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Abstract
Purpose: To evaluate the utility of up to second-order motion-compensated diffu-
sion encoding in multi-shot human brain acquisitions.
Methods: Experiments were performed with high-performance gradients
using three forms of diffusion encoding motion-compensated through differ-
ent orders: conventional zeroth-order–compensated pulsed gradients (PG),
first-order–compensated gradients (MC1), and second-order–compensated gradi-
ents (MC2). Single-shot acquisitions were conducted to correlate the order of motion
compensation with resultant phase variability. Then, multi-shot acquisitions were
performed at varying interleaving factors. Multi-shot images were reconstructed
using three levels of shot-to-shot phase correction: no correction, channel-wise
phase correction based on FID navigation, and correction based on explicit phase
mapping (MUSE).
Results: In single-shot acquisitions, MC2 diffusion encoding most effectively sup-
pressed phase variability and sensitivity to brain pulsation, yielding residual varia-
tions of about 10◦ and of low spatial order. Consequently, multi-shot MC2 images
were largely satisfactory without phase correction and consistently improved with
the navigator correction, which yielded repeatable high-quality images; contrarily,
PG and MC1 images were inadequately corrected using the navigator approach.
With respect to MUSE reconstructions, the MC2 navigator-corrected images were in
close agreement for a standard interleaving factor and considerably more reliable for
higher interleaving factors, for which MUSE images were corrupted. Finally, owing
to the advanced gradient hardware, the relative SNR penalty of motion-compensated
diffusion sensitization was substantially more tolerable than that faced previously.
Conclusion: Second-order motion-compensated diffusion encoding mitigates and
simplifies shot-to-shot phase variability in the human brain, rendering the
multi-shot acquisition strategy an effective means to circumvent limitations of
retrospective phase correction methods.
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diffusion-weighted imaging, motion compensation, multi-shot DWI, navigator, phase
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2 MICHAEL et al.

1 INTRODUCTION

Diffusion-weighted (DW) MRI acquisitions are typically
performed using single-shot readouts, but the attainable
spatial resolution is practically limited by T2* blurring
and off-resonance artifacts,1 which worsen with a pro-
longed acquisition window. Multi-shot acquisitions, on
the other hand, are desirable because segmentation of
the spatial encoding window into shorter snippets curbs
T2* and off-resonance issues, permitting higher achiev-
able resolution; however, interleaved diffusion acquisi-
tions (i.e., those with diffusion encoding performed for
each acquisition interval) incur the necessity to correct for
phase variations between shots. Shot-to-shot phase incon-
sistencies occur because conventional Stejskal-Tanner
diffusion encodings2 have uncompensated first- and
higher-order moments that cause phase accrual for
equivalent-order subject motion (e.g., bulk involuntary
movement, cardiac pulsation, respiration) during dif-
fusion sensitization, and such motion3 varies across
shots.

Much research effort has been devoted to the devel-
opment of reconstruction methods that retrospectively
correct for shot-to-shot phase differences in multi-shot
diffusion imaging.4 Correction strategies initially relied
on the acquisition of additional navigators5 to estimate
phase differences across interleaves.6–10 Later, explicit
phase-mapping approaches were developed, in which
either the k-space center was oversampled to reconstruct
low-resolution images per shot,11,12 or parallel imaging13,14

was used to directly reconstruct images for individual
shots;15,16 in both cases, per-shot phase maps could be
obtained and fed into a reconstruction over all shots. The
performance of these explicit phase-mapping methods was
subsequently improved by iteratively updating the derived
phase estimates.17–20 More recently, low-rank reconstruc-
tion algorithms21–23 were proposed to bypass the explicit
phase estimation step, providing better robustness with
respect to explicit phase mapping at higher interleaf fac-
tors.24 Additionally, reconstruction models incorporating
macroscopic motion between interleaves were devel-
oped,25–28 as well as strategies for multi-slice diffusion
acquisitions.24,29–31 A drawback of these increasingly
complex reconstruction strategies is that the assumed or
enforced smoothness of motion-induced phase inherently
restricts attainable image accuracy, especially at higher
interleaf factors for which undersampling impedes the
estimation or inference of phase in each shot. A fur-
ther disadvantage of these methods is computation time,
which limits their use.32,33

An alternative means of combatting phase variability
in multi-shot diffusion experiments is to eliminate the
cause of shot-to-shot phase differences, that is, to null the

moments of the diffusion encoding gradients. Diffusion
gradient shapes with nulled higher-order moments incur
no phase accrual for equivalent-order time derivatives
of motion, thereby reducing shot-to-shot phase differ-
ences, but encode diffusion less efficiently and require
longer TEs (for a given b-value), thereby reducing SNR.
Motion-compensated diffusion encoding is commonly
employed in cardiac34–36 and abdominal organ diffu-
sion imaging,37–39 in which severe physiological motion
necessitates such encoding to avoid irreversible intravoxel
dephasing, even in single-shot acquisitions. The strat-
egy was also shown to mitigate artifacts in single-shot
diffusion-prepared brain acquisitions with extreme, con-
tinuous motion (up to 20◦ rotation).40 Even in the absence
of large head movements, the prospect of suppressed
phase variability renders motion-compensated diffusion
encoding attractive for multi-shot acquisitions. The use
of first-order–compensated diffusion sensitization in
multi-shot brain acquisitions was adopted41–44 during the
early stages of the aforementioned advances in reconstruc-
tion strategy—roughly coinciding with the development
of the initial navigator-based approaches—and resulted
in artifact reduction (albeit with residual ghosting); how-
ever, the relative diffusion-encoding inefficiency incurred
by moment-nulling at contemporary gradient strengths
(up to about 20 mT/m) was a significant disadvantage.3
To our knowledge, the strategy has since been practically
abandoned in multi-shot in vivo human brain imaging
in favor of the proliferating retrospective phase correc-
tion methods, likely due to the substantial SNR penalty of
motion compensation.

Over the same time span, gradient technology has con-
tinually improved, leading to steadily increasing gradient
strengths and a recent advent of high-performance gradi-
ent systems,45–49 which are about an order of magnitude
stronger than those at the time of previous multi-shot,
motion-compensated diffusion experiments. As a result,
the relative TE burden and consequent SNR disadvan-
tage of less-efficient diffusion gradient shapes have greatly
reduced, thereby abating the practical limitations of using
motion-compensated diffusion gradients in multi-shot
acquisitions and warranting a reconsideration of the strat-
egy. To this end, in this work we evaluate the utility of up
to second-order motion-compensated diffusion sensitiza-
tion in multi-shot DWI of the in vivo human brain using
a high-performance gradient system.46 We first establish
the phase variability resulting from diffusion encoding
with different orders of motion compensation in repeated
single-shot acquisitions. Subsequently, we utilize these dif-
fusion encodings in multi-shot acquisitions with varying
interleaving factors and for varying degrees of correction
for shot-to-shot phase variability in image reconstruction,
for which a conventional reconstruction procedure based
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MICHAEL et al. 3

T A B L E 1 Experimental parameters for Experiments 1–3.

Diffusion
gradients Shots Readout TE (ms)

In-plane
resolution (mm) Repetitions

Experiment 1

PG 1 Spiral 23 2 15

MC1 1 Spiral 38 2 15

MC2 1 Spiral 41 2 15

Experiment 2

PG 3 Spiral 23 1 4

3 EPI 45 1.5 4

MC1 3 Spiral 38 1 4

3 EPI 65 1.5 4

MC2 3 Spiral 41 1 4

3 EPI 68 1.5 4

Experiment 3
PG 6, 8, 10 Spiral 23 1 2 (10-shot) 3 (others)

5, 7 EPI 52 (5-shot) 42 (7-shot) 1 3

MC2 6, 8, 10 Spiral 41 1 2 (10-shot) 3 (others)

5, 7 EPI 75 (5-shot) 64 (7-shot) 1 3

Abbreviations: MC1, first-order–compensated bipolar gradients; MC2, second-order–compensated bipolar gradients; PG, zeroth-order–compensated
pulsed gradients.

on explicit phase mapping (i.e., MUSE)15 served as a stan-
dard for comparison.

2 METHODS

2.1 Data acquisition

Imaging experiments were carried out using a Philips
3T Achieva system (Philips Healthcare, Best, the Nether-
lands) equipped with a high-performance gradient
insert coil46 reaching Gmax = 200 mT/m and SRmax = 600
mT/m/ms at 100% duty cycle and an eight-channel RF
transmit-receive array coil50 that was custom-built for
neuroimaging with the gradient system.

The impact of different orders of motion compensa-
tion in diffusion encoding was evaluated over three exper-
iments, which are explained in the following sections
(see Table 1 for details). Two healthy adult males vol-
unteered for participation in all experiments in accor-
dance with applicable ethics policy. Over the exper-
iments, three diffusion-sensitizing gradient waveforms
were deployed, each motion-compensated through a dif-
ferent order: (1) conventional zeroth-order–compensated
monopolar gradients (i.e., pulsed gradients, abbrevi-
ated PG),2 (2) first-order–compensated bipolar gradi-
ents (MC1),51 and (3) second-order–compensated bipolar
gradients (MC2).52 The gradient waveforms achieved a
b-value of 1000 s/mm2 using gradient amplitudes near the

aforementioned specification while minimizing TE and
are shown in Figure S1. The acquisitions in all experiments
used three diffusion directions (along the Cartesian coordi-
nate axes), 10 slices, FOV= 220 × 220 mm2, slice thickness
= 3 mm, slice gap = 2 mm, and TR= 4000 ms.

2.1.1 Experiment 1

To assess phase variability over repeated acquisitions for
each order of motion compensation, ten repetitions of
single-shot spiral acquisitions (2-mm in-plane resolution)
were performed for each diffusion gradient waveform
(TE= 23, 38, and 41 ms for PG, MC1, and MC2, respec-
tively).

2.1.2 Experiment 2

To evaluate the utility of motion-compensated diffusion
encoding in standard multi-shot acquisitions, three-shot
acquisitions (four repetitions) were performed for each
diffusion gradient waveform. Images were reconstructed
using three levels of correction for shot-to-shot phase
variability (see Section 2.2) to determine the adequacy of
each correction for each order of compensation. Acqui-
sitions were paired with both spiral and EPI53 readouts
(1-mm and 1.5-mm in-plane resolutions, respectively)
to judge this performance against the imaging gradient
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4 MICHAEL et al.

trajectory. The spiral TEs were the same as in Experiment
1, and the EPI TEs were 45, 65, and 68 ms for PG, MC1,
and MC2, respectively.

2.1.3 Experiment 3

Finally, to examine the effect of motion compensation
in more challenging multi-shot acquisitions—in par-
ticular, at interleaving factors for which conventional
phase-mapping–based reconstruction struggles—highly
interleaved acquisitions were performed using PG and
MC2 diffusion encoding; spiral trajectories with 6, 8, and
10 shots and EPI trajectories with 5 and 7 shots were
used (1-mm in-plane resolution for all cases). All acqui-
sitions were repeated three times except for the 10-shot
spiral acquisitions, which were repeated two times. Images
were again reconstructed using three forms of correction
for shot-to-shot phase variability to assess the adequacy
of each level of correction. The spiral TEs were the same
as in Experiment 1, and the EPI TEs were 52 ms and
75 ms for 5-shot acquisitions and 42 and 64 ms for 7-shot
acquisitions for PG and MC2, respectively.

2.2 Imaging gradient trajectories

All EPI and spiral trajectories were designed using an
in-house pipeline that constructs the shortest possible
gradient waveform for given gradient and slew rate lim-
itations, Glim and SRlim, respectively. For the spiral tra-
jectories, Glim = 200 mT/m and SRlim = 600 mT/m/ms
were used, but for EPI trajectories Glim = 40 mT/m and
SRlim = 200 mT/m/ms were used to mitigate ghosting
induced by eddy currents.

2.3 Image reconstruction

All acquisitions were repeated to monitor the spatiotem-
poral field dynamics during readout using a field camera
based on 1H NMR field probes54 (Skope Magnetic Res-
onance Technologies, Zurich, Switzerland). Third-order
spherical harmonic field models, which were corrected for
second-order concomitant fields,1 were fitted to these data
and were used in combination with off-resonance maps in
a higher-order algebraic reconstruction algorithm.55

The three forms of shot-to-shot phase correction imple-
mented in Experiments 2 and 3 are schematically illus-
trated in Figure 1. The first and simplest scheme was a
direct (i.e., “native”) reconstruction over all interleaves, in
which shot-to-shot phase differences were not corrected
for.

The second strategy, which required negligible addi-
tional computation with respect to native reconstruction,
entailed multiplication of MR signal of each shot by a
phase factor6 based on FID navigation56 (i.e., momentary
signal acquisition at k= 0 before readout). This naviga-
tor phase correction was performed channel-wise and is
given by

simg,corr
γ,ξ = simg

γ,ξ e−iφnav
γ,ξ (1)

where simg
γ,ξ is the complex MR signal measured during the

readout of interleaf ξ by channel γ, and φnav
γ,ξ is the phase of

the phase factor for interleaf ξ and channel γ, given by

φnav
γ,ξ = angle

(
snav
γ,ξ

)
, (2)

where snav
γ,ξ is the complex MR signal measured at k= 0

before the readout of interleaf ξ by channel γ, and the bar
denotes time averaging over the relevant k-space center
sampling interval. To facilitate this strategy, the acquisi-
tions of Experiments 2 and 3 included a 0.5-ms measure-
ment at k= 0 before readout; only the final 100 acquisition
samples (131 μs) before the imaging gradients were used to
determine φnav

γ,ξ .
The final phase correction strategy employed here

utilized explicit per-shot phase maps, as in MUSE15

and SENSE+CG;16 the strategy is hereafter referred
to as MUSE. This reconstruction was implemented
as a two-step process: first, individual images were
reconstructed for each shot using SENSE;14 second,
low-pass–filtered phase maps from the images computed
in the first step were used in a reconstruction over all
interleaves by incorporating the spatially varying per-shot
phase into the encoding model. Using the matrix–vector
encoding notation,13 the encoding matrix E used in the
higher-order reconstruction of the second step is given by

E(γ,κ),ρ = cγ
(
rρ
)

× e
i

[
𝛥𝜔(rρ)tκ+

∑
l

kl(tκ)bl(rρ)+φ(CF)(tκ ,rρ)+φ(MUSE)(ξκ ,rρ)
]

,

(3)

where cγ denotes the complex sensitivity of the γth chan-
nel, rρ the position of the ρth pixel, 𝛥𝜔 the demodulated
off-resonance frequency, tκ the time since excitation of the
κ-th signal sample, kl the coefficient of the l-th spherical
(solid) harmonic basis function bl as determined by field
monitoring, φ(CF) the phase evolution corresponding to
concomitant fields (which were determined as described
by Wilm et al.),1 φ(MUSE) the per-shot phase associated with
MUSE, and ξκ the interleaf number of the of the κ-th signal
sample. The size of E is NκNγ × Nρ, where Nκ , Nγ, and Nρ
are the numbers of samples, channels, and reconstructed
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MICHAEL et al. 5

(A)

(C)

(B)

F I G U R E 1 Schematic diagrams of reconstruction strategies for multi-shot diffusion data: native (A), FID navigator (B), and explicit
phase mapping (C). The term “RECON” generically represents image reconstruction, which may include, for example, the conjugate
gradient algorithm, the SENSE algorithm, B0 off-resonance correction, and field monitoring data.

pixels, respectively, and interleaves are concatenated along
Nκ (i.e., Nκ = NξNκ̃ for a Nξ-shot acquisition with Nκ̃ sig-
nal samples per interleaf). It is noted that the addition
of φ(MUSE) to the exponential is equivalent to the use of
composite sensitivity profiles.11

2.4 Image preprocessing and analysis

All reconstructed images were corrected for Gibbs ring-
ing57 then bias field-corrected58 using SPM12 (http://www
.fil.ion.ucl.ac.uk/spm/software/spm12/).
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6 MICHAEL et al.

F I G U R E 2 Phase maps of repeated single-shot diffusion-weighted (DW) spiral images acquired using diffusion gradients
motion-compensated through the zeroth order (PG), first order (MC1), and second order (MC2). Phase maps are shown for different axes of
diffusion weighting (different sections, vertically separated) and for the first 4 of 10 repetitions (different columns per section). Phase is given
as the difference with respect to the phase of the complex-averaged signal over all repetitions, per diffusion direction and order of motion
compensation. AP, anterior–posterior; LR, left–right; SI, superior–inferior.

In Experiment 2, evaluation of native and navigator-
corrected images with respect to the corresponding
MUSE image was performed in terms of normalized
root mean square error (nRMSE), computed as nRMSE =
‖‖mref − m̂‖‖F∕‖mref‖F , where mref is the reference (MUSE)
image, m̂ is the relevant reconstructed image (native or
navigator-corrected), and || ∗ ||F denotes the Frobenius
norm. Images in Experiments 2 and 3 were also assessed
using maps of standard deviation (SD) of image magnitude
across repetitions. Bias-field correction was omitted from
both calculations to avoid artificial modulation.

3 RESULTS

3.1 Experiment 1

Phase images of repeated single-shot diffusion-weighted
(DW) acquisitions using different orders of motion com-
pensation are shown in Figure 2. Phase variability across
repetitions is the most severe using PG, for which indi-
vidual phase images consist of complex spatial patterns
that are consistent with both rigid body (i.e., bulk) motion,
which gives rise to global phase offsets and spatial phase
gradients,7 and nonrigid body motion, which contributes
spatially nonlinear phase.59 The main source of nonrigid
motion is brain pulsation, which leads to the nonlinear
fluctuating phase patterns originating from the ventricles.
In addition, the PG phase fluctuations are considerably
more volatile for the images acquired using diffusion
encoding along the superior–inferior (SI) axis. On the
other hand, MC1 phase images have lower repetition-wise
variability, exhibiting smoother spatial variations and
lower extremes, and the MC2 phase fluctuations are even

further suppressed and comprise global phase offsets of
low magnitude with minor spatial variations of low spa-
tial order. Evidently, the residual uncompensated motion
beyond the second order is dominated by rigid compo-
nents, as nonlinear phase patterns are largely eliminated,
and is effectively decoupled from the cardiac cycle.

Figure 3 illustrates the repetition-wise SD of DW
phase images acquired using diffusion gradients
motion-compensated through different orders for different
transverse slices. As in Figure 2, phase variability weakens
and manifests in flatter spatial profiles with increasing
motion compensation. Phase changes are again seen to be
more severe for SI diffusion encoding than for encoding
along the anterior–posterior (AP) and left–right (LR) axes
for PG and MC1, whereas for MC2 the phase changes are
generally slightly higher for AP diffusion encoding. Over
the depicted slices, the directionally averaged SD reduced
by 55% and 77% with respect to PG for MC1 and MC2,
respectively, of which the greatest reductions were for SI
diffusion encoding at 68% and 88% for MC1 and MC2,
respectively.

3.2 Experiment 2

In Figure 4, the phase variability seen in Experiment 1 is
realized in three-shot spiral and EPI acquisitions recon-
structed without phase correction; images are shown for
each order of motion compensation with diffusion encod-
ing applied along the SI axis, the most critical direc-
tion in terms of phase variability. Maps of the mean and
SD of image magnitude over repetitions are also shown.
For both spiral and EPI, PG diffusion encoding leads to
poor image quality owing to a high level of shot-to-shot
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MICHAEL et al. 7

F I G U R E 3 Repetition-wise SD of
phase σφ across repeated single-shot
diffusion-weighted (DW) spiral
acquisitions using diffusion gradients
motion-compensated through the
zeroth order (PG), first order (MC1),
and second order (MC2). Maps of σφ
are shown for different axes of diffusion
encoding and for multiple slices of the
same volunteer. Slice 3 of this figure is
the same as the slice depicted in
Figure 2. AP, anterior–posterior; LR,
left–right; SI, superior–inferior.

phase differences that cannot be neglected in image recon-
struction. Using MC1 diffusion gradients, image quality
is greatly improved, and the typical level of artifacts is
reduced. Although such acquisitions often result in images
devoid of perceptible artifacts, particularly for spiral trajec-
tories, the level of phase inconsistencies in the presence of
only first-order motion compensation can lead to regions
of slight signal dropout for spiral and more conspicu-
ous ghosting for EPI trajectories; these artifacts are made
noticeable in the SD maps, which accentuate inconsisten-
cies over repetitions. Using second-order motion compen-
sation, however, typical artifacts caused by phase fluctua-
tions are practically eliminated for spirals, yielding repeat-
able high image quality and a great level of consistency
between each repetition and the average over repetitions,
whereas ghosting occasionally occurs but remains faint
for EPI.

Figure 5 compares the performance of the three forms
of image reconstruction for PG, MC1, and MC2 diffu-
sion encoding with spiral readout. For each repetition,
diffusion-encoding axis, and order of motion compensa-
tion, both the native and navigator-corrected reconstruc-
tions are evaluated in terms of nRMSE with respect to
the respective MUSE reconstruction, which is considered
a ground truth. Furthermore, the three reconstruction
methods are compared in terms of the SD of image magni-
tude across repetitions for each case. The benefit of the FID
navigator correction is the least complete and consistent
for PG, for which the elevated irreproducibility captured by
the SD maps signifies considerable residual image inaccu-
racies. For a few cases, nRMSE is even markedly higher for
the navigator-corrected than for the native reconstruction.
For MC1 diffusion gradients, the performance improve-
ment offered by the navigator phase correction is small in
most cases for which the natively reconstructed image is
already close to the MUSE image (less than 4% in nRMSE),

(A)

(B)

F I G U R E 4 Natively reconstructed diffusion-weighted images
using spiral (A) and EPI (B) trajectories for diffusion gradients
motion-compensated through the zeroth order (PG), first order
(MC1), and second order (MC2). For each diffusion gradient shape
and readout trajectory, four repetitions of acquisitions using
diffusion encoding along the superior–inferior axis are shown, as
well as the mean and SD (scaled by 6) of magnitude images.
Artifacts of varying strength are indicated by white arrows. The
same slice of one volunteer is shown in both subfigures.
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8 MICHAEL et al.

(A)

(B)

(C)

F I G U R E 5 Comparison of native (NAT) and navigator phase-corrected (NAV) reconstruction for three-shot diffusion-weighted (DW)
spiral acquisitions using diffusion gradients motion-compensated through the zeroth order (PG; A), first order (MC1; B), and second order
(MC2; C). On the left side of each subfigure, nRMSE with respect to a MUSE reconstruction is displayed for both NAT and NAV reconstructions
for all acquisitions (four repetitions of three diffusion-encoding axes); note that the vertical scaling of (B) and (C) is different than that of (A).
On the right side of each subfigure, maps of the SD (of image magnitude) across repetitions per reconstruction strategy are shown for each
diffusion-encoding direction. All data shown in this figure are from a representative slice of one volunteer. AP, anterior–posterior; LR,
left–right; nRMSEcum, cumulative nRMSE computed over all acquisitions per order of motion compensation; SI, superior–inferior.
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MICHAEL et al. 9

representing most of the acquisitions, but more substantial
when the native image has relatively larger deviations with
respect to the MUSE result (with nRMSE 5%–15%). That
said, the navigator correction is inadequate in a few odd
cases (e.g., repetition 1 of DWAP), resulting in visibly worse
SD maps than for MUSE and indicating that MC1 phase
variability may exceed the phase-correction capabilities of
the navigator strategy. Finally, when MC2 diffusion gradi-
ents were used, navigator-corrected reconstruction again
offers a small improvement in most of the cases for which
native reconstruction already performs very well (less than
2% in nRMSE). A more significant benefit arises in the few
cases for which native reconstruction exhibits relatively
larger deviations with respect to the MUSE reconstruc-
tion (with nRMSEs 5%–10%) and is reflected in the DWAP
SD maps. Overall, the combination of MC2 diffusion gra-
dients and image reconstruction using the FID naviga-
tor correction offers the best performance with respect
to MUSE, consistently yielding nearly equivalent images
numerically with a cumulative nRMSE of 1.29%. Impor-
tantly, for MC2 diffusion encoding the navigator correction
effectively mitigates image inaccuracies in the few cases of
relatively high error with native reconstruction alone.

An equivalent illustration to that shown in Figure 5
is shown for EPI readout in Figure 6. Compared with the
spiral results, nRMSE values are about 1.5-2× higher for
corresponding cases, and MUSE reconstructions exhibit
inconsistencies that propagate as ghost profiles in the SD
maps. The poorer MUSE quality for EPI can be expected
because ghosting was observed in the per-shot recon-
structions, which likely resulted from the higher g-factor
penalty for EPI than for spiral readout;60 this deficiency
was previously shown to cause errors in 4× undersampled
EPI using the same gradient system and coil.61 The con-
sequent apparent reduced repeatability of MUSE is con-
spicuous for PG and weak for MC1, but absent for MC2,
demonstrating mitigation of the penalty by suppressed
phase variability. Aside from these differences, the appli-
cation to EPI offers the same general result as for spiral
readout.

3.3 Experiment 3

Figure 7A illustrates images from highly interleaved DW
spiral acquisitions using native, navigator-corrected, and
MUSE reconstructions in acquisitions using PG and MC2
diffusion encoding. Native reconstructions are riddled
with artifacts for all shot counts for PG but are of high qual-
ity for MC2. Progressing to the navigator-corrected recon-
structions, image quality improves for all PG images, but
some false anatomical features remain; on the other hand,
the MC2 navigator-corrected images are consistent with

the respective native images and devoid of discernible arti-
facts. Finally, for both PG and MC2, the MUSE algorithm
is successful for 6-shot acquisitions but fails for 8- and
10-shot acquisitions, producing corrupted images with
particularly conspicuous hyperintensities around the ven-
tricles because of faulty per-shot reconstructions.

In Figure 7B, an equivalent set of images is shown
for highly interleaved EPI acquisitions. It can again be
observed that both native and navigator phase-corrected
images are visibly untroubled at both interleaving fac-
tors using MC2 gradients but produce strong artifacts for
PG. Using MUSE, however, artifacts progressively worsen
going from five to seven shots and are worse than those
seen for three-shot EPI in Figure 6.

To evaluate the repeatability of navigator-corrected
reconstruction using MC2 diffusion sensitization in highly
interleaved acquisitions, Figure 8 depicts multiple repeti-
tions for each interleaving factor and readout trajectory,
in addition to the repetition-wise means and SDs. The
SD maps indicate the presence of intensity disparities
that are inconsistent with pure noise and anatomical mis-
match, which would manifest in spatial homogeneity and
edge enhancement in the SD maps, respectively. Moreover,
these intensity disparities are more pronounced than those
seen in three-shot acquisitions based on Figures 5 and 6,
reflecting reduced repeatability at higher interleaving fac-
tors. That said, the images here are very consistent, and the
differences are hardly discernible in individual images.

4 DISCUSSION

Second-order motion-compensated diffusion encoding
most effectively suppressed phase variability in repeated
single-shot acquisitions, permitting just small residual
phase fluctuations of low spatial order. Consequently,
multi-shot MC2 images were largely devoid of arti-
facts when reconstructed without phase correction and
were consistently improved and of high quality when
reconstructed with a simple channel-wise phase correc-
tion based on FID navigation. These navigator-corrected
images were in close agreement with MUSE reconstruc-
tions for a standard interleaving factor of three and were
of higher quality than MUSE images in highly interleaved
acquisitions, in which the modeling constraints of MUSE
led to severe artifacts.

The superiority of MC2 over MC1 diffusion encoding
in multi-shot experiments was demonstrated in Exper-
iment 2, in which MC1 native and navigator-corrected
images had more artifacts and higher nRMSEs with
respect to MUSE than those of MC2. This performance
disparity indicates that the critical corrupting motions are
chiefly confined to the second temporal order and below.
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10 MICHAEL et al.

(A)

(B)

(C)

F I G U R E 6 Comparison of native (NAT) and navigator phase-corrected (NAV) reconstruction for three-shot diffusion-weighted (DW)
EPI acquisitions using diffusion gradients motion-compensated through the zeroth order (PG; A), first order (MC1; B), and second order
(MC2; C). On the left side of each subfigure, nRMSE with respect to a MUSE reconstruction is displayed for both NAT and NAV reconstructions
for all acquisitions (four repetitions of three diffusion-encoding axes); note that the vertical scaling of (B) and (C) is different than that of (A).
On the right side of each subfigure, maps of the SD (of image magnitude) across repetitions per reconstruction strategy are shown for each
diffusion-encoding direction. All data shown in this figure are from a representative slice of one volunteer. AP, anterior–posterior; LR,
left–right; nRMSEcum, cumulative nRMSE computed over all acquisitions per order of motion compensation; SI, superior–inferior.
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MICHAEL et al. 11

(A)

(B)

F I G U R E 7 Comparison of reconstruction methods for highly
interleaved diffusion acquisitions with motion compensation
through the zeroth order (PG) and second order (MC2). Native
(NAT), navigator phase-corrected (NAV), and MUSE images are
shown for spiral (A) and EPI (B) acquisitions with different
interleaving factors per readout type. For each column of the figure,
all three reconstructed images correspond to the same acquisition,
that is, one repetition of superior–inferior axis diffusion encoding.
(A) and (B) depict different slices of the same volunteer.

This notion is supported by the abatement of nonrigid
motions—namely, brain pulsation—upon second-order
motion compensation, given that brain pulsation was
found to be the dominant source of artifacts in multi-shot
brain DWI.62 As such, the remaining motions at higher
orders likely constitute fast bulk head movements, such as
cardiac-induced rigid head motion and involuntary move-
ment, and result in phase variations of low spatial com-
plexity that are more satisfactorily correctable than the
spatially nonlinear phase resulting from nonrigid motions.
That said, higher-order motions may still violate the con-
straints of the navigator approach, albeit marginally and
infrequently, as seen in Figure 8. Because motion is
unrelated to sequence timing, such violations are likely
probabilistic in nature, such that additional shots entail
additional potentially deficient navigator measurements,

(A)

(B)

F I G U R E 8 Navigator-corrected diffusion-weighted images
for repeated highly interleaved spiral (A) and EPI (B) acquisitions
using diffusion gradients motion-compensated through the second
order. Images acquired using superior–inferior axis diffusion
encoding are shown for all acquired repetitions at each interleaving
factor per readout trajectory, in addition to the repetition-wise mean
and SD (scaled by 10) of magnitude images per selection. The same
slices as displayed in (A) and (B) of Figure 7 are shown in the
respective subfigures here.

and exacerbated by dynamic interactions between sub-
ject position and MR fields;63 these interactions would
bias the navigator-based phase measurements and likely
worsen with increasing scan time because a broader
range of displacements can be expected. Nonetheless, in
light of the high consistency of satisfactory correction
with second-order motion compensation, the diminish-
ing returns of even higher orders of motion compensation
will have to be weighed against the additional encoding
demands.

The key advantage of motion-compensated diffusion
sensitization is that phase correction requires reduced
spatial fidelity or, analogously, spatial phase constraints
imparted by a given correction algorithm are better satis-
fied. The proximity of the MC2 navigator-corrected images
to MUSE reconstructions at interleaf factors for which
MUSE succeeded illustrates that correction of low effective
spatial specificity was sufficient and that phase correction
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12 MICHAEL et al.

of higher spatial resolution was dispensable. On the other
hand, the FID navigator approach was deficient with
uncompensated diffusion sensitization, for which MUSE
was required to produce uncorrupted images.

Comparison of native and navigator-corrected images
was done with respect to MUSE, which represents a
present standard for image reconstruction in multi-shot
DWI. Several other multi-shot diffusion reconstruction
strategies outperform MUSE, particularly at higher inter-
leaving factors, but often entail considerably more compu-
tation time than MUSE. Owing to the reduced vulnerabil-
ity of phase variability to nonrigid motions, our strategy
could reconstruct up to 10-shot spiral images acquired
with an eight-channel coil, matching that achieved using
POCS-ICE.19 Going forward, motion-compensated dif-
fusion gradients could be used in conjunction with
such advanced reconstruction algorithms for retrospec-
tive phase correction to extend the present limits of image
accuracy and convergence time for a given interleaf fac-
tor owing to the higher fidelity of per-shot phase maps
to the constraints. Moreover, further improvement could
be attained by correcting for macroscopic motion between
interleaves, which was not done in the reconstructions
performed here.

The key drawback of using motion-compensated diffu-
sion gradients is the SNR penalty incurred by the resultant
increase in TE, which rises with the order of motion com-
pensation; however, this penalty becomes weaker as gra-
dient strength increases. Figure 9 illustrates the TE-based
SNR reduction incurred by using MC1 and MC2 gradi-
ents rather than PG for different b-values and gradient
strengths and for spiral and EPI readout; TE can be min-
imized in accordance with EPI readout duration64 and is
independent of spiral readout duration. Assuming a rep-
resentative white-matter T2 of 80 ms,65 SNR reductions in
the spiral acquisitions performed here were approximately
15% and 19% when using MC1 and MC2 diffusion gradi-
ents, respectively, instead of PG; for an EPI readout lasting
30 ms (representing the three-shot acquisitions here), the
corresponding SNR reductions were 20% and 23%. The
slightly higher penalties of MC2 were decidedly worth-
while for the resultant improved image accuracy. For a
more standard modern clinical gradient strength of 80
mT/m, SNR penalties for the b-value used here using a spi-
ral trajectory would be 24% and 33% for MC1 and MC2,
respectively, and 30% and 36% using EPI. On the other
hand, at the time of the previous motion-compensated
multi-shot diffusion experiments,41–44 the SNR penal-
ties would have been 52% and 63% for MC1 and MC2,
respectively, at a contemporary gradient amplitude of 20
mT/m and using EPI. Evidently, the former disadvantage
of motion-compensated diffusion encoding has consider-
ably reduced, and the adoption of less-efficient diffusion

encoding for suppression of phase variability will become
even more appealing as gradient hardware progresses.

Another consequence of using motion-compensated
diffusion gradients is that the frequency encoding of dif-
fusivity is different with respect to PG, resulting in slightly
different image contrast due to frequency-dependent
restricted diffusion.66 That said, diffusivities are only
weakly dependent on frequency in human brain
tissue—mean diffusivity can be expected to increase by
up to about 5% for MC2 or MC1 with respect to PG mea-
surements based on the encoded centroid frequencies
here and reported diffusion dispersion rates67—and such
changes would not meaningfully affect the experiment.

Both EPI and spiral results are presented in this work,
with differing results. For MC2 diffusion gradients, spi-
ral trajectories proved to be superior at each level of
phase correction in image reconstruction, agreeing with
the reported general favorability of spirals in single-shot
diffusion experiments,60,68 even though shot-to-shot phase
variability resulting from diffusion encoding is indepen-
dent of readout trajectory. Stronger artifacts likely result
for EPI because uncorrected phase inconsistencies among
segments consisting of regularly interleaved Cartesian
k-space lines result in concentrated aliasing, whereas the
spiral sampling pattern effectively disperses the effects of
uncorrected shot-wise phase variations. This considera-
tion holds true for all forms of retrospective phase cor-
rection because some degree of misestimation of per-shot
phase is inherent to all such methods, namely, due to the
common assumption of spatially smooth phase maps. It is
also worth noting that for the navigator phase-correction
method, the navigation interval is time-adjacent to the
acquisition of the spin echo for spiral but not for EPI; there-
fore, the spiral navigator signal suffers considerably less
T2* decay and has better SNR. Furthermore, during the
navigator to spin-echo time separation for EPI, the read-
out gradients introduce small additional moments that can
alter the spatial phase distribution at the spin echo with
respect to that present during navigation, thereby reducing
the accuracy of the navigator correction.

The evaluation of motion-compensated diffusion
encoding in multi-shot acquisitions as presented here
represents the case at a standard b-value of 1000 s/mm2,
but the efficacy of the technique can be expected to vary
with b-value. It can be shown that the nth-order moment,
mn, of a diffusion gradient waveform under uniform con-
traction or expansion and constant amplitude scales with
b as mn ∝ b(n+1)∕3. As such, motion-compensated diffu-
sion gradients will less effectively suppress shot-to-shot
phase variability as b increases. Future work should assess
such effect on the overall performance of interleaved,
motion-compensated diffusion acquisitions with respect
to b-value.
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MICHAEL et al. 13

F I G U R E 9 Relative SNR using diffusion gradients motion-compensated through the first order (MC1) and second order (MC2) with
respect to using conventional zeroth-order–compensated pulsed diffusion gradients (PG) for spiral and EPI acquisition. Relative SNR was
obtained using the difference between the minimum TEs attainable using diffusion gradients with different orders of motion compensation
given a b-value and gradient amplitude, assuming a representative T2 of white matter (80 ms). In computing the minimum TEs, gradient
waveforms were assumed to have a gradient rise time, τ, of 0.33 ms (matching what can be achieved on the gradient system used here) and a
gap between pulses (i.e., for the 180◦ RF pulse) of 4.5 ms for MC1 and PG; the gap is predefined as (δ1 + δ2)∕3 − 3τ for MC2, where δ1 and δ2

are the durations of the positive and negative lobes of the first bipolar pulse, respectively (see Figure S1). Moreover, TEs for EPI were
computed assuming an acquisition window of 30 ms. It is worth noting that the SNR penalties due to motion compensation reduce for EPI as
the acquisition window shortens—equivalently in practice, as the interleaving factor increases—and increase as the acquisition window
lengthens.

Although DTI was not performed in this work, the
advantages of moment nulling demonstrated here can
be expected to equally apply in multi-shot DTI acquisi-
tions. An additional consideration that must be made in
this prospective application is the behavior of eddy cur-
rents, which cause artifacts (in particular, distortions in
EPI acquisitions) that depend on the direction and form
of diffusion encoding and must be corrected for the sake
of image registration. Such artifacts were mitigated in this
work by the incorporation of dynamic field information
in image reconstruction, thereby precluding any poten-
tial dependence of eddy-current–related artifacts on the
choice of PG, MC1, or MC2. That said, retrospective anal-
ysis of the field evolution resulting from diffusion encod-
ing demonstrated that eddy currents only had consider-
ably different strengths in the zeroth order (of spherical

harmonics), for which eddy currents were weakest for
MC1 and strongest for PG (Figure S2). This finding agrees
with several studies69–71 that have reported weaker eddy
currents using bipolar diffusion gradients (of the same
form as MC1 used here) instead of monopolar gradients,
indicating that both MC1 and MC2 diffusion gradients
are favorable in terms of eddy currents with respect to
conventional PG.

This work represents a novel deployment of
motion-compensated diffusion encoding as a means of
reducing the requirements of retrospective phase correc-
tion in multi-shot brain acquisitions, but moment-nulled
diffusion gradients have also been used in multi-shot
acquisitions outside the brain. In cardiac imaging,
diffusion-prepared sequences with multi-shot acquisi-
tion have incorporated motion-compensated diffusion
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14 MICHAEL et al.

encoding.34,35 The key distinction of such sequences is
that diffusion encoding is not repeated with each acqui-
sition block and is instead performed only once per
acquisition volume, so shot-to-shot phase variability does
not need to be addressed; that said, any nonzero phase
accumulation due to motion introduces erroneous addi-
tional signal weighting that biases diffusion coefficients
in diffusion-prepared sequences. In pulse sequences
equivalent to those used here, motion-robust diffusion
encoding72 consisting of optimized gradient waveforms
with reduced but not nulled first-order moments was
recently shown to be advantageous in single-shot and
multi-shot EPI of the kidney;73 in contrast to our work,
the use of the modified diffusion gradients was comple-
mented by MUSE in the multi-shot acquisitions rather
than investigated as an alternative. That said, it is likely
that more highly spatially resolved phase correction can-
not be averted in such organs that suffer substantially
more motion than the brain, even when shot-to-shot
phase variability is reduced by motion compensation.

5 CONCLUSION

Second-order motion-compensated diffusion sensitiza-
tion in human brain imaging effectively suppressed
shot-to-shot phase fluctuations and sensitivity to nonrigid
body motions—in particular, brain pulsation—yielding
small phase differences dominated by components of low
spatial order. The benign effect of the residual uncom-
pensated motions, which were primarily rigid, permitted
consistent high image quality using a simple shot-to-shot
phase correction of low spatial specificity based on an
FID navigator. These images were in close agreement with
MUSE reconstructions for a standard interleaving factor
and outperformed MUSE for high interleaving factors, cir-
cumventing intrinsic limitations associated with modeling
phase variability. Motion-compensated diffusion encod-
ing faces a substantially lower inherent SNR penalty than
in previous generations due to advancements in gradient
hardware, thereby offering a viable change in paradigm
with respect to retrospective phase-correction techniques
for the acquisition of highly resolved diffusion data.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. Diffusion-encoding gradient waveforms
achieving motion compensation through the zeroth order
(PG), first order (MC1), and second order (MC2). Gra-
dient waveforms include the effect of the refocusing RF
pulse. The zeroth-order–compensated gradients shown
here were used in all spiral acquisitions; those used in EPI
acquisitions had largerΔ and smaller δ for all interleaving
factors, with both Δ and δ adjusted based on the duration
of the respective acquisition window to minimize TE.
Figure S2. Eddy currents resulting from diffusion gradi-
ents motion-compensated through the zeroth order (PG),
first order (MC1), and second order (MC2) for different
axes of diffusion encoding (different sections, vertically
separated). All plots reflect the temporal evolutions of the
maximum phase accrual (in radians) resulting from diffu-
sion sensitization during a single shot of a three-shot spiral
readout on a sphere of radius 100 mm. These evolutions
are given in terms of coefficients, kl, of spherical har-
monic basis functions of different orders (different rows)
and were computed using the fitted field dynamics of the
first shot (22.1 ms acquisition interval) of representative
three-shot spiral acquisitions. The contributions resulting
from diffusion encoding were isolated by computing differ-
ences between spherical harmonic field coefficients of DW
acquisitions and corresponding b= 0 s/mm2 acquisitions.
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Legend entries correspond to all plots within the same row.
Note that vertical scaling is consistent within rows except
for the first row (zeroth-order eddy currents), for which
the vertical scale is significantly larger for diffusion encod-
ing along the SI axis than for diffusion encoding along the
LR and AP axes. LR: left–right; AP: anterior–posterior; SI,
superior–inferior

How to cite this article: Michael ES, Hennel F,
Pruessmann KP. Motion-compensated diffusion
encoding in multi-shot human brain acquisitions:
Insights using high-performance gradients. Magn
Reson Med. 2024;1-17. doi: 10.1002/mrm.30069

 15222594, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.30069 by E

T
H

 Z
urich, W

iley O
nline L

ibrary on [18/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


