an internal auto-calibration signal 
(ACS) for GRAPPA [13] parallel imaging reconstruction. Since 
these ACS lines are shared across shots, they can also be used to 
calibrate a multi-dimensional GRAPPA approach operating on 
the channels and shot dimensions (GRAPPA C + S). GRAPPA 
C + S has been previously demonstrated as a robust shot-to-shot 
phase mitigation technique for MS-EPI [35].

In this work, SS-EPI, MS-EPI, and MS-EPIK trajectories were 
compared. The effect of image aliasing artifacts due to shot-to-
shot phase variation and image acceleration were also studied 
using GRAPPA with external ACS lines, internal ACS lines, and 
GRAPPA C + S.

2.2   |   Motion Compensation Designs

In the diffusion encoding experiment, the water molecules' 
microscopic displacements are encoded in the phase of mag-
netization. For stationary objects, the intra-voxel phase dis-
tribution due to diffusion is a zero-centered Gaussian with a 
nulled phase, which generates a signal attenuation at a voxel 
scale. Macroscopic physiological bulk motions can affect the 
intra-voxel phase distribution. If the bulk motion is coherent 
(equivalent for all molecules within the voxel), then, the intra-
voxel phase distribution is simply shifted and thus encoded in 

the phase of the MR signal with no contribution to the mag-
nitude. For single-shot imaging, generally only magnitude 
images are used to extract diffusion information. However, 
for MS-EPI subtly different coherent motion contributes to 
the shot-to-shot phase variation and generates signal aliasing. 
More complex kind of motion, (i.e. cardiac motion where tissue 
deformation is involved) may strongly modify the intra-voxel 
phase distribution and lead to unwanted signal attenuation at 
a voxel scale [36,37].

Advanced diffusion encoding gradient waveforms have been 
proposed to remove the phase contribution of the physiologic 
motion while preserving the diffusion information [28,29]. 
These waveforms have been designed using the GMN theory 
[24]. We can define Mn, where n is the order of the moment null-
ing for the diffusion encoding waveform G(t):

By designing the waveform G(t) such that Mn is nulled, the cor-
responding order of motion will have no phase contribution at 
the end of the diffusion encoding. To be able to make an image, 
all diffusion encoding waveforms must have at least a zero-order 
moment nulled M0 = 0. A waveform designed so that both M0 
and M1 are nulled and will compensate for all spin motion with 
a constant velocity during the diffusion encoding, regardless of 
the velocity magnitude. A waveform with M0, M1, and M2 null-
ing will compensate for the phase of spins that have a constant 
velocity or the spins that have a constant acceleration during the 
diffusion encoding. The strong assumption behind the GMN 
theory is that the spins motion trajectories can be fully described 

(1)Mn =

T

∫
o

G(t)tn. dt

FIGURE 1    |    Sequence diagrams and k-space trajectories of (A) Multi-shot EPI with Keyhole (MS-EPIK) and (B) EPI (MS-EPI) readouts. The du-
ration of the EPI readout (TEPI) and the contribution of the EPI readout to the TE (TpreTE) are proportional to the number of k-space lines (Nlin) in the 
EPI echo train and thus inversely proportional to the number of shots (Nshot). (C) Nlin and TEPI as a function of Nshot for the MS-EPI and MS-EPIK 
readout. (D) Nlin and TEPI as a function of Nshot for the MS-EPI and MS-EPIK readout. TpreTE as a function of Nshot for the MS-EPI and MS-EPIK read-
outs. All diagrams are given for a matrix of 128 × 128, a bandwidth of 2056 Hz/pixel, and a partial Fourier factor of 75%. For plots (C) and (D), the 
dotted lines represent the case without partial Fourier.
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by a constant velocity or a constant acceleration during the en-
tire diffusion encoding waveform.

In this work, all diffusion-encoding waveforms were designed 
with trapezoidal gradients at the maximum amplitude Gmax 
(Figure  2A). Three waveforms were evaluated: a non-motion 
compensated monopolar approach, M0 nulled (M0), with a pair 
of gradient waveforms of the same duration (D1) and same po-
larity (11) on each side of the refocusing pulse; a bipolar veloc-
ity compensated approach (M0M1), with two pairs of gradients 
lobes of the same duration D1, but with opposite polarity (1111) 
on each side of the refocusing pulse; and a velocity and accelera-
tion compensated gradient waveform (M0M1M2) with two pairs 
of gradient lobes with duration D1 and D2 and mirrored polarity 
across the refocusing pulse (1221).

As shown in Figure 2B, the maximum b-value available for each 
diffusion encoding waveform is strongly dependent on the dura-
tion of the EPI train length before the echo (TpreTE), which is the 
portion of the EPI that contributes the most to the minimum TE 
available. For an equivalent TpreTE, a non-motion-compensated 
approach can reach a higher b-value (or a lower TE for an equiv-
alent b-value). Reducing TEpi by reducing the number of lines 
Nlin/shot, using high readout bandwidth, or using parallel im-
aging usually reduces TpreTE. Another way to reduce TEpi and/
or TpreTE is to employ the Partial Fourier method [38]. With PF, 
a portion of k-space is not acquired, leading to lower Nlin/shot 
and a shorter TEpi and TpreTE (Figure 1C,D). However, since the 
k-space lines are removed before the echo, PF predominantly 
reduces TpreTE thus allowing higher b-values and/or a lower TE 

for a given diffusion encoding waveform. Although PF allows 
a lower TEpi and TpreTE, the k-space traveling speed remains 
unchanged, thus, the PF approach does not provide benefit re-
garding B0 inhomogeneities and image distortion. Additionally 
with PF, the presence of significant motion can generate phase 
inconsistencies between acquired and conjugate k-space points, 
resulting in signal dropout [39]. Figure 2C shows the link be-
tween TE and Nshot for a b-value of 1000 s/mm2 for SS-EPI, MS-
EPI, and MS-EPIK readout using a PF of 75% and for the three 
diffusion-encoding waveforms studied here.

3   |   Methods

3.1   |   Numerical Simulations

In silico numerical simulations were performed in MATLAB 
(R2023, The Mathworks, Natick, USA) using homemade 
scripts to evaluate shot-to-shot phase variation, B0 inhomo-
geneities, and acceleration capabilities between MS-EPI and 
MS-EPIK readouts. All simulations were performed using a 
Shepp-Logan phantom [40] on a 128 × 128 matrix acquired 
with 26 channels, a Partial Fourier of 75%, and a readout 
bandwidth of 1780 Hz. SS-EPI, MS-EPI, and MS-EPIK read-
outs with Nshot = 2,4,8 were simulated. Considering partial 
Fourier, the SS-EPI trajectory had 96 lines; MS-EPI had 48, 32, 
and 16 lines per shot for Nshot = 2,4,8, respectively; MS-EPIK 
had 56, 40, and 24 lines per shot for Nshot = 2,4,8, respectively. 
Simulations were noiseless and T1, T2, and T2* relaxations 
were not considered.

FIGURE 2    |    (A) Sequence diagram of non-motion compensated (M0), first order (M0M1), and first & second (M0M1M2) order motion compensat-
ed diffusion encoding. (B) Maximum b-value as a function of TpreTE for each diffusion encoding waveform. The maximum b-value is dependent of 
TpreTE because it impacts the maximum time available to apply the diffusion encoding gradient. (C) Minimum TE as a function of the number of shots 
(Nshot), the three diffusion encoding waveforms, and for the MS-EPI and MS-EPIK readouts. All diagrams are given for a matrix of 128 × 128 and a 
bandwidth of 2056 Hz/pixel and a partial Fourier factor of 75%. For plot (C), a fixed b-value of 1000 s/mm2 was used.



5 of 15

Physiological motion was not directly simulated by instead 
emulated as shot-to-shot phase variation by incrementing the 
phase of each shot by pi/3. B0 inhomogeneities were emulated 
by adding a bi-linear (diagonal) off-resonance gradient of 400 Hz 
in the top left corner and zero in the bottom right corner of the 
image. The B0 inhomogeneities were applied to the k-space by 
generating intra-line dephasing by emulating the timing of the 
gradient echo-train readout. Finally, parallel imaging recon-
struction using the GRAPPA method [13] was evaluated using 
acceleration factors of 2, 4, and 8 by only considering a sub-set 
of shots and by reconstructing the missing lines. Details for the 
GRAPPA reconstructions are given in the Image Reconstruction 
and Acceleration section below.

3.2   |   In Vivo Acquisitions

Five healthy volunteers (N = 5) were scanned on a 3T scan-
ner (MAGNETOM Prisma, Siemens Healthcare, Erlangen, 
Germany) after being given signed statements of informed 

consent and were recruited according to the protocol approved 
by the Institutional Review Boards (#2015-A01802-47, CPP Nord 
Ouest VI, #19.02.22, and CPP Ile de France VIII, #20 04 05), 
in agreement with the principles in the Declaration of Helsinki. 
DWI with both MS-EPI and MS-EPIK readouts (Nshot = 4) with 
M0, M0M1, and M0M1M2 diffusion encoding waveforms and a 
reference SS-EPI acquisition were acquired in the brain and 
the liver. SS-EPI and both MS-EPI and MS-EPIK (Nshot = 4) 
were acquired in the heart using an M0M1M2 diffusion en-
coding waveform. The main sequence parameters were kept 
identical across organs (field of view [FOV] = 300 × 300mm2, 
matrix = 128 × 128, Partial Fourier = 6/8, slice thickness = 5 mm, 
bandwidth = 2056 Hz/px). The b-values, number of slices, and 
the physiological synchronization were adjusted per organ and 
TE was minimized for a given readout and a given diffusion en-
coding waveform. The comparisons between SS and MS were 
done for a fixed acquisition time by adjusting the number of 
averages: Navg = 8 for SS-EPI and Navg = 2 for the Nshots = 4 MS-
EPI and MS-EPIK readouts. Detailed sequence parameters are 
found in Table 1.

TABLE 1    |    Sequence parameters.

Brain Liver Heart

Resolution (mm3) 2 × 2 × 5 2 × 2 × 7 2 × 2 × 7

Matrix (reconstructed) 128 × 128 128 × 128 128 × 128

PF (%) 75 75 75

BW (Hz/pixel) 1700 1700 1700

Echo spacing (ms) 0.69 0.69 0.69

Number of Slices 7 5 1

B value (s/mm2) 0–1000 0–350 0–350

Nb of DWI directions 6 6 6

Synchronization None None ECG and Respiratory navigator

TR (ms) 2000 2000 1 respiratory cycle (~4000 ms)

Scan time (min) 2 min 2 min 4 min

SS MS-EPI MS-EPIK SS MS-EPI MS-EPIK SS MS-EPI MS-EPIK

Nlin/shot 96 24 36 96 24 36 96 24 36

Nshot 1 4 4 1 4 4 1 4 4

Nave 8 2 2 8 2 2 8 2 2

Nlin keyhole/internal ACS/
navigator

0 0 12 0 0 12 0 0 12

TpreTE (ms) 11.2 6.7 10.8 11.2 6.7 10.8 11.2 6.7 10.8

TEPI (ms) 32 17 25.3 32 17 25.3 32 17 25.3

PE Bandwidth (Hz) 30.2 60.4 40.3 30.2 60.4 40.3 30.2 60.4 40.3

TE (ms)

M0 47 40 46 47 33 40

M0M1 64 72 52 61

M0M1M2 66 73 55 59 65 55 59



6 of 15 NMR in Biomedicine, 2025

3.3   |   Image Reconstruction and Acceleration

Raw data were extracted after inline Nyquist phase correction 
[9] using the FIRE framework [41]. All further reconstruction 
and analysis were performed offline in MATLAB (R2023, The 
Mathworks, Natick, USA).

Two types of image reconstruction were performed in this work: 
a “naïve” and an accelerated approach. The naïve approach 
was performed by simply merging the interleaved k-space lines 
across shots obtained from MS-EPI or MS-EPIK acquisitions. 
For MS-EPIK, the k-space lines that overlapped across shots in 
the keyhole region were averaged. The accelerated reconstruc-
tions were performed using the GRAPPA method [13]. For each 
acquisition, 24 external ACS lines were acquired for external 
GRAPPA reconstructions. For the MS-EPIK acquisitions in-
ternal GRAPPA and GRAPPA C + S reconstructions [35] were 
proposed by using the keyhole lines as internal ACS lines. ACS 
lines were used to estimate the weight of a 5 × 3 GRAPPA kernel.

The diffusion post-processing consisted of two steps: First, the 
magnitude of the signal was averaged over the Navg acquired. 
Second, a diffusion tensor imaging (DTI) model was applied for 
brain and heart scans and an apparent diffusion coefficient (ADC) 
model was applied for the liver scans. The mean diffusivity (MD), 
the fraction of anisotropy (FA), and the primary Eigen orientation 
(E1) were extracted from the DTI model. For cardiac acquisitions, 
E1 corresponds to the aggregate cardiomyocyte orientation.

3.4   |   Quantitative Analysis

For the in silico numerical simulations, the Root Mean Square 
Error (RMSE) between the simulated image and the Shepp-
Logan ground truth image was calculated after signal intensity 
normalization. Spatial differences of MD and FA compared to 
reference were analyzed in the DWI Shepp-Logan phantom 
after DTI modeling.

For in  vivo acquisitions, ADC, MD, and FA values were re-
ported as mean ± standard deviation (SD) per slice after manual 
segmentation of the brain, right liver lobe, and the heart's left 
ventricle. The brain was further divided based on the FA [42]: 
the tissue with FA ≥ 0.3 was considered as white matter and the 
tissue with FA < 0.3 were considered as gray matter. Statistical 
differences were evaluated using an ANOVA considering the 
SS-EPI acquisition as a reference scan. Values of p < 0.05 were 
considered significant.

A shot-to-shot phase variation analysis was studied using the 
phase of each individual shot reconstructed from the keyhole re-
gion of the EPIK acquisitions. The phase was extracted from the 
multi-channel data by using the highest weight of a coil compres-
sion method [43]. The inter-shot phase coefficient of variation 
(CV) was calculated for each organ and each diffusion encoding 
waveform. The CV was calculated pixel-wise within the ROI by 
dividing the inter-shot phase SD by the inter-shot phase mean.

For the in vivo accelerated reconstruction, SNR was calculated 
using the image difference method for accelerated reconstruc-
tion as described by Goerner and Clarke [44].

4   |   Results

4.1   |   In silico shot-to-shot phase variation analysis

The shot-to-shot phase variation analysis on a numerical 
phantom for SS-EPI, MS-EPI, and MS-EPIK with Nshot = 2,4,8 
is shown in Figure  3A. The SS-EPI readout is not affected 
by the shot-to-shot phase variation and provides an RMSE 
of 3.7% relative to the numerical phantom. For the MS-EPI 
readout, the phase variation between shots generates distinct 
aliasing in the final image. As Nshot increases, the number 
of aliasing ghosts and the RMSE increase. For the MS-EPIK 
readout, since the center portion of k-space is reacquired with 
each shot, the aliased signal has a lower intensity which leads 
to a lower RMSE than for MS-EPI at equivalent Nshot.

4.2   |   In Silico B0 Inhomogeneity Analysis

In silico images of SS-EPI, MS-EPI, and MS-EPIK readout at 
Nshot = 2,4,8 simulated in the presence of B0 inhomogeneities are 
given in Figure 3B. Since image distortion is related to Tepi, the SS-
EPI image is the most distorted with an RMSE of 17.1% compared 
to ground truth. For MS-EPI, the image deformation and RMSE 
reduce as Nshot increase and is as low as 7.2% for Nshot = 8. In the 
case of MS-EPIK, the RMSE is constant at 15% for any Nshot since 
more central k-space lines are sampled than for MS-EPI.

4.3   |   In Silico Acceleration Analysis

Examples of naïve, internal GRAPPA, external GRAPPA, and 
GRAPPA C + S reconstructions with R = 2,4,8 for Nshot = 8 EPI 
and EPIK readouts are shown in Figure 4A. In the naïve recon-
struction of MS-EPI, the aliasing increases as R increases while 
the MS-EPIK reconstructions show robustness to aliasing.

RMSE for each reconstruction is given in Figure  4B. Similar 
RMSE were found between GRAPPA C + S and internal 
GRAPPA reconstruction. At Nshot = R, the GRAPPA C + S 
method operates only on the coil dimension and behaves exactly 
like the internal GRAPPA approach.

4.4   |   In Vivo Acquisition

Examples of in  vivo acquisitions for the brain, liver, and 
heart are shown in Figure 5. In the brain, image distortions 
due B0 inhomogeneities are visible in the frontal lobe (blue 
arrow) when using SS-EPI. Image distortions were reduced 
when using MS-EPI but still present when employing MS-
EPIK. Image aliasing due to shot-to-shot phase variations 
(red and orange arrow) were visible in all subjects when 
using M0 or M0M1 for both MS-EPI and MS-EPIK readout. 
Aliasing-induced artifacts were visible in the colored FA with 
a wrong orientation of the fibers being shown in the side lobes. 
Aliasing were strongly reduced when using M0M1M2 motion-
compensated diffusion encoding waveforms and colored FA 
were equivalent to the SS-EPI ones. For the free-breathing 
liver acquisitions, aliasing due to shot-to-shot phase variations 
were observed on all volunteers when using M0 and M0M1 
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waveforms with either MS-EPI or MS-EPIK which affected 
the corresponding ADC maps. Aliasing artifacts were less 
marked in acquisitions performed using M0M1M2 waveforms 
with MS-EPI and MS-EPIK. In the heart, image distortions in 
the inferolateral wall due to B0 inhomogeneities in the heart/
lung/liver interface were visible in all subjects when using 
SS-EPI (blue arrow). Distortions were strongly reduced when 
using MS-EPI compared to MS-EPIK and SS-EPI. No signif-
icant aliasing was observed in both MS-EPIK and MS-EPI 
hearts acquisitions across volunteers.

Quantitative comparisons of MD, FA, and ADC for the 
three organs are given in Figure  6. Diffusion parame-
ters reported per subject are also given in Supplementary 
Material—Table  S1. Across slices and volunteers, an MD of 
0.76 ± 0.04 × 10−3 mm2/s and 1.02 ± 0.17 × 10−3 mm2/s was 
measured in the white and gray matter respectively using 
the SS-EPI and the non-motion compensated waveform M0. 
Statistical significant increases compared to SS-EPI were 
observed in MD in white matter when employing MS-EPI 
with M0 and M0M1 waveforms (0.98 ± 0.12 × 10−3 mm2/s, 
p < 0.001; 0.91 ± 0.23 × 10−3 mm2/s, p < 0.001, respectively) 
and MS-EPIK with M0 and M0M1 (1.09 ± 0.15 × 10−3 mm2/s vs. 
0.98 ± 0.16 × 10−3 mm2/s, p < 0.001, respectively). Similar in-
creases compare to SS-EPI were observed in gray matter with 

MS-EPI M0 and M0M1 waveforms (1.23 ± 0.23 × 10−3 mm2/s, 
p < 0.001; 1.23 ± 0.23 × 10−3 mm2/s, p < 0.001, respectively) 
and MS-EPIK with M0 and M0M1 (1.43 ± 0.23 × 10−3 mm2/s, 
p < 0.001; 1.36 ± 0.28 × 10−3 mm2/s, p < 0.001, respectively). 
The FA was 0.44 ± 0.04 in white matter and 0.15 ± 0.02 in gray 
matter using the SS-EPI and M0. No statistical differences 
were found in FA for white matter across measurements. 
For the gray matter, significant increases were found for FA 
measured with MS-EPI using M0, M0M1, and M0M1M2 wave-
forms (0.21 ± 0.02, p < 0.001; 0.20 ± 0.03, p < 0.001; 0.17 ± 0.03, 
p < 0.001, respectively) and MS-EPIK using M0 and M0M1 
(0.22 ± 0.02, p < 0.001; 0.19 ± 0.03, p < 0.001, respectively).

An ADC of 1.40 ± 0.18 × 10−3 mm2/s has been found in the right 
liver lobe using the SS approach. Significant increases were 
found with MS-EPIK using the M0, M0M1, M0M1M2 waveforms 
(2.05 ± 0.69 × 10−3 mm2/s, p < 0.001; 1.79 ± 0.46 × 10−3 mm2/s, 
p < 0.001, respectively) while the ADC decreases using M0M1M2 
with MS-EPI and MS-EPIK (0.98 ± 0.28 × 10−3 mm2/s, p < 0.001; 
0.84 ± 0.39 × 10−3 mm2/s, p < 0.001).

In the heart, no statistical differences were observed between 
MD measured with SS-EPI (1.42 ± 0.06 × 10−3 mm2/s) against 
MS-EPI and MS-EPIK (1.50 ± 0.14 × 10−3 mm2/s, p = 0.47; 
1.55 ± 0.13 × 10−3 mm2/s, p = 0.16, respectively). Similarly, no 

FIGURE 3    |    In silico motion and B0 inhomogeneities analysis. A) Simulated shot-to-shot phase variation in a numerical Shepp-Logan phantom for 
Single-shot EPI (SS-EPI) and multi-shot EPI (MS-EPI) and EPIK (MS-EPIK) readouts. A constant phase was added to each shot to emulate motion-
induced shot-to-shot phase variation. B) Simulated B0 inhomogeneities in a numerical Shepp-Logan phantom for SS-EPI, MS-EPI, and MS-EPIK 
readouts. For A) and B) the root mean square errors (RMSE) are calculated from a non-distorted Shepp-Logan reference after signal normalization. 
Overall, lower RMSE was obtained for MS-EPIK compared to MS-EPI in the motion analysis. For the B0 inhomogeneities analysis, for all Nshot, high-
er RMSE was measured for the MS-EPIK compared to MS-EPI.
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difference was found for FA between SS-EPI, MS-EPI, and MS-
EPIK (0.41 ± 0.04; 0.40 ± 0.04, p = 0.77; 0.42 ± 0.02, p = 0.78, 
respectively).

4.5   |   In Vivo Shot-To-Shot Phase Variation Analysis

An example of shot-to-shot phase variation in the brain phase 
map is given in Figure 7. Additional phase maps in the brain, 
liver and heart can be found in Supplementary Material—
Figure S1. Using the keyhole region of an EPIK readout, a 
low-resolution image can be obtained at each shot and the 
phase can be resolved as shown in Figure 7A. For all wave-
forms, the phase variation was diffusion direction dependent 
and was minimum for the non-diffusion weighted images 

(Figure 7B). The non-motion compensated diffusion encoding 
waveform M0 presents large phase variation between shots 
with a CV of 93.4 ± 33.2% in the brain and 163.3 ± 89.0% in the 
right liver lobe. For M0M1, the CV was reduced to 52.0 ± 14.8% 
and 147.8 ± 104.1% in the brain and liver, respectively. Finally, 
M0M1M2 waveforms acquisitions had the lowest phase vari-
ation with 27.6 ± 11.5%,139.0 ± 97.2%, and 40.5 ± 12.1% in the 
brain, liver, and heart, respectively.

4.6   |   In Vivo Acceleration Analysis

An example of liver reconstruction using the M0M1M2 wave-
form for different GRAPPA models and different acceleration 
factors for MS-EPI and MS-EPIK readout is shown in Figure 8. 

FIGURE 4    |    In silico acceleration analysis. (A) Simulated Shepp-Logan for different acceleration factors (R) for the multi-shot EPI (MS-EPI) and 
EPIK (MS-EPIK) readouts and reconstructed the naïve, external GRAPPA, internal GRAPPA, and GRAPPA C + S approaches. (B) Root-mean-square 
error (RMSE) as a function of R and the number of shots (Nshot) for MS-EPI, MS-EPIK, and four reconstructions methods. Overall, lower RMSE was 
obtained for the MS-EPIK compared to MS-EPI.
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The naïve reconstructions at R = 1 have more aliasing artifacts 
with MS-EPI compared to the MS-EPIK acquisition, indicating 
more shot-to-shot phase variation. At higher R, the MS-EPIK 
readout shows limited aliasing. The GRAPPA C + S reconstruc-
tion provides good phase mitigation at R = 1. At R = 2, the image 
reconstructed using external or internal GRAPPA reconstruc-
tion displays shot-to-shot phase variation aliasing, while none 
are visible for the GRAPPA C + S method. At R = 4 only one shot 
is used in the reconstruction, no inter-shot phase aliasing arti-
facts are visible.

Quantitative SNR comparisons are given in Figure  9. Three 
effects may affect the SNR in this analysis: 1) the shot-to-shot 
phase variation and corresponding signal aliasing; 2) the lower 
SNR of parallel imaging at a higher acceleration factor; 3) the TE 
differences between the diffusion encoding waveforms. In the 
brain and liver, at R = 1 and R = 2, higher SNR is obtained for 
the higher order motion compensated waveforms for the Naïve, 
internal, and external GRAPPA reconstruction (green arrows). 

In these cases, the motion compensation provides an SNR ben-
efit by reducing the shot-shot phase variation. At R = 4, only 
one shot is considered for reconstruction and thus there is no 
shot-to-shot phase variation issue. In this scenario, the motion 
compensated waveform provides little benefit and the higher TE 
of the motion-compensated diffusion waveform dominates the 
SNR (red arrows). In the brain, the GRAPPA C + S approach ef-
ficiently provides shot-to-shot phase mitigation with an overall 
SNR higher than the other reconstruction methods and thus the 
TE effect is predominant (red arrows). In the liver, the benefit 
of GRAPPA C + S was limited, and similar SNR was observed 
compared to external and internal GRAPPA. Overall, in the 
brain and liver, a higher SNR was obtained for the external and 
internal GRAPPA reconstruction at R = 4 compared to R = 2, 
showing that the shot-to-shot phase variation effect was more 
important than the reduced SNR of a higher R. In the heart, only 
the M0M1M2 waveform was used and a higher R yielded a lower 
SNR showing little shot-to-shot phase variation effect. Thus, the 
highest SNR was obtained for the naïve reconstruction.

FIGURE 5    |    Example of in vivo images in one volunteer of the brain, liver, and heart with a naïve reconstruction for the non-motion compensated 
(M0) and motion compensated (M0M1 and M0M1M2) diffusion encoding waveforms and for the single-shot EPI (SS-EPI) and multi-shot EPI (MS-EPI) 
and EPIK (MS-EPIK) acquisitions. Diffusion-weighted images (DWI) are shown for each organ as well as the colored fraction of anisotropy (FA) for 
the brain, Apparent Coefficient of Diffusion (ADC) for the liver, and the primary Eigen orientation (E1 or aggregate cardiomyocyte orientation) in 
the heart. SS-EPI are acquired without motion compensation (M0) for the brain and liver and with second-order motion compensation (M0M1M2) 
for the heart.
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5   |   Discussion

In this work, prospective strategies for mitigating artifacts in 
DWI MS-EPI were assessed. Motion-compensated diffusion en-
coding waveforms as well as an MS-EPIK readout were studied 
in silico and in vivo in the brain, liver, and heart. In silico, alias-
ing artifacts arising from inter-shot phase-variation and accel-
eration factors were evaluated for MS-EPI and MS-EPIK as well 
as their B0 sensitivity. In addition, the inter-shot phase-variation 
across diffusion encoding waveform was studied in vivo using 
the keyhole of the MS-EPIK readout. Quantitative diffusion 
metrics and SNR of different reconstruction methods were 
also compared for each approach. First & second order motion-
compensated diffusion encoding waveforms (M0M1M2) were 
found to robustly reduce inter-shot phase variation and enable 
DWI MS-EPI in vivo for a range of applications.

Motion-compensated diffusion-encoding waveforms have 
previously been proposed to reduce motion-induced signal 
dropout in cardiac diffusion imaging [28,29]. These wave-
forms are constructed to null the phase contribution of mov-
ing spins with constant velocity and/or constant acceleration. 
In this work, using the keyhole region of the MS-EPIK readout 
in vivo, we were able to demonstrate that shot-to-shot phase 
variations were mostly due to physiologic motion which can be 
compensated by waveforms designed using the GMN theory. 
We also showed that the M0M1M2 motion-compensated wave-
forms reduced the inter-shot phase variation compared to M0 
or M0M1 waveforms in the brain and liver. In the liver, the 
inter-shot phase CV remained elevated using M0M1M2 likely 
because of uncorrected respiratory through-plane motion 
since the liver acquisitions were realized in free-breathing 
conditions.

FIGURE 6    |    Quantitative values across slices and volunteers in the brain, liver, and heart for the non-motion–compensated (M0) and motion-
compensated (M0M1 and M0M1M2) diffusion encoding waveforms and for the single-shot EPI (SS-EPI), multi-shot EPI (MS-EPI) and EPIK (MS-
EPIK) acquisitions. (A) Mean diffusivity (MD) in the Brain and Heart and Apparent Diffusion Coefficient (ADC) in the Liver. (B) Fraction of anisot-
ropy (FA) in the Brain and Heart. Each scatter data point corresponds to a mean value measured in a single slice for a given volunteer. Scatter data 
are organized per subject. Statistical differences were evaluated using an ANOVA considering the SS-EPI acquisition as a reference scan. Significant 
p-values<0.01 are represented by (**).
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The design of motion compensated waveforms using the GMN 
approach led to a significant increase in TE compared to a 
non-motion compensated waveform for an equivalent b-value. 
Numerical designs have been proposed [25,45] to reduce the 
TE contribution of the motion-compensated diffusion encod-
ing waveforms. These numerical designs optimize the dead 
time in the symmetric diffusion encoding waveforms due 
to a high TpreTE (Figure  1). Using a higher R reduces TpreTE 
and thus reduces the benefit of using a numerically designed 
diffusion encoding waveform. An alternative solution is 
also to employ other readouts like spiral [46] that provide a 
TpreTE = 0 and trade geometric distortion for signal blurring. 
In this work, despite the increased TE, we showed that using 
M0M1M2 waveforms with MS-EPI grants higher SNR benefits 
than using highly accelerated single-shot acquisition with M0 
diffusion encoding.

The EPIK approach was originally proposed as a single-shot ap-
proach offering a narrower Point Spread Function (PSF) than 
traditional SS-EPI, but lower than MS-EPI [31]. Here we eval-
uated an MS-EPIK approach which is robust to image aliasing 
as shown in silico. This was observed in vivo wherein the MS-
EPIK readout displayed less signal aliasing (either due to mo-
tion or to an acceleration factor) than the MS-EPI readout for an 
equivalent diffusion encoding waveform. In the B0 inhomoge-
neity analysis, an RMSE of ~15% was obtained for the MS-EPIK 
for Nshot = 2,4,8 readouts which were equivalent to the RMSE of 
the MS-EPI readout with Nshot = 2 (14%). MS-EPIK also showed 
equivalent image distortion as the SS-EPI readout in vivo. Here 
again, this corresponds to the in silico simulation since the 

SS-EPI was acquired with R = 2 which has the same number of 
k-space lines as an MS-EPI Nshot = 2 trajectory.

For the “naïve” reconstructions in  vivo, all the methods were 
compared with equivalent scan times by adjusting the number 
of averages, the acceleration factor, and the number of shots for 
the SS-EPI (Nshot = 1, R = 2, Navg = 8), MS-EPI, and MS-EPIK 
readouts (Nshot = 4, R = 1, Navg = 2). Quantitatively, the MD, FA, 
and ADC values measured in vivo using the reference SS-EPI 
readout were in the range of healthy values seen from literature 
in the brain [47], liver [4], and heart [48]. For the naïve recon-
struction of MS-EPI and MS-EPIK, the inter-shot phase-induced 
aliasing artificially increased MD, FA, and ADC. For the MD 
parameter, only the acquisitions using M0M1M2 showed no 
statistical differences compared to the SS-EPI. In the liver, the 
ADC obtained with the M0M1M2 diffusion encoding waveform 
was significantly lower than using the M0 SS-EPI. This is due to 
the perfusion/IVIM effect being compensated with the motion-
corrected diffusion encoding waveform [26,49], artificially re-
ducing the ADC between M0, M0M1, and M0M1M2 acquisitions. 
This effect was not observed in the brain, probably due to the 
lower perfusion fraction, nor in the heart since M0M1M2 wave-
forms were used in both the SS and MS acquisitions.

For the reconstructions with an acceleration factor, only a subset 
of shots from the Nshot were used which led to different k-space 
sampling factors across the readouts and were not studied at 
matching scan-time. For instance, in this work, a R = 4 corre-
sponds to 18.75% of the k-space being sampled for an MS-EPI ac-
quisition (24 lines sampled/shot, PF 75%, matrix 128 × 128) but 

FIGURE 7    |    In vivo shot-to-shot phase variation analysis using the keyhole region of the multi-shot EPIK (MS-EPIK) readout. (A) K-space of the 
keyhole region and corresponding magnitude and phase for each individual shot and for the non-motion compensated (M0) and motion compensated 
(M0M1 and M0M1M2) diffusion encoding waveforms. (B) Mean and standard deviation of the phase within the ROI for each diffusion direction, each 
average of the diffusion-weighted images (DWI) and non-DWI, and for the M0, M0M1, and M0M1M2 waveforms. Inter-shot phase variations were 
observed for M0 and M0M1waveforms while lower variations were obtained across the four shots using M0M1M2.



12 of 15 NMR in Biomedicine, 2025

up to 28.1% for an MS-EPIK trajectory (36 lines sampled/shot, 
PF 75%, matrix 128 × 128). In comparison, the referenced SS-EPI 
protocol used here sampled 37.5% of the k-space using R = 2 (48 
lines sampled, PF 75%, Matrix 128 × 128). We also compared ex-
ternal GRAPPA and internal GRAPPA and GRAPPA C + S re-
construction methods since the keyhole region of the MS-EPIK 
can also be seen as integrated ACS lines. The GRAPPA C + S 
used here was an integrated version of the realigned GRAPPA 
reconstruction proposed by Liu et  al. [35] to mitigate shot-to-
shot phase variation for MS-EPI. In silico, overall, a lower RMSE 
was obtained using the MS-EPIK readout compared to the MS-
EPI while equivalent SNR was obtained between both readouts 
in vivo. Reconstruction methods were equivalent in silico while 
in  vivo the GRAPPA C + S reconstruction provided a slightly 
higher SNR in the brain. Across all reconstructions, R < Nshot, 
using motion-compensated waveforms increased the SNR while 
at R = Nshot only one shot was considered, and non-motion com-
pensated waveforms provided higher SNR. In  vivo at high R 
equivalent SNR was measured between MS-EPI and MS-EPIK 
while a lower RMSE was obtained for the MS-EPIK in silico.

6   |   Limitations

This study had several limitations. First, only protocols with 
Nshot = 4 were evaluated in vivo for MS-EPI and MS-EPIK with 
a limited spatial coverage, multiple parameters matching across 
organs and considering the SS-EPI as a reference scan. SS-EPI 
acquisitions suffered from strong image distortion and required 
parallel imaging to obtain low TpreTE and TE. Second, the results 
of this manuscript were demonstrated only on a small sample 
size (N = 5) across three organs. Single organ studies with larger 
sample sizes and sequence parameters adjusted per organ are 
necessary to confirm the findings. Third, partial Fourier was 
not directly studied even though it is an important mechanism 
to reduce TEpi and TpreTE for SS-EPI. As shown in Figure 1, par-
tial Fourier becomes less advantageous as the Nshot increases. 
Here, all the acquisitions and simulations were performed using 
a constant partial Fourier factor of 75%. Fourth, the T2 and T2* 
relaxations were not simulated and evaluated between SS-EPI, 
MS-EPI, and MS-EPIK. T2/T2* relaxation during the EPI read-
out induces blurring which increases as the TEpi increases and 

FIGURE 8    |    Example of in vivo liver acquisition in one volunteer using the first- & second-order motion compensated (M0M1M2) diffusion en-
coding waveforms. (A) Reconstruction of Multi-shot EPI with keyhole (MS-EPIK) readout with the Naïve, internal, external GRAPPA, and GRAPPA 
C + S methods for several acceleration factors (R). (B) Multi-shot EPI (MS-EPI) images were reconstructed with the naïve and external GRAPPA 
methods. (C) Number of k-space lines used and equivalent acquisition time for a reconstruction given R. For the GRAPPA C + S, the case R = 1 corre-
sponds to a shot-to-shot phase mitigation reconstruction, and the case R = 4 is equivalent to the internal GRAPPA reconstruction. Overall MS-EPIK 
acquisitions display lower aliasing than MS-EPI. Image aliasing due to shot-to-shot phase variation can still be observed in external GRAPPA re-
construction of the MS-EPI at R = 2. The internal GRAPPA C + S successfully mitigates inter-shot phase variation at R = 1 for the MS-EPIK readout.
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accounts for most of the PSF differences between SS-EPI, MS-
EPI, and MS-EPIK [31,50]. Finally, only a few properties of the 
MS-EPIK readout were evaluated in this work. MS-EPIK has 
been initially proposed for DWI as a navigator-integrated MS 
DWI approach [32] to correct inter-shot phase variation which 
was not evaluated here.

7   |   Conclusion

In this study, MS-EPIK offered limited benefit to reduce signal 
aliasing compared to MS-EPI in vivo and had comparable image 
distortion as SS-EPI. M0M1M2 waveforms were shown to miti-
gate shot-to-shot phase variation for MS-EPI in the brain, liver, 

and heart. In the liver, M0M1M2 waveforms lead to significantly 
lower diffusivities compared to M0 waveforms due to motion-
compensated perfusion signal.
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FIGURE 9    |    In vivo acceleration SNR analysis. SNR values across slices and across volunteers in the brain, liver, and heart for several acceleration 
factors (R) reconstructed with the Naïve, internal, external GRAPPA, and GRAPPA C + S, for the non-motion compensated (M0) and motion compen-
sated (M0M1 and M0M1M2) diffusion encoding waveforms and for the single-shot EPI (SS-EPI) and multi-shot EPI (MS-EPI) and EPIK (MS-EPIK) 
acquisitions. For the GRAPPA C + S, the case R = 1 corresponds to a shot-to-shot phase mitigation reconstruction, and the case R = 4 is equivalent to 
the internal GRAPPA reconstruction. The green arrow represents the gain in SNR across diffusion-encoding waveforms due to motion compensa-
tion. The red arrow represents the SNR loss across diffusion-encoding waveforms due to the increased TE.
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