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Abstract

Purpose: To improve the image reconstruction for prospective motion correc-
tion (PMC) of simultaneous multislice (SMS) EPI of the brain, an update of
receiver phase and resampling of coil sensitivities are proposed and evaluated.
Methods: A camera-based system was used to track head motion (3 transla-
tions and 3 rotations) and dynamically update the scan position and orientation.
We derived the change in receiver phase associated with a shifted field of view
(FOV) and applied it in real-time to each k-space line of the EPI readout trains.
Second, for the SMS reconstruction, we adapted resampled coil sensitivity pro-
files reflecting the movement of slices. Single-shot gradient-echo SMS-EPI scans
were performed in phantoms and human subjects for validation.

Results: Brain SMS-EPI scans in the presence of motion with PMC and no phase
correction for scan plane shift showed noticeable artifacts. These artifacts were
visually and quantitatively attenuated when corrections were enabled. Correct-
ing misaligned coil sensitivity maps improved the temporal SNR (tSNR) of time
series by 24% (p =0.0007) for scans with large movements (up to ~35 mm and
30°). Correcting the receiver phase improved the tSNR of a scan with minimal
head movement by 50% from 50 to 75 for a United Kingdom biobank protocol.
Conclusion: Reconstruction-induced motion artifacts in single-shot SMS-EPI
scans acquired with PMC can be removed by dynamically adjusting the receiver
phase of each line across EPI readout trains and updating coil sensitivity profiles
during reconstruction. The method may be a valuable tool for SMS-EPI scans in
the presence of subject motion.
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1 | INTRODUCTION

Single-shot 2D echo-planar imaging (EPI)! is widely used
for functional MRI (fMRI) and diffusion weighted imaging
(DWI).2 The short scan time of EPI enables whole-brain
coverage in seconds, which facilitates studies of the struc-
ture and function of the brain. However, fMRI requires
multiple repetitions to obtain stable estimates of the small
functional signals (typically a few percent).> Conse-
quently, even small head movements can induce substan-
tial errors in functional signals.5=

Simultaneous multislice (SMS) techniques provide a
major advance for EPI scans by acquiring multiple slices
simultaneously and using RF coil profiles to reconstruct
individual slices.”"!! Because SMS considerably reduces
volume acquisition times, it is widely used in fMRL>%11-13
However, typical SMS fMRI scan times continue to be long,
because of the need to observe brain function over suf-
ficient time periods. Hence, fMRI scans continue to be
sensitive to subject movements, and EPI techniques that
are robust to motion are desirable.

Methods for reducing motion-induced artifacts in
MRI can be generally classified into retrospective'* and
prospective motion correction (PMC) approaches.'® Retro-
spective techniques modify the MR k-space or image data
during reconstruction,'¢'8 commonly in an iterative man-
ner,'* but cannot guarantee sufficiently dense sampling of
k-space during large rotations.!* Conversely, PMC meth-
ods keep the acquisition FOV aligned with the moving
object, which maintains adequate and uniform sampling
of k-space and can correct for larger movements.?>-*! PMC
techniques use MR-based navigators?2-2 or external track-
ing devices, such as cameras,??”-* to track head move-
ments and send tracking data to the scanner. The tracking
data are used to update sequence parameters in real time
(i.e., gradient orientation for rotations and RF frequency
and phase for translations) to keep the FOV aligned with
the moving object.

Fast optical tracking systems have been used to
improve the quality of data in fMRI scans. For instance,
PMC is beneficial for fMRI studies requiring accurate
voxel registration across time, even when participants are
instructed not to move during scans.?’ Likewise, an opti-
cal PMC system improved the stability of fMRI signals
compared to acquisitions without PMC, and the sensitivity
to detect brain activation was achieved without reducing
specificity.’! In another fMRI study, PMC considerably
reduced the rate of false positive activations at 7T and
increased statistical power.3?

However, despite the many advantages of PMC
techniques, dynamically adjusting scan parameters in
SMS acquisitions can introduce secondary effects that
commonly are not corrected. In this study, we used a

camera-based tracking system for PMC of a gradient-echo
SMS-EPI sequence and found that motion artifacts
remained after image reconstruction. Two separate
sources contributed to these artifacts. First, dynamic
updates of slice translations induce phase changes across
SMS-encoding steps, which in turn can cause ghost arti-
facts if uncorrected. Second, motion updates of the FOV
result in unaccounted changes in calibration data for
moving slice objects (relative to stationary RF coils) and
ultimately lead to reconstruction artifacts. We eliminated
these artifacts by adjusting the receiver phase in real time
and updating coil sensitivity profiles during SMS recon-
struction. Phantom and in vivo experiments were carried
out to validate the proposed techniques.

2 | THEORY

2.1 | Real-time receiver phase update
with prospective motion correction applied

The blipped-controlled aliasing in parallel imaging
(blipped-CAIPI) sequence was developed to reduce the
g-factor and improve the reconstruction quality of SMS
imaging by introducing an in-plane image shift in acqui-
sitions.3* A train of blips in slice direction (G,) is applied
simultaneously with the phase encoding (PE) blips to cre-
ate interslice image shifts in the PE direction for off-center
slices. Within the echo train, the G, blips induce a phase
accumulation that depends on the location of each of the
simultaneously excited slices. For two simultaneously
excited slices, the phase accumulation 6 at the phase
encoding step N, for the bottom slice at position z is

Ny
0 (Z,Ny) = Z'YAblip (ny) <, (1)

n,=1

where y is the gyromagnetic ratio, and Aujip (1) is the
G, blip area for the phase encoding step n,. A FOV/2
shift in image domain usually minimizes aliasing artifacts
for the two-slices case. Therefore, we have y |Ablip| Zgap =
m and |Apjip| = 7/YZgap, Where zg,, is the center-to-center
distance of the two slices. When the blipped-CAIPI encod-
ing scheme (i.e., G;, —G;, G, ... — G, with a prewinding
lobe —G,/2) is applied, the phase 6 (z,N,) of the bottom
slice is mz/2zgp, —N2/2Zgap, N2/ 2Zgap, ... , —NZ/2Zgap (the
prewinding lobe generates —nz/2zg,, prephase for the bot-
tom slice). Because the receiver phase of the twofold SMS
sequence equals that of the bottom slice, the phase has to
beset to 0 (z, Ny) during acquisition to prevent an N/2 PE
ghost during reconstruction. A similar analysis applies to
cases with three and more simultaneous slices.
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Let us assume that a PMC update from one SMS exci-
tation to the next shifts slice positions by Az. Starting with
Eq. (1), the effect of this update on the phase is

Ny
) = ZYAblip (ny) (z+Az)=06

n,=1

0 (z + Az, N, (Z’ Ny)

Ny
+ ZYAblip (ny) Az. 2)

n,=1
Substituting § for the second term in Eq. (2) yields

N,

Z Y Ablip (ny) Az, (3)

ny=1

§(Az,Ny) =

0 (z+ Az,Ny) =6 (2, Ny) + 8 (Az,N,) . 4)

Eq. (4) demonstrates that a PMC-induced translation
Az in slice direction causes an additional phase & (Az, Ny).
For an SMS factor of 2, this additional phase leads to
N/2 phase encoding ghosts during image reconstruction
because it alternates from one phase encoding step (NN,)
to the next. However, Eq. (3) demonstrates that the addi-
tional phase is not dependent on the absolute slice posi-
tion. Therefore, it is possible to adjust the receiver phase
in real-time for each echo (readout) in the EPI train by
8 (Az,Ny) to eliminate PE ghosts. The other five motion
parameters (i.e., X, y translations and x, y, z rotations) do
not contribute to 6.

2.2 | Motion-induced variations
in spatial sensitivity encoding

The k-space signal m in readout direction (i.e., k-space
line) for the PE step [ and channel j is given by

my; = / p(r)e‘iklrcj(r)dr, (5)

where p is spin density, r denotes position, and C is the
coil sensitivity. Here, we assume that motion is essen-
tially frozen within each k-space line, which is reasonable
because of the short duration of each individual read-
out (~0.5ms). Therefore, the motion is considered dis-
crete between k-space lines, and the receiver phase can be
adjusted for each line according to the current slice trans-
lation. In the presence of motion, for a particular point at
time t with PMC enabled, Eq. (5) becomes,

My, = / pr)e rC; (r)dr, (6)

where k; is invariant because of the fixed k-space size
and step, and r is also invariant because the PMC con-
tinuously adjusts the FOV to follow the moving object.
However, the PMC-induced change in the FOV intro-
duces a mismatch in coil sensitivity encodings between
the reference C;(r) and acquisition C’ ,(r) scans, which
may cause artifacts during reconstruction. ® Therefore,
PMC updates require a change in the coil sensitivity maps
(CSMs) used for SMS reconstructions, based on either
SENSE using the multiple coil sensitivity equation' or
slice-GRAPPA 333

2.3 | SMS reconstruction

2.3.1 | SENSE

The aliased pixels can be unfolded with SENSE recon-
struction using a pixel-by-pixel inversion of the coil sen-
sitivity matrix, which contains single-slice coil profiles
calculated from a pre-scan. For N simultaneously excited
slices (i.e., the SMS acceleration factor is N), the aliased
signal intensity I/(x,y) of the pixel of coil j and location

(x y)is

N
Pxy) = Y Chixy)ma(x.y), )

n=1

where C{1 is the sensitivity profile of coil j for slice n, and
m,, is the actual magnetization of slice n. The most general
solution to Eq. (7) is the pseudoinverse*

M(x,y) = [(C*O)'C"] 1, (8)

where the operator * refers to the complex conju-
gate transpose, and C is the coil sensitivity matrix
of all coils and slices. The aliased image matrix

T —~
is I=|It 12 .. IN ] , and the solution M =
)’ (xy) (x.)

[K/I\l(x xy),Mz(x P e ,ﬁN(x y)]T is the reconstruction of N
slices at the location (x, y).

With PMC enabled, coil profiles as seen by the mov-
ing slices (mobile reference frame) can be calculated
by applying the inverse motion to the physical (sta-
tionary) coil profiles. Therefore, the solution of Eq. (8)
becomes

—

M =|[(ce) er]r, ©)

where I’ is the acquired SMS aliased image with motion,
and C’ is the coil sensitivity matrix in the new (mobile)
reference frame. C’ is generally unknown but can be
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estimated from the known coil sensitivity profiles of the
prescan.

2.4 | Splitslice-GRAPPA

The split slice-GRAPPA (SP-SG) method uses reference
data for fitting kernels to reduce dependencies on image
contrast and the associated signal leakage artifacts.>> In
SP-SG reconstruction, the weight coefficients create an
entirely new set of k-space data for each coil of a given
slice. The weight to synthesize the data of coil j at location
z€[1,2, ... ,N]is

N -1
W, = (Z (IC§1C5)> G N (10)

s=1

where N is the number of slices, and K;* - K are convo-
lution matrices across all channels determined from the
prescan reference data. 77 is the jth channel of reference
data at slice location z.

In the presence of motion, ghost artifacts may appear if
there is a mismatch in coil weights between the reference
and acquisition scans. In this situation, SP-SG weights can
be updated by replacing K and 7 with the updated convo-
lution matrix X" and single-slice data 7' at new position.
Therefore, Eq. (10) becomes

N -1
W, = (Z (IC’:IC’S)> ) o (11)

s=1

Therefore, motion-induced SMS artifacts can then be
eliminated by using the weight coefficients W’. %’ and 7’
can be obtained from the updated reference data, which
equals the original reference data multiplied by updated
CSMs. In this study, to decrease the g-factor, the SP-SG
kernels fitting was implemented with the Tikhonov regu-
larization.?” Therefore, we can rewrite Eq. (11) as

s=1

N -1
W, = (Z (K5 Ks) + ﬁ) KrTy, (12)

where 1 is the identity matrix, A is the regularization
parameter computed by

h= 13 | 7

'2 ’ (13)

and q is the scalar equal to the number of elements in the
kernel multiplied by the number of coil channels used for
acquisition.

3 | METHODS

3.1 | Interpolation of CSMs

When the scanned object moves to a new location,
revised CSMs associated with the new slice locations
should be used for SMS reconstruction. These updated
sensitivity maps can be estimated by interpolating (or
extrapolating) the original CSMs from the reference scan
because CSMs vary smoothly in space. The interpola-
tion constructs updated CSMs that best estimate the
“true” value of the underlying coil sensitivity function
in the mobile reference frame from the discrete set
of initial maps. The underlying functions are assumed
to be continuous and smooth in both magnitude and
phase. The initial CSMs for each channel and slice
were calculated using the eigenvector-based parallel
imaging (ESPIRIT; 2D version) technique,® which can
generate robust high-quality sensitivity maps by an
eigenvalue decomposition of a calibration matrix in
image space. Maps with the largest eigenvalues were
used as CSMs.

Magnitude CSMs are usually continuous and smooth,
but the phase CSMs can show phase wraps (jumps from
—r to +x). These discontinuous phases can lead to inter-
polation errors, especially in the slice-direction where
relatively few points of support are available. Therefore,
the phase must be unwrapped before interpolation. In
our study, the phase map of the first coil was cho-
sen as a baseline. The sensitivity of each coil, includ-
ing the first one, was then multiplied by the conju-
gate term of the baseline to achieve phase alignment.®
After removing phase discontinuities, the real and imag-
inary components are interpolated separately and then
combined. In the interpolation process, first the six
degrees of freedom obtained from tracking camera coor-
dinate system need to be translated to the 3D image
matrix coordinate system by referencing the calibration
of rotation matrix. Next, the Makima piecewise cubic
Hermite method in MATLAB (https://www.mathworks.
com/help/matlab/ref/makima.html) was used to interpo-
late the CSMs with the inverse of motion parameters.
Finally, SMS reconstruction was performed using the
updated CSMs C’.

3.2 | MRI experiments

MRI studies were performed on a 3 T whole-body system
(MAGNETOM Prisma, version MR VE13C and VEI1E,
Siemens Healthcare) equipped with a 20-channel head
coil. The product gradient-echo SMS-EPI sequence was
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modified to receive motion parameters from the PMC
system, and sequence parameter correction and receiver
phase correction as per Eq. (4) were then performed in real
time. All images were acquired in the axial plane.

3.2.1 | Prospective motion correction

Motion tracking was performed using four infrared cam-
eras (KinetiCor) mounted on top of the scanner bore. The
camera system tracks the movement of a marker with
an accuracy of 0.1 mm and 0.1° at 60 Hz frame rate. For
each frame, the current pose (3 translations and 3 rota-
tions) is sent via a user datagram protocol (UDP) packet
to the scanner host computer and logged in the computer.
A software on the scanner processes the incoming UDP
motion packets and updates the rotation matrix and slice
offsets in real time to keep scanning parameters aligned
with the mobile reference frame of the brain (or phantom).
The lag time between acquisition of an image by the cam-
eras and corresponding motion update on the scanner was
~25-30 ms.

Motion updates and associated receiver phase adjust-
ments were applied quasi-continuously during the EPI
readout train, as follows. First, the receiver phase was
adjusted in real-time at the start of each individual k-space
line as a function of the current PE step number N, and the
latest slice translation update available (Egs. [2-4]). How-
ever, because the PMC system generates motion updates
approximately every 16.7 ms (frame rate 60/s), all k-space
lines within a given 16.7 ms camera frame experience the
same slice update Az. More specifically, each EPI-train
(e.g., length 46 ms) experienced an average of ~2.7 motion
updates (46/16.7).

Of note, motion updates on the scanner were not cor-
rected for the lag from the camera acquisition (actual
movements). For this reason and because the tracking sys-
tem is not synchronized with the MR acquisition, the exact
timing of the “intra-train” motion updates cannot be pre-
dicted; however, the effect of the “intra-train” updates on
the phase is still captured by Eq. (4).

3.2.2 | Phantom experiments

To test the real-time phase correction scheme (Eq. [4]), a
spherical phantom without internal structure was placed
inside the 20-channel head coil. The SMS-EPI scan
parameters were TR/TE 3000/30 ms, flip angle 90°, FOV
280 x 280 mm?, receiver bandwidth 2170 Hz/pixel, matrix
size 64 x 64, slice thickness 5mm, slice center-to-center
distance 25 mm, 2 slices, SMS acceleration factor 2, and
30 repeats (scan time 90s). The long TR provides more
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signal relaxation, which can benefit image quality of
the T,-weighted scan. Single-slice reference images were
acquired in a pre-scan using a single-band RF pulse and
other EPI parameters identical to the SMS acquisition.

For initial testing, a custom program was used to inject
UDP motion packages at 60 frames/s rate into the scanner
to induce a 10-mm shift along slice direction approxi-
mately halfway through the scan. The PMC software reacts
to this motion injection by shifting the slice positions
by 10 mm, and the phase-correction algorithm needs to
adjust the receiver phases (as per Eq. [4]) to eliminate
phase-encoding ghosts. This experiment was performed
twice: with and without real-time receiver phase correc-
tion. SP-SG was used to reconstruct the simultaneously
acquired slices, using a kernel size of 5 x 5.

These experiments were repeated in a phantom with
an internal structure using tracking markers, using iden-
tical scan parameters as above, except for the number of
slices 16, slice center-to-center gap 10 mm and 20 repeats.
The phantom was moved in a stepwise fashion start-
ing at the 10th repetition, and the movements were pri-
marily x-rotations (up to 20°) and z-translations (up to
50 mm). PMC was enabled, and the receiver phase was
corrected in real time according to Egs. (2-4). SENSE
and SP-SG reconstructions were performed in MATLAB,
using (1) data acquired in a stationary phantom; (2)
motion data with original CSMs (0CSMs) and original
SP-SG GRAPPA weights from single-slice reference data;
and (3) motion data with updated CSMs (uCSMs) and
updated GRAPPA weights for the new locations, calcu-
lated by interpolating oCSMs with the inverse of motion
parameters.

Additionally, to quantify the performance of SENSE
and SP-SG reconstruction with motion, simulations were
performed using the raw data of the first repetition (sta-
tionary phantom). Movements were simulated by inter-
polating the original CSMs for 1 to 50 mm translations
and 1° to 50° rotations (1 mm and 1° increments), and
the interpolated CSMs were labeled simulated oCSMs
(soCSMs). Using the no-motion images as a reference
(Lreference ), PMC-induced signal deviations were quantified
for reconstructed images (Iestimatea) Using the cumulative
normalized mean squared error (c(NMSE)*:

2
al Zi" |Iistimated(r)| - Iieference(r)H
cNMSE = 100X Y :
s=1 Zi" Iieference(r)

(14)
where ¥ denotes the voxel position, and N is the slice num-
ber. Interpolating the soCSMs with inverse motion param-
eters generated simulated uCSMs (suCSMs). The effects
of motion correction were assessed by reconstructing the
suCSMs with SENSE and SP-SG.
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SENSE can be performed directly with CSMs, but
new raw data had to be created for SP-SG to update the
GRAPPA weights. The image of i’ individual coil is m; =
C; m, where C; is the sensitivity of the i’ coil, and m is
the magnetization that can be estimated by coil-combined
image with sum-of-squares method. When motion occurs
and PMC is enabled (i.e., FOV always follows the object
in the presence of motion), the sum-of-squares image
with motion is m’ = Muyo—motion, Where Mpo_motion 1S
the sum-of-squares image before motion and is equal
to |Ireference|, Where |Iieference| iS coil-combined reference
image. Therefore, the new k-space data for coil j is gener-
ated using

K’ =F (lIreferencel C/j) > (15)

where F is Fourier transformation, and C" is the apparent
coil sensitivity profile at coil j after motion. Next, updated
GRAPPA weight coefficients can be obtained by feeding
the new data into Eq. (12), which are then used for SMS
reconstruction.

3.3 | Invivo experiments

To examine the effectiveness of the new SMS-EPI motion
correction algorithms, three healthy volunteers (age
36 + 7years, two males, one female) were recruited. Writ-
ten informed consent was received from each subject as
approved by the local institutional review board. A track-
ing marker was attached to the nose of each volunteer so
that the tracking system can capture the head movements
and send position information to the scanner. Subjects

were trained to move their head in the 20-channel head
coil. SMS-EPI scans were acquired as follows. Subject A:
two, three and fourfold SMS acceleration factors (AFs);
subject B: three and fourfold AFs; subject C: five and
sixfold AFs. All scans had real-time receiver phase correc-
tion and PMC enabled. The scan parameters were TR/TE
3000/30ms, fat suppression, slice thickness 5mm with
5 mm gap, FOV 240 x 240 mm?, matrix size 84 x 84, 30 rep-
etitions. The number of slices was 16 (fourfold AF), 18
(sixfold), 20 (two and fivefold), and 21 (threefold). The first
time point was used as no-motion reference. The scan time
for each scan was 98s.

Subject C completed another session to assess the
effects of the EPI receiver phase correction (Eq. [4]) on the
quality of an SMS “resting-state” acquisition with mini-
mal head movements. Three scans were acquired using a
slightly modified United Kingdom Biobank fMRI protocol:
slice thickness 2.4 mm without gap, FOV 210 X 210 mm?,
TR/TE 735/39ms, fat suppression, SMS AF 8, matrix
size 88 x 88, bandwidth 2030 Hz/pixel, repeats 332, scan
time 244s. The number of slices was reduced from 64
to 48 (number of SMS excitations per TR from 8 to
6) to eliminate an instability caused by our prototype
motion-corrected SMS sequence. The Biobank protocols
can be found at https://www.fmrib.ox.ac.uk/ukbiobank/
protocol/V4_23092014.pdf. During all three scans, the
subject was instructed to cross legs every 22s to induce
small yet relatively reproducible head movements. The
first scan was acquired without any motion correction. For
the second scan, PMC was enabled but receiver phase cor-
rection was OFF, and for the third scan, both PMC and
receiver phase corrections were ON.

10mm motion w/o real-time receiver phase correction

FIGURE 1 Images without
(A) and with (B) real-time receiver
phase correction, after injecting a
10 mm slice offset into the
simultaneous multislice (SMS)-EPI
sequence. The left column shows
the aliased images of two
simultaneously acquired slices
with FOV/4 blipped-controlled
aliasing in parallel imaging
(CAIPI) interslice shift. The center
and right columns show the split
slice-GRAPPA (SP-SG)
reconstructions of the two
simultaneously excited slices. The
aliasing artifacts are eliminated by
updating the receiver phases in
real time. Numbers in the top right
corners indicate slice numbers.
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3.4 | Analysis ofin vivo data

Because all in vivo scans involved EPI time series while
subjects performed head movements, the temporal signal
to noise ratio (tSNR) was used as a measure of temporal

; ; 0% 7
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stability of signals. The tSNR for each voxel was obtained
by dividing the mean of the voxel time series by its standard
deviation. Preprocessing included slice-by-slice alignment
of the time-course images and smoothing with a Gaus-
sian kernel ([1] pixel size; SPM 12). A foreground masking
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interpolations across slices
lo |

0-130 mm z positions with Iw
5-mm slice thickness and

using wrapped (original) phases
(A,D) and the corrected phase
(B,E) with 5mm z translation.
The simulation has 14 slices at

10 mm center-to-center gap.

The phases and magnitudes Io

r
I

with wrapped and corrected (C
phase at image center point of
each slice are plotted in (A) and
(B). The gray and black dots and
lines represent the phases and
magnitudes of measured data.
Each dot represents a slice. The |
red and magenta dots and lines
represent the interpolated
phases and magnitudes with
5mm translation along
slice-select direction. The
original coil sensitivity maps
(CSMs) used for the 5mm
interpolation are shown in (C).
The color map of interpolated
CSMs with wrapped and
corrected phase are shown in
(D) and (E). Numbers in the top
right corners in maps indicate
slice positions.
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algorithm was then used to exclude all background vox-
els,*! and slices containing no brain or small brain volume
were excluded for the tSNR calculation. For each scan, the
mean tSNR value was calculated by averaging tSNR values
from foreground-masked image volumes across all slices.
Therefore, two sets of seven tSNR values were obtained,
one each for reconstruction with oCSMs and uCSMs. A
paired t-test was performed to compare tSNR changes
between oCSMs and uCSMs (for the 2*7 means), and a
p-value <0.05 was considered significant.

SP-SG no motion

Motion
SP-SG w/ oCSMs

Motion
SP-SG w/ uCSMs

(A)

SENSE no motion

Motion
SENSE w/ oCSMs

Motion
SENSE w/ uCSMs

(B)

FIGURE 3

4 | RESULTS

4.1 | Real-time receiver phase correction
Figure 1 shows phantom results for two simultaneously
acquired slices without (Figure 1A) and with (Figure 1B)
real-time receiver phase correction, after injectinga 10 mm
slice offset into the SMS-EPI sequence. The left column
shows the aliased images of two simultaneously acquired
slices with FOV/4 blipped-CAIPI interslice shift. Shifting

Simultaneous multislice (SMS)-EPI reconstruction using split slice-GRAPPA (SP-SG) (A) and SENSE (B) with original coil

sensitivity maps (0CSMs) and updated coil sensitivity maps (uCSMs) after movement of x/y/z-translation —2.4/6.4/21.5 mm and
x/y/z-rotation 10.5°/5.2°/—0.5°. Aliasing artifacts appear in the SP-SG with 0oCSMs, as shown by gray arrows in (A). SENSE images with
0oCSMs show artifacts (gray boxes in B). Numbers in the top right corners indicate slice positions.
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the slices by 10 mm without phase correction causes severe
aliasing artifacts in the individual images (Figure 1A, cen-
ter and right columns). Conversely, the aliasing artifacts
are eliminated when the receiver phase is corrected during
acquisition (Figure 1B).

4.2 | Interpolation of CSMs
Figure 2 shows the phase and magnitude of the coil sen-
sitivity profiles for a single RF coil across several slices.
The original magnitude values across slices are smooth, as
shown by black dots and lines in Figure 2A right. Each dot
represents the image center point of each slice. However,
the phase shows 27z jumps across some slices (e.g., slices 4,
5,6, and 8; gray dots in Figure 2A left column), causing dis-
continuities in both interpolated phases and magnitudes
(red and magenta dots and lines in Figure 2A). In contrast,
when the phase is unwrapped, the phases as well as mag-
nitudes of interpolated data are continuous (Figure 2B, red
and magenta dots and lines).

Likewise, compared to the original CSMs (Figure 2C),
several CSMs interpolated without phase unwrapping
exhibit large changes in magnitude for a 5mm shift

; ; i % 9
Magnetic Resonance in MedlcmeJ—

(Figure 2D; 10 mm center-to-center distance; slices 4, 7, 8,
and 9 with red frames). Interpolation with the unwrapped
phase removes these magnitude errors in CSMs across
slices (red framed slices in Figure 2E).

4.3 | Moving phantom

Figure 3 demonstrates the effects of motion-induced FOV
changes on SP-SG and SENSE reconstructions when PMC
is enabled. The motion primarily involved an x-rotation
(x/y/z-rotations  10.5°/5.2°/—0.5°) and z-translation
(x/y/z-translations —2.4/6.4/21.5 mm). SP-SG reconstruc-
tions using oCSMs show residual aliasing artifacts (arrows
in Figure 3A, middle row) that obscure some inner struc-
tures and outer boundaries. The corresponding SENSE
reconstructions are shown in Figure 3B. Again, recon-
structions with oCSMs show some aliasing artifacts (gray
boxes), although artifacts are less severe compared to
the SP-SG reconstructions. Conversely, the inner struc-
ture and boundaries for both reconstructions are well
delineated when uCSMs (interpolated to account for
apparent coil movements) are used, and aliasing artifacts
are eliminated (bottom row in Figure 3A,B).
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FIGURE 4 The cumulative normalized mean squared errors (cNMSEs) for SENSE and split slice-GRAPPA (SP-SG) with simulated

translations of 1-50 mm and rotations of 1°-50°, plotted against the amplitude of motion. Each plot represents one motion degree of freedom.

The cNMSEs with simulated updated coil sensitivity maps (suCSMs) show only minimal dependence on motion parameters (red curves for

SENSE and green curves for SP-SG), whereas the errors rise continuously when simulated original coil sensitivity maps (soCSMs) are used

for reconstruction (black and blue curves for SENSE and SP-SG).
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These qualitative findings are supported by analyses
using the cNMSEs as a function of simulated transla-
tions (Figure 4, top row) and rotations (Figure 4, bot-
tom row). When soCSMs are used during these simu-
lated movements, the cNMSEs show a continuous, second
or higher-order increase with the amplitude of transla-
tions or rotations for both SENSE and SP-SG reconstruc-
tions (black and blue curves in all plots). Conversely, the

cNMSE:s of images reconstructed with suCSMs generally
show only minimal increases with motion parameters (red
curves for SENSE and green curves for SP-SG), up to 40
to 50mm or degrees. However, for larger z translations
(over 35mm), SP-SG and especially SENSE reconstruc-
tions show some increases and fluctuations in cNMSEs,
although errors remain substantially below those using
soCSMs.

2-fold SMS-EPI

SP-SG no motion

Motion
SP-SG w/ oCSMs

Motion
SP-SG w/ uCSMs

(A)

SP-SG no motion

Motion 2 =
SP-SG w/ 0CSMs (W g
&
Motion

SP-SG w/ uCSMs

(B)

FIGURE 5  Split
slice-GRAPPA (SP-SG)
reconstructions for subject A with no
motion (reference; top row), and
reconstructions with motion and
original coil sensitivity maps
(oCSMs) (middle row) or updated
CSMs (uCSMs) (bottom row).

(A) Images were acquired with the
twofold simultaneous multislice
(SMS)-EPI sequence. The motion
parameters are x/y/z-translation
3.8/7.3/20 mm and x/y/z-rotation
—7.4°/1.1°/6.7°. (B) Images were
acquired with threefold SMS-EPI.
The motion parameters are
x/y/z-translation 0.8/3.7/14.4 mm
and x/y/z-rotation —3.8°/0.6°/3.0°.
Images reconstructed with oCSMs
show residual aliasing artifacts
(middle row; white arrows), and
ripple artifacts in the cerebellum
(gray boxes). These artifacts are
substantially reduced for images
reconstructed with uCSMs (bottom
row). Numbers in the top right
corners indicate slice positions.
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4.4 | Invivo studies

Figure 5 shows SP-SG reconstructions of subject A scans
with twofold (Figure 5A) and threefold (Figure 5B) slice
accelerations using oCSMs and uCSMs. For both scans,
the predominant movement was a z-translation (20 and
14mm for Figure 5A,B). First, it is apparent that the
PMC system retained the position of slices relative to the
no-motion images (top row). However, reconstructions

SP-SG no motion

Motion
SP-SG w/ oCSMs

Motion
SP-SG w/ uCSMs

(A)

FIGURE 6 Simultaneous
multislice (SMS)-EPI images
reconstructed with original coil

SENSE no motion

sensitivity maps (0CSMs) and updated
CSMs (uCSMs) at fourfold accelerated
acquisition for subject B. The images in
(A) and (B) are reconstructed using split

slice-GRAPPA (SP-SG) and SENSE, Motion
respectively. The motion parameters are SENSE w/ oCSMs
x/y/z-translation 3.8/1.4/0.9 mm and

x/y/z-rotation 0.3°/4.5°/26.1°.

Noticeable aliasing artifacts can be seen

in the images reconstructed with oCSMs

in the middle row (white arrows). Motion

These artifacts are eliminated in the SENSE w/ uCSMs

images reconstructed with uCSMs

(bottom row). Numbers in the top right B)

corners indicate slice positions.
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with oCSMs cause residual aliasing artifacts (middle row,
white arrows). The bleed-through from other slices was
especially pronounced for the scan with threefold acceler-
ation (e.g., slice 7 in Figure 5B). Additionally, the oCSM
reconstructions show banding artifacts in the cerebellum
(gray boxes) compared to the no-motion scan. These arti-
facts are substantially reduced when uCSMs are used for
reconstruction instead of oCSMs (Figure 5A,B, bottom
row), although some minor artifacts remained.

4-fold SMS-EPI
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A head-to-head comparison between an SP-SG and
SENSE reconstruction of a scan with fourfold slice acceler-
ation is shown in Figure 6 (subject B). Notably, SP-SG and
SENSE reconstructions with uCSMs show similar image
quality, and both show pronounced ripple artifacts (middle
row, white arrows in Figure 6A,B) in the brain with oCSM
reconstructions (especially slice 8). Despite the relatively

large z-rotation involved (26.1°), slice bleed-through was
relatively minor on both oCSM reconstructions. Again, the
artifacts in oCSM reconstructions are mostly eliminated
when uCSMs were used (bottom row in Figure 6A,B).
Figure 7 shows SP-SG reconstructions for subject C
with yet higher accelerations (fivefold; Figure 7A and six-
fold; Figure 7B). The movement was predominantly a

5-fold SMS-EPI

SP-SG no motion

Motion
SP-SG w/ oCSMs

Motion
SP-SG w/ uCSMs

(A)

6-fold SMS-EPI

SP-SG no motion

Motion
SP-SG w/ oCSMs

Motion
SP-SG w/ uCSMs

(B)

FIGURE 7  Splitslice-GRAPPA
(SP-SG) reconstructions for subject C
with fivefold simultaneous multislice
(SMS)-EPI acquisition (A) and sixfold
acquisition (B). The movements were
primarily z-rotation:

(A) x/y/z-translation —2.2/—-0.8/0.6 mm
and x/y/z-rotation —1.2°/—2.5°/—16.8°;
(B) x/y/z-translation 5.0/1.2/0.4 mm
and x/y/z rotation 0.7°/1.3°/14.3°.
Reference images were acquired with
no motion (top row). Images
reconstructed with original coil
sensitivity maps (0CSMs) show ripple
aliasing artifacts (middle row; white
arrows). These artifacts are
substantially removed for images
reconstructed with updated CSMs
(uCSMs) (bottom row). Numbers in the
top right corners indicate slice positions.
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TABLE 1 Mean tSNR comparison between reconstructions with oCSMs and uCSMs for in vivo experiments.

Subjects SMS acceleration factor tSNR with oCSMs  tSNR with uCSMs  Translation (imm)  Rotation (°)

A 2 40.39 42.77 —71t024.3 —13.6 to 26.1
3 28.57 39.19 —2.7t0 23.7 —7.6t0 24.6
4 30.18 36.72 —5.5t0 15.7 —14.5t019.8

B 3 22.15 27.47 —6.1to0 31.5 —30.0 to 25.0
4 17.15 21.92 —7.4t0 35.1 —27.8 t026.7

C 5 19.20 24.66 —4.3t0 36.6 —22.4t03.3
6 18.47 24.94 —2.0to 28.3 —2.5t0 24.7
Mean + SD 25.16 +8.39 31.10+8.27
p value p=0.0007

Abbreviations: 0oCSMs, original coil sensitivity maps; SMS, simultaneous multislice; tSNR, temporal SNR; uCSM, updated coil sensitivity maps.

z-rotation (16.8° and 14.3° for Figure 7A,B). Again, com-
pared to reference images with no motion (top row in
Figure 7A,B), images reconstructed with oCSMs show rip-
ple aliasing artifacts (middle row; white arrows). These
artifacts are substantially attenuated in images recon-
structed with uCSMs (bottom row).

Table 1 shows the mean tSNR values for reconstruc-
tions with oCSMs and uCSMs for all acceleration fac-
tors and subjects studied (total 2*7 scans). The mean (+
SD) tSNR values were 25.16 + 8.39 for the reconstructions
with 0CSMs, compared to 31.10 + 8.27 for reconstructions
with uCSMs. Therefore, the reconstruction with uCSMs
improved the mean tSNR by 24% (p=0.0007). Figure 8
shows the tSNR maps for subject C with sixfold slice accel-
eration. The tSNR maps with oCSMs (Figure 8A) show
substantially more areas with low values than those with
uCSMs (Figure 8B). The mean tSNR values are 18.47 and
24.94 for oCSMs and uCSMs, respectively.

Finally, representative tSNR maps from the three
acquisitions with minimal motion (leg-crossing) are
shown in Figure 9. The average tSNR was 75.3 for the
scan with no motion correction (Figure 9 left column). The
tSNR was essentially the same for the study with both PMC
and receiver phase correction (RPC) enabled (tSNR = 74.1;
Figure 9 right column), but was markedly reduced when
RPC was omitted (tSNR =49.5; Figure 9 center column).

5 | DISCUSSION

This study addressed two sources of image artifacts in
SMS-EPI when subjects move while PMC is enabled:
uncorrected receiver phase changes during the EPI read-
out train and coil sensitivity mismatch between the
reference and updated slice locations. To eliminate the
first source of artifacts, the receiver phase was adjusted
in real-time for each k-space line during the EPI readout

train. To eliminate artifacts caused by the misregistration
of coil sensitivity after motion updates, SMS reconstruc-
tions were performed with updated (interpolated) coil
sensitivity profiles, which reflect actual location. Phantom
and in vivo experiments demonstrate that the proposed
measures can substantially attenuate aliasing artifacts
from scans acquired with large movements, and correct-
ing coil sensitivity profiles during SMS reconstruction
significantly improved tSNR values.

An SMS resting-state scan with minimal motion
acquired with PMC enabled showed substantial reduc-
tions in tSNR when the real-time receiver phase correc-
tion was omitted. In this scenario, minimal head move-
ments can induce subtle ghost artifacts when SMS slice
positions, but not receiver phases, are updated across TR
periods. Because the tSNR for the scan without motion
correction was relatively high (~75), even small (<1 mm)
translations in slice direction can cause a substantial
drop in tSNR without receiver phase correction. How-
ever, enabling phase correction eliminated the artifacts
and consequently reversed the reduction in tSNR.

In simulations, SP-SG and SENSE reconstructions
using oCSMs showed similar and essentially quadratic
increases in reconstruction errors with motion ampli-
tudes. Using uCSMs markedly reduced errors even for
large rotations and translations of up to 50° and 50 mm.
The somewhat reduced effectiveness of corrections for
large z-translations may be caused by the limited number
of support points in slice direction and the resulting need
to extrapolate coil profiles, which are likely less accurate
than interpolations. The somewhat better performance
of SP-SG for large translations (>35mm) suggests that
SENSE may be more sensitive to regional CSM alter-
ations. In contrast, GRAPPA-based approaches estimate
missing data based on global information,** which may
make SP-SG more robust to regional CSM alterations than
SENSE.
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Motion
SP-SG w/ oCSMs

Motion
SP-SG w/ uCSMs

Updated coil sensitivity values were calculated using
the Makima piecewise cubic Hermite algorithm, which
uses low-order polynomials and makes interpolation
results smooth, consistent with the overall behavior of
CSMs. To satisfy another important property of CSMs (i.e.,
continuity), phase alignment was performed for all coil
channels by choosing the first coil channel as a baseline.
Both phantom and in vivo experiments demonstrate that
the combination of Makima interpolation and phase align-
ment can provide relatively accurate CSM interpolation
in the presence of motion, leading to a marked reduc-
tion in artifacts when using the interpolated CSMs for
reconstructions.

Ideally, updated CSMs could be measured dynam-
ically by reacquiring single-slice reference images at
new positions. However, reacquiring reference images is

FIGURE 8 Temporal SNR (tSNR)
maps for subject C with sixfold slice
acceleration. The tSNR maps with original
coil sensitivity maps (0CSMs) (A) show
substantially more areas with low values
than those with updated CSMs (uCSMs) (B).
The translation during the scan was —2.0 to
28.3 mm, and the rotation was —2.5° to
24.7°. The mean tSNR values are 18.47 and
24.94 for oCSMs and uCSMs, respectively.
The images used for the tSNR calculation
were reconstructed by split slice-GRAPPA
(SP-SG).

challenging because these reacquisitions would disturb
the steady state of the main acquisition and obviously
increase scan times. Another approach to obtain uCSMs
would be to record a library of CSMs at various head posi-
tions before scan. However, this would require the willing-
ness and ability of subjects to engage in predefined head
movements as per the scanner operator’s instructions.

We used an MR-compatible optical system to track
head motion with high precision and a high frame rate.
These optical and other external tracking systems still
have limited availability, and MR-based navigators can
also track head motion for PMC, both for structural
MRI?284345 and single-shot time series.*®*’ However,
the proposed methods to eliminate phase and CSM alter-
ations when PMC is enabled only require accurate infor-
mation on the motion state at the beginning of each
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FIGURE 9

PMC on RPC off
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PMC on RPC on

150

100

Representative “resting-state” temporal signal to noise ratio (tSNR) maps for scans with three settings of real-time

corrections. Left: motion correction (MOCO) off. Center: prospective motion correction (PMC) on, but receiver phase correction (RPC) off.

Right: both PMC and RPC on. Data were acquired with eightfold slice acceleration, and the subject was instructed to cross legs approximately

every 22 s. The tSNR map with PMC on and RPC off (center column) shows substantial reductions in tSNR compared to the scans with both

PMC and RPC on (right column) and MOCO off (left column).

SMS excitation. Therefore, our methods should work
in conjunction with all tracking approaches, including
non-optical ones.

Our study has several limitations. First, we only stud-
ied slice (through-plane) acceleration. Reconstruction arti-
facts because of in-plane acceleration or combinations of
in-plane and through-plane acceleration were not evalu-
ated. Second, the accuracy of CSM estimates beyond mea-
sured areas of support (i.e., extrapolation) is likely to be
compromised for large movements. Although this issue
did not appear to be a major problem in our study, bet-
ter extrapolation methods may improve the accuracy of
reconstructions. Third, our study used standard multiband
SENSE reconstruction, which may result in Nyquist-ghost
signals when simultaneously excited slices require differ-
ent phase correction during reconstruction.*®** Although
we did not observe residual ghosts in our data, combin-
ing the methods presented with those to reduce residual
Nyquist-ghosts might further improve the quality of scans
acquired during motion with PMC enabled. Finally, the
tSNR values observed in our study are lower than typical
values of 100:1 for BOLD fMRI-studies. This reduction in
tSNR is most likely a result of the rather large movements
used (30° range), which induce By changes and spatial
distortions that were not fully corrected.

6 | CONCLUSION

The blipped SMS-EPI was modified to implement motion
correction for single-shot EPI acquisitions. Updated
receiver phase and coil sensitivity profiles were used to
eliminate aliasing artifacts caused by position changes.
Correcting the receiver phase in real time and updat-
ing coil sensitivity profiles during reconstruction sub-
stantially reduced artifacts for both SP-SG and SENSE
reconstructions and markedly increased the tSNR of time

series. Our method may be a valuable tool to improve the
quality of SMS-EPI acquisitions in subjects who are prone
to movements, for instance, young children, patients with
dementia, or those who are confused or agitated.
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