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ARTICLE INFO ABSTRACT
Keywords: The sensitivity to subject motion is one of the major challenges in functional MRI (fMRI) studies in which a precise
Prospective motion correction alignment of images from different time points is required to allow reliable quantification of brain activation

Simultaneous multislice (SMS)

throughout the scan. Especially the long measurement times and laborious fMRI tasks add to the amount of
Multislice-to-volume

Image registration subject motion fO}lnd in typical fMRI measurements, even when head restraints are used. In case of moving

EPI subjects, prospective motion correction can maintain the relationship between spatial image information and

Functional MRI subject anatomy by constantly adapting the image slice positioning to follow the subject in real time. Image-based

Real-time MRI sequences prospective motion correction is well-established in fMRI studies and typically computes the motion estimates

BOLD based on a volume-to-volume image registration, resulting in low temporal resolution. This study combines fMRI

Kalman filter using simultaneous multislice imaging with multislice-to-volume-based image registration to allow sub-TR motion
detection with subsequent real-time adaption of the imaging system. Simultaneous multislice imaging is widely
used in fMRI studies and, together with multislice-to-volume-based image registration algorithms, enables
computing suitable motion states after only a single readout by registering the simultaneously excited slices to a
reference volume acquired at the start of the measurement. The technique is evaluated in three human BOLD fMRI
studies (n=1, 5, and 1) to explore different aspects of the method. It is compared to conventional, volume-to-
volume-based prospective motion correction as well as retrospective motion correction methods. Results show
a strong reduction in retrospectively computed residual motion parameters of up to 50% when comparing the two
prospective motion correction techniques. An analysis of temporal signal-to-noise ratio as well as brain activation
results shows high consistency between the results before and after additional retrospective motion correction
when using the proposed technique, indicating successful prospective motion correction. The comparison of
absolute tSNR values does not show an improvement compared to using retrospective motion correction alone.
However, the improved temporal resolution may provide improved tSNR in the presence of more exaggerated
intra-volume motion.

1. Introduction neurological tasks (Thulborn et al., 1982). To enable robust observations
of brain activity, fast Ty*-weighted imaging sequences play a crucial role

Functional MRI (fMRI) is commonly used to measure neural activity in measuring dynamic changes in the BOLD signal. This is why echo

in the brain. This is facilitated by the BOLD (blood oxygenation level planar imaging (EPI, (Mansfield, 1977)) has been used for fMRI acqui-
dependent) effect, which characterizes the local changes of the MR signal sitions since the first reports of functional imaging experiments (Kwong
caused by alterations in the blood oxygenation in response to et al., 1992) (Bandettini et al., 1992). However, even with fast imaging
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Temporal signal-to-noise ratio.
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techniques and low-resolution protocols, volume acquisition times can be
long when whole-brain coverage is required. Consequently, there is the
requirement for further scan acceleration to increase the temporal reso-
lution with which the BOLD response is observed. Additionally, scan
acceleration can reduce the effect of motion which occurs during the
acquisition of a single image volume.

1.1. Functional MRI using simultaneous multislice imaging

Simultaneous multislice (SMS) imaging techniques acquire multiple
slices simultaneously and exploit the spatial information of the coil
sensitivity profiles to separate the anatomical slice information. This
speeds up the acquisition by a factor equal to the slice-acceleration factor
(Larkman et al., 2001). The CAIPIRINHA technique improved the image
separation by introducing an in-plane image shift between the simulta-
neously excited slices (Breuer et al., 2005). The first SMS acquisitions in
EPI sequences were presented in 2006 (Nunes et al., 2006). Since then,
these techniques have been improved, for example by introducing
blipped-CAIPIRINHA (Setsompop et al., 2012). This led to ultra-fast
imaging which can cover the whole brain in under 300 ms when using
high acceleration factors (Feinberg and Setsompop, 2013). The benefits
of using simultaneous multislice imaging in functional MRI have been
discussed previously (Preibisch et al., 2015) (Chen et al., 2015).

1.2. Motion effects in functional MRI

Robust data analysis in functional MRI requires, for each imaging
voxel, a fixed anatomical location over the course of the measurement.
This is essential to prevent artificial signal changes due to varying partial
volume effects and to ensure that the BOLD response from different
voxels is not mixed during data analysis. Subject motion can elevate the
detection of false activation and reduce the significance of measured
brain activation (Zaitsev et al., 2017). This becomes even more prob-
lematic when considering the long scan times of functional MRI studies.
An additional source of motion-induced artifacts originates from spin
history effects caused by inter-shot motion which yield severe banding
artifacts in the images. Motion in fMRI studies can be categorized by
different sources. During the long measurements, human subjects tend to
slowly move in a specific direction, for example by sinking into the
padding used for comfort and head restraint, leading to long-term, rig-
id-body motion. Fast motion events coming from coughing and swal-
lowing or when measuring uncooperative subjects may happen in
addition and require high temporal resolution of motion correction
procedures. These noticeable effects might even be increased when
measuring with a head restraint (Bettinardi et al., 1991; Edward et al.,
2000). A third category is periodic motion as is caused by respiration or
cardiac pulsation. Respiratory motion effects are further increased by
susceptibility changes in the head region caused by movements of the
chest and become more visible when measuring with high temporal
resolution, as in functional MRI using simultaneous multislice imaging
(Cheng and Puce, 2014).

1.3. Motion correction in functional MRI

Retrospective motion correction is the most commonly used method
when handling functional MRI data. Data analysis software packages, e.g.
FSL (Jenkinson et al., 2002), AFNI (Cox, 1996) or SPM (Friston et al.,
2007), typically include algorithms for retrospective motion correction,
treating the motion as a pure rigid-body process and correcting on a
volume-to-volume basis. Detected motion parameters can optionally be
used as confounding model parameters in the general linear model
(GLM) to reduce motion-induced effects in the fMRI statistics (Friston
et al, 2007). Since these algorithms mostly work with a
volume-to-volume-based image registration, intra-volume motion effects
are not considered in the correction process and correction of fast motion
events is difficult. Simultaneous multislice fMRI mitigates this by
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reducing the repetition time between successive image volumes. But, in
most cases, this is still too slow to reconstruct the correct course of, for
example, respiratory motion. To solve this challenge, there are recent
developments of post-processing algorithms for performing slice-wise
motion correction to improve the fMRI analysis, such as SLOMOCO
(Beall and Lowe, 2014). A large problem of retrospective motion
correction is that data which were lost during image acquisition cannot
be restored later, for example when the subject moves out of the field of
view during the scan such that information about some anatomical re-
gions of interest is not available throughout the whole measurement.
Additionally, subject motion can cause MR-signal loss caused by the
aforementioned spin history effects that introduce spatial variation in
image contrast and cannot be repaired by retrospective motion correc-
tion techniques without Bloch simulations (Thesen et al., 2000). All
retrospective motion correction techniques require data interpolation
when transforming the image data to account for the subject motion. This
procedure can degrade spatial resolution and previous work (Thesen
et al., 2000) has suggested that this is less of an issue when prospective
motion correction is used to reduce the level of residual motion that has
to be corrected retrospectively.

Prospective motion correction, first introduced in Haacke and Patrick
(1986), helps to maintain a fixed relationship between subject and im-
aging geometry. Disadvantages associated with retrospective motion
correction, such as spin history effects, interpolation artifacts and the
inability to recover lost image data, can be solved in principle by pro-
spective motion correction algorithms, but in practice these can also
destabilize the imaging system when the accuracy of motion correction
updates is not sufficient (Zaitsev et al., 2017). Most fMRI studies using
prospective motion correction without external hardware rely on
volume-to-volume-based motion detection (Thesen et al., 2000). The big
downside of this approach is its low temporal resolution and missing
intra-volume motion correction. Temporal resolution can be improved by
accelerating the image acquisition with SMS imaging techniques. How-
ever, the temporal resolution might not be high enough to cover fast
motion events. Image-based prospective motion correction needs some
computation time for image reconstruction and motion detection. This
requires a short inter-volume delay or, alternatively, skipping a volume
before applying motion updates with the disadvantage that the temporal
resolution of the correction procedure is reduced (Zaitsev et al., 2017). In
Teruel et al. (2018), the established PROMO technique (White et al.,
2010) was transferred to simultaneous multislice fMRI to retrospectively
estimate motion with sub-TR resolution and might be applicable for
prospective motion correction in the future. Another way to achieve a
significant improvement in the temporal resolution of prospective mo-
tion correction is the use of external hardware for motion detection as for
example in camera-based prospective motion correction (Zaitsev et al.,
2006; Aksoy et al., 2011; Huang et al., 2018). These methods have high
accuracy and update rates, but need additional, potentially expensive
hardware and a preparation step prior to the scan. They rely on external
markers to be tracked by the cameras, which can be uncomfortable to the
subject. Furthermore, optical systems only detect the motion of the scalp
which might not precisely represent the actual motion of the brain. On
the other hand, image registration algorithms as used in image-based
prospective motion correction may also use information from the neck
which might not follow the rigid-body motion of the head. Registration
accuracy can also be affected by image distortions that are particularly
present in EPI images of lower slices of the brain and vary with subject
motion (Andersson et al., 2018).

1.4. Prospective motion correction using multislice-to-volume image
registration

This work transfers the idea of multislice-to-volume image registra-
tion for prospective motion correction, introduced in Hoinkiss and Porter
(2017), to simultaneous multislice fMRI. The previous work showed that
registering a subset of slices to a full image volume allows robust
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prospective motion correction. The fastest way to acquire this subset of
slices is given by simultaneous multislice imaging, such that only a single
radiofrequency (RF) excitation is necessary to acquire the required image
slices for motion detection. This can significantly speed up the temporal
resolution of motion parameter updates in comparison to
volume-to-volume-based approaches and enables the correction of fast
motion events, including those happening during the acquisition of a
single imaging volume. Functional MRI based on single-shot EPI is well
suited to this correction method because a self-navigated approach can
be used without the additional navigators used in the previous study.
Furthermore, the SMS technique is already widely used in functional MRI
studies, so the correction method can be implemented without any
impact on the scanning protocols used. The technique is evaluated using
fMRI paradigms which examine the brain activation as a result of
repeated visual and motoric tasks using imaging protocols with
slice-acceleration factors of three and four. Some of this work has pre-
viously been reported in abstract form (Hoinkiss et al., 2018).

2. Material and methods

Fig. 1 shows an overview of the image acquisition and multislice-to-
volume-based prospective motion correction of a simultaneous multislice
fMRI acquisition. It includes the acquisition of single-band SMS auto-
calibration data (1) and the generation of an SMS reference volume for
motion correction (2) at the start of the measurement. The imaging scans
are then acquired using simultaneous multislice EPI measurements
where simultaneously acquired slices are separated in real time (3). The
separated imaging slices are used as input for a multislice-to-volume
image registration (4) and the motion parameter updates are sent back
to the imaging system in real time (6). This step uses the motion estimates
to derive a linear quaternion-based transformation of the imaging slice to
compensate for the detected motion. Scanner hardware is adapted by
altering the logical gradient orientations as well as rf pulse frequencies
and phases (Maclaren et al., 2013). A Kalman filter is used to smooth the
motion correction updates during the scan to give reliable motion
parameter estimates (5). It can also be skipped when filtering of the
motion parameters is not desired. These steps are described in more
detail in the following sections.

s .

-
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2.1. Method overview

The first step of the imaging process involves acquiring the single-
band SMS auto-calibration data (see Fig. 1, step 1). The auto-
calibration slices experience the same image shift as the subsequent
imaging scans and are used to calculate the required GRAPPA weights
which connect the spatial information of the image volume to the coil
sensitivity profiles (Setsompop et al., 2012). An adapted slice-GRAPPA
algorithm, developed by Cauley et al. (2014), called split
slice-GRAPPA, is used, which reduces inter-slice leakage artifacts. The
GRAPPA-weights calculation is usually time consuming. However, by
parallelizing the computations on all scanner processor threads, this time
can be highly reduced, making it suitable for real-time applications.
Subsequent SMS imaging scans are separated in real time using the
previously calculated GRAPPA weights. The first reconstructed SMS
volume is used as a reference volume for the prospective motion
correction (see Fig. 1, step 2). The next SMS imaging slices are disen-
tangled (see Fig. 1, step 3) and used as input for a multislice-to-volume
image registration to the reference volume (see Fig. 1, step 4). This
image registration is based on the Mattes' mutual information metric
(Mattes et al., 2001; Mattes et al., 2003) and a 3D rigid versor transform
and optimization (ITK 3.8.0 (Yoo et al., 2002), open source). Both the
slice separation as well as the image registration are parallelized on the
scanner processor threads to reduce computation times. The estimated
motion parameters are sent back to the imaging system, such that sub-
sequent SMS imaging scans are acquired using the updated slice infor-
mation (see Fig. 1, step 6). Using this feedback cycle, continuous
prospective motion correction is performed with the objective of main-
taining a fixed relationship between subject and imaging plane.

2.2. Kalman filtering to smooth motion parameter estimates

Multislice-to-volume image registration uses much less image data to
detect the motion parameters than conventional volume-to-volume-
based image registration algorithms. In the case of outliers in the mo-
tion detection estimates or instability of the system, a Kalman filter can
reduce noise and registration errors originating from the motion detec-
tion procedure (see Fig. 1, step 5). In the prospective motion correction,
the state vector of the Kalman filter does not describe the absolute

®

y o 4
y o 4

create motion correction reference
volume using simultaneous
multislice excitation and split slice-
GRAPPA reconstruction

acquire single-band
SMS auto-calibration
data

acquire SMS imaging scan and
reconstruct the corresponding

perform a rigid-body, multislice-to-volume
image registration to the reference volume

slices to detect occured motion

select new anatomical
slice position

®

apply real-time
Kalman filtering

send motion
parameters back to
imaging system

adapt orientation and

position for each
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Fig. 1. Overview of the proposed prospective motion correction technique using multislice-to-volume image registration in simultaneous multislice fMRI for a slice-
acceleration factor of 3. The technique includes the acquisition of a single-band SMS auto-calibration volume (1), the acquisition of an SMS reference volume for the
prospective motion correction (2), the SMS imaging scans (3) which are used as input for a multislice-to-volume image registration (4) and the real-time feedback to
the sequence to adapt the imaging system according to the detected motion (6). A real-time Kalman filter can be added for parameter smoothing in the case of

instability of system (5).
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distance between subject and imaging geometry, since this would
introduce overshooting of the filter, but the time course of accumulated
motion detection estimates. This makes it possible to follow the true
estimated subject motion during the measurement. It is implemented as
single one-dimensional Kalman filters for each degree of freedom of the
rigid-body motion detection, where each degree of freedom is calculated
on a different scanner processor thread. This simplifies the filtering
process to a one dimensional Kalman filter in which we consider subject
position and velocity in the prediction model, resulting in a state vector x
= (s, $) which is initialized as xo = (0, 0) at the start of the measurement.
The current prediction is used at each time point to adapt the estimated
motion parameter to the underlying system, weighted by the calculated
Kalman gain which depends on the expected measurement and process
noise. More details on Kalman filtering can be found in Kalman (1960).
The drawback of this procedure is the obvious delay in reacting to fast
subject motion to which the filter model does not adapt instantly.

Kalman filtering has been used previously in the prospective motion
correction of MRI acquisitions, for example for improving the results of
camera-based methods (Maclaren et al., 2009) or for image-based
tracking (White et al., 2010).

3. Experiments

Experiments were performed on a 3T MR system with a 20-channel
head coil (MAGNETOM Skyra, software version Syngo MR D13A,
Siemens Healthcare, Erlangen, Germany). All subjects provided written
informed consent prior to scanning and the study was approved by the
local ethics committee.

To evaluate the suggested motion correction method, a dedicated
simultaneous multislice fMRI sequence with a multi-threaded imple-
mentation of the split slice-GRAPPA image reconstruction algorithm was
developed and modularly combined with three different prospective
motion correction scenarios:

e volume-to-volume-based prospective motion correction,
e multislice-to-volume-based prospective motion correction and
e no prospective motion correction.

The sequence used fat saturation pulses prior to slice excitation and
no in-plane GRAPPA was performed. The pulse sequence, split slice-
GRAPPA reconstruction, image registration and real-time correction al-
gorithms were implemented using the manufacturer's proprietary pulse-
sequence and image-reconstruction development frameworks together
with the ITK 3.8.0 image processing library, which was used for
computing the multi-threaded multislice-to-volume image registration.
The volume-to-volume-based prospective motion correction was added
using the vendor-specific modules for prospective motion correction in
functional MRI (Thesen et al., 2000).

The flip angle of the RF excitation was adapted to the repetition time
by calculating the Ernst angle with an average T; in gray matter of
1331 msat 3 T as reported in Wansapura et al. (1999). By-field correction
(Thesen et al., 2003; Benner et al., 2006) was used when measuring
without prospective motion correction. In the measurements with
applied prospective motion correction, the By-field drifts were corrected
by the motion correction procedure, meaning that the associated subject
drift in phase-encoding direction was interpreted as motion and cor-
rected by the motion correction procedure. This way, the dynamic
Bo-field drift and motion correction procedures do not interfere. How-
ever, because the system operation frequency was not adapted, the
Bo-field drift could affect the fat saturation during long measurements. A
waiting time was introduced into the pulse sequence immediately after
acquiring the SMS auto-calibration data for calculation of the GRAPPA
weights.

Both prospective motion correction algorithms were implemented
such that each EPI slice position was corrected using the most recently
calculated motion update available.

162
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In all functional measurements, the same fMRI paradigm was used.
The visual cortex was stimulated by displaying an inverting checker-
board. Simultaneously, the volunteers performed a button-pressing task
with both hands to stimulate the motor cortex. The order of the required
button presses was communicated prior to each activation phase and
changed throughout and between the scans. Activation phases of 22s
alternated with resting phases of 22 s in 5 min long measurements. Prior
to each image volume acquisition, a trigger pulse was sent from the MRI
scanner to the fMRI task hardware to synchronize pulse sequence and
fMRI paradigm.

3.1. Technical evaluation on the accuracy of multislice-to-volume image
registration

A first experiment was performed in silico to evaluate the accuracy
and limitations of the multislice-to-volume image registration by a
comparison to its volume-to-volume counterpart. The experiment was
performed using data from the same imaging sequence as described in
the experiments below. Image registration was performed for each time
point and all possible slice positions that could be excited simultaneously
in an SMS EPI measurement. Registration accuracy was evaluated by a
comparison to the results of volume-to-volume image registration when
using different numbers of slices for the registration process. For both
image registration methods, the exact same image registration setup was
used (utilizing mutual information as used by the multislice-to-volume
registration in all subsequent experiments).

3.2. Single-subject study with and without voluntary head motion

An experiment with a single subject (male; aged 28) was performed in
vivo to examine the effect of the different prospective motion correction
scenarios on scans with intentional head movement. The subject was told
to randomly move his head in the head coil. No head restraint was used
throughout the measurements, but the radius of the movements was
restricted by the earmuffs and the head coil. All three implemented
variants of the simultaneous multislice fMRI sequence were measured
both with and without voluntary subject motion and the scan order was
randomized throughout the study. Data were acquired using the dedi-
cated To*-weighted gradient-echo SMS-EPI sequence, described previ-
ously. 42 slices were scanned using TE/TR values of 30 ms/1100 ms,
(3 mm)? isotropic voxel size, no slice gap, a matrix size of 64 by 64, a flip
angle of 64°, 660 ps echo spacing, and a (3 x 3) split slice-GRAPPA kernel
size. All measurements used a slice-acceleration factor of three and the
measurement time was 5min. In this initial experiment, no real-time
Kalman filtering was used. Residual motion parameters of the acquired
image time series were calculated using retrospective motion correction
algorithms in SPM12 (Friston et al., 2007) and the results were compared
between the different sequence variants.

3.3. Five-subject functional MRI study without voluntary head motion

A second experiment included five subjects (3 female, 2 male; aged
between 22 and 33) and was performed in vivo without intentional head
movements. However, no head restraint was used, such that the possi-
bility of involuntary head motion was increased. Additionally, there was
an increased chance of motion related to performing the paradigm tasks
during the fMRI procedure. Each subject was scanned six times with
5 min long sequence protocols, involving all three sequence variants (no
prospective motion correction, volume-to-volume-based prospective
motion correction and multislice-to-volume-based prospective motion
correction) for slice-acceleration factors of three and four. Measurement
order was again randomized to reduce experimental bias. Both imaging
protocols acquired data from 36 slices with 3 mm isotropic voxel size, no
slice gap, a matrix size of 64 by 64, an echo time of 30 ms, 660 ps echo
spacing, and a (3 x 3) split slice-GRAPPA kernel size. Based on the Ernst
angle, the flip angle was chosen to be 59° at a repetition time of 890 ms
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for the protocol with a slice-acceleration factor of three and 53° at a
repetition time of 670 ms for the protocol with a factor of four. All other
scan protocol parameters were equal to the previous experiment. The
real-time Kalman filter was used in the multislice-to-volume-corrected
sequences to add stability to the prospective motion correction system.
Data were analyzed by calculating the residual motion parameters using
SPM12 as well as the mean voxel displacement, which combines the six
rigid-body motion parameters by calculating the displacement for each
anatomically located voxel, relative to a reference image, and averaging
it over all voxels of the current imaging volume. In addition, the voxel-by-
voxel temporal signal-to-noise ratio (tSNR), which compares the time-
course mean of a voxel to its standard deviation, was calculated and
analyzed qualitatively using color-coded imaging data and quantitatively
by averaging these data over all image voxels. SPM12 was also used to
determine the measured brain-activation maps from which the mean of
the top 10% of t-values was extracted to compare brain activity between
measurements. This analysis was performed both with and without
additional retrospective motion correction. The post processing included
smoothing with a [6 6 6] full width at half maximum Gaussian kernel,
high-pass filtering and, in the case of retrospective motion correction,
motion detection, image realignment and co-registration to a standard
space. In the latter case, all six motion parameters were added as con-
founds in the GLM design matrix.

3.4. Functional MRI with repeated breathhold events

The last experiment was performed on a single subject (male; aged
60) to evaluate the influence of respiratory motion on slice-accelerated
functional MRI and to see if the multislice-to-volume motion detection
can successfully reconstruct the underlying respiratory motion events.
The volunteer was told to alternate between phases of normal respiration

translation y
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and breathhold, instructed by a visual cue. The same imaging protocol as
in the five-subject experiment was used for a slice-acceleration factor of
four and the subject motion was reconstructed by accumulating the
Kalman-filtered motion correction events. Additionally, a respiratory
cushion was used to monitor the true respiration of the volunteer. The
respiratory cushion was provided by the scanner vendor.

4. Results

4.1. Technical evaluation on the accuracy of multislice-to-volume image
registration

Fig. 2 shows the results of the first experiment on the accuracy of
multislice-to-volume image registration. The results for two different
motion parameters are plotted over the time of the 5min long mea-
surement with noticeable subject motion. The red curve shows the
volume-to-volume image registration results for each time point with
respect to a reference image. The multislice-to-volume image registration
results for all individual slice positions are displayed as error bands,
showing the standard deviation around the mean value for each time
point. The calculation was performed for multislice-to-volume image
registration using one (blue), two (orange), three (green), four (red) and
five (purple) slices. It shows a wide error band when only using one slice.
This error is reduced by adding a second slice to the image registration.
However, the standard deviation is further reduced when using three
slices or more as seen by the green, red and purple error bands. These are
centered around the volume-to-volume reference and the respective er-
rors are similar. This led to the decision to use slice-acceleration factors of
three and four in the subsequent experiments as a compromise between
image quality and robust image registration.

Fig. 2. Image registration results from mea-
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4.2. Timing and calculation times of the multislice-to-volume-based
prospective motion correction

Analyzing the processing times of the different tasks when acquiring
images with multislice-to-volume-based prospective motion correction
shows a typical time to separate the simultaneously excited slices of
40-50 ms and to calculate the multislice-to-volume image registration of
70-100 ms. The slice position and orientation of the sequence was always
updated prior to the slice excitation by checking the latest calculated
motion state. This enabled a temporal resolution of motion correction
updates for the multislice-to-volume-based prospective motion correc-
tion which was below an upper limit of 300 ms in all experiments. This
includes also the conventional image reconstruction steps as well as the
time between finishing the image registration and applying the motion
update at the start of the next EPI slice acquisition. However, compared
to volume-to-volume-based prospective motion correction using the
same SMS EPI scan protocol, which required a skip of one TR to compute
the motion detection and update the FOV geometry in our experimental
setup, the multislice-to-volume-based approach increases the temporal
resolution of motion correction updates by factors of ~6 and ~4.5 when
scanning with slice-acceleration factors of three and four, respectively.

4.3. Single-subject study with and without voluntary head motion

The increase in temporal resolution results in faster adaption to
subject head motion, as depicted in Fig. 3. This figure shows the residual
motion parameters over the time course of the first measurements ac-
quired in vivo (slice-acceleration factor three) with voluntary head mo-
tion, retrospectively calculated by SPM12. This initial experiment did not
use the Kalman filter to stabilize the motion parameters. The left column
shows the extent of motion, performed by the subject, without any pro-
spective motion correction. Volume-to-volume-based prospective motion
correction (mid column) did not provide stable motion parameter esti-
mates and shows a high level of residual subject motion. Additionally,
high-frequency motion components further destabilize the motion esti-
mates. The higher temporal resolution of multislice-to-volume-based
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prospective motion correction (right column), however, was able to
provide data with low residual motion of +0.5 mm/+ 0.5° in all six
degrees of freedom. As with all data in this section, the underlying mo-
tion was not strictly controlled hence it cannot be assumed to be identical
between the different measurements.

The results of the same experiment without intentional head motion
in Fig. 4 still reveal noticeable subject motion, as seen in the measure-
ments without prospective motion correction (left column). These mo-
tion events, however, consist of fewer periods of fast motion, but show
typical long-term subject motion. The volume-to-volume-based pro-
spective motion correction (mid column) shows low residual motion
parameter estimates which are evenly distributed about y = 0. The re-
sidual motion parameters when using the multislice-to-volume-based
prospective motion correction (right column) are dominated by single
outliers which distract the motion correction at different time points as
seen, for example, in the curves of translation in x-direction and rotation
in y-direction at the 150 s mark, before tending back to the x-axis. This
might be caused by false registrations of the multislice-to-volume image
registration given the low amount of image information. In all the
following measurements described below, this effect was prevented by
applying the Kalman filtering of the feedback data to stabilize the motion
estimates during the prospective motion correction procedure.

4.4. Five-subject functional MRI study without voluntary head motion

With the addition of the Kalman filter to the prospective motion
correction, the residual motion parameters of multislice-to-volume-based
prospective motion correction remain stable, as seen by the retrospec-
tively detected residual motion parameters (SPM12) in Fig. 5. The dia-
grams display residual motion parameters from a single measurement
without intentional head motion, using a slice-acceleration factor of
three. Despite the visible subject motion when scanning without pro-
spective motion correction (left column), the multislice-to-volume-based
approach (right column) was able to produce image data with consid-
erably low residual motion without noticeable outliers. The volume-to-
volume-based prospective motion correction (mid column) shows
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Fig. 5. Motion parameter estimates derived by SPM12 post processing for measurements acquired without prospective motion correction (left column), after volume-
to-volume-based prospective motion correction (mid column), and after multislice-to-volume-based prospective motion correction (right column). The multislice-to-
volume-based prospective motion correction used the Kalman filtering of motion correction updates during the scan to account for fluctuations in the registra-

tion process.

noticeable fluctuation in residual motion parameters. This can be quan-
tified by the mean standard deviation over the six motion components
which is 0.075 for the volume-to-volume-based approach and 0.035 for
the multislice-to-volume-based approach.

Fig. 6 depicts the absolute mean residual motion parameters of all
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subjects and measurements of the five-subject experiment. All measure-
ments were performed without intentional head motion and without
head restraint. The residual motion parameters were estimated by
calculating the mean and standard deviation of the absolute motion
values estimated by SPM12 retrospective motion detection. The
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Fig. 6. Absolute mean and standard deviation of residual motion parameters across the five subjects and slice-acceleration factors of three and four. The red bars show
the absolute mean residual motion parameters when measuring without prospective motion correction, the green bars depict the results with volume-to-volume-based
prospective motion correction and the blue bars, which show the least amount of absolute mean residual motion, are the results of measurements which were
prospectively corrected using the multislice-to-volume-based technique. The motion estimates were calculated based on the results of SPM12 retrospective mo-

tion detection.

diagrams show the results for each subject and slice-acceleration factor.
They display the mean residual motion parameters for the six degrees of
freedom (three for translation, three for rotation) and for all prospective
motion correction scenarios: no prospective motion correction (red),
volume-to-volume-based prospective motion correction (green) and
multislice-to-volume-based prospective motion correction (blue). Each
subject showed a different amount of involuntary motion in the mea-
surements, indicated by the red bars. Both prospective motion correction
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techniques were able to reduce the amount of absolute mean residual
subject motion to below 0.1 mm or 0.1° in all cases. Comparison of both
prospective motion correction strategies shows that the multislice-to-
volume-based prospective motion correction provides the lowest mean
value of residual motion parameters. However, the error bars, which
depict the standard deviation of residual motion parameters, suggest that
this is not a significant effect in all cases.

The results of the six rigid-body motion parameters can be combined
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by calculating the mean voxel displacements, as shown in Fig. 7. Both
prospective motion correction methods are compared for all five subjects
and both slice-acceleration factors. Again, the results of the volume-to-
volume-based prospective motion correction are displayed in green and
those of the multislice-to-volume-based prospective motion correction in
blue. The diagrams show a strong reduction in mean voxel displacements
for the multislice-to-volume-based approach compared to the volume-to-
volume-based method, showing improvements in mean voxel displace-
ment of 50.9% and 46.6% for the slice-acceleration factors three and
four, respectively.

Fig. 8 shows the tSNR maps of one of the five subjects with a slice-
acceleration factor of three for all three prospective motion correction
scenarios. The tSNR data are shown both without (left) and with (right)
retrospective motion detection and image alignment, calculated by
SPM12. The tSNR maps suggest that, without any prospective motion
correction (see Fig. 8a), tSNR is very low when compared to the resulting
images of measurements with applied prospective motion correction (see
Fig. 8b and c). Between the two different prospective motion correction
techniques, the multislice-to-volume approach shows slightly higher
tSNR values, particularly in the upper image slices (see Fig. 8c). With
additional retrospective motion correction (see Fig. 8d-f), these differ-
ences are considerably reduced showing that retrospective motion
correction is able to provide similar results in all three cases despite the
severe differences in tSNR before applying retrospective motion correc-
tion. However, the top and bottom slices of measurements with volume-
to-volume-based prospective motion correction (see Fig. 8e) or no pro-
spective motion correction (see Fig. 8d) are cut off. This is an effect of
image transformations that are needed to align the time-course images
retrospectively when a high amount of residual motion is present.

The bar plots, displayed in Fig. 9, show the tSNR results of all five
subjects. The temporal SNR values are calculated on foreground-masked
image volumes (Huang and Wang, 1995) and plotted for each measure-
ment. The foreground masking algorithm excluded all background noise
voxels from the statistics to calculate a global tSNR value on the subject
anatomy. Temporal SNR values are displayed both for slice-acceleration
factors of three (top row) and four (bottom row) as well as without (red,
green, blue) and with (light red, light green, light blue) retrospective
motion correction using SPM12. The figure shows that retrospective
motion correction improves the tSNR in all subjects when measuring
without prospective motion correction. Results from measurements with
prospective motion correction, however, are consistent when comparing
tSNR values before and after additional retrospective motion correction.
An analysis of absolute values of all three prospective motion correction
scenarios with additional retrospective motion correction shows no

slice-acceleration factor 3

mm]
(=)
=N

—035

—

e
SN e
o G W
T T

o ¢
o @
L

T T

o

mean voxel displacemen
o
(9
T

subject 1 subject 2 subject 3 subject 4 subject 5

Neurolmage 200 (2019) 159-173

significant advantage of one of the methods. Retrospective motion
correction was, in all cases, able to provide similar temporal SNR values.
The results also indicate that the tSNR is reduced by a general image
quality degradation at higher slice-acceleration factors.

The following part of this section discusses the fMRI brain activation
results. Fig. 10 shows the brain activation map and the BOLD response in
the area of highest activation of the visual cortex for a measurement
acquired with prospective motion correction utilizing multislice-to-
volume motion correction and without additional retrospective motion
correction. The curves show the fitted model as well as the residual signal
variance in the voxel which is not explained by the model.

Results of the brain activation analysis in terms of the mean of the top
10% of t-values for both slice-acceleration factors are shown in Fig. 11.
The data show strong variation in measured brain activation between
measurements and subjects. The figure highlights the changes in the t-
value metric when using additional retrospective motion detection and
image realignment in measurements with no prospective motion
correction (red), volume-to-volume-based prospective motion correction
(green), and multislice-to-volume-based prospective motion correction
(blue). Results of measurements with multislice-to-volume-based pro-
spective motion correction show high consistency between the t-value
statistics before (blue) and after (light blue) additional retrospective
motion correction. When using the volume-to-volume-based prospective
motion correction, t-values are increased by the retrospective image
realignment. Measurements without prospective motion correction show
a different effect. Here, retrospective motion correction strongly reduces
the brain activation in the data. Observing the motion detection esti-
mates of these data suggests that this is related to false activation due to
task-related motion performed by the subjects (data not shown).

Regarding absolute brain activation results, a comparison of the
measurements with additional retrospective motion correction shows
over 50% higher t-values on average when using one of the two pro-
spective motion correction techniques; 53.46% =+ 56.70% for volume-to-
volume and 56.70% =+ 40.45% for multislice-to-volume-based prospec-
tive motion correction. Comparing the two prospective motion correc-
tion methods to each other shows comparable results regarding absolute
brain activation.

4.5. Functional MRI with repeated breathhold events

The bottom graph of Fig. 12 depicts data from the respiratory cushion
during MRI scanning. It shows the phases of normal respiration and
breathhold throughout the measurement. The frequency of respiration
during this experiment was ~0.34 Hz which would require a sampling
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(blue) prospective motion correction across all five subjects and for slice-acceleration factors of three and four. The mean voxel displacements were calculated

based on the results of SPM12 retrospective motion detection.
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without retrospective motion correction with retrospective motion correction

no prospective
motion correction

volume-to-volume-based
prospective motion correction

multislice-to-volume-based
prospective motion correction

0 {SNR 100

Fig. 8. Temporal SNR maps of a single subject from measurements with no prospective motion correction (a,d), volume-to-volume-based prospective motion
correction (b,e) and multislice-to-volume-based prospective motion correction (c,f). In all measurements, a slice-acceleration factor of three was used and the diagram
shows the same underlying data without (left) and with (right) retrospective motion correction.

frequency of >0.68 Hz to properly characterize the respiratory cycle. closely matched by plots of accumulated motion estimates derived from
With a temporal resolution of ~3.33Hz of the multislice-to-volume- multislice-to-volume-based prospective motion correction with enabled
based prospective motion correction, this was easily achieved. The two Kalman filter. The two directions of the measurement which were
other graphs in the figure show how the pattern of respiratory motion is influenced the most by respiratory motion events are chosen for display.
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Fig. 10. BOLD response for a measurement with multislice-to-volume-based prospective motion correction, determined by SPM12. The response curve for an indi-
vidual voxel (top) is shown for the area of highest activation in the visual cortex of the brain activation map, which displays a colormap of t-values resulting from the
fMRI analysis (bottom).

The temporal resolution of the volume-to-volume-based prospective the respiratory motion is additionally smoothed out over a whole im-
motion correction throughout this work was ~0.45 Hz in the first one- aging volume which might not result in the detection of the true respi-
subject experiment and ~0.56 Hz (slice-acceleration factor three) and ratory phase.

~0.75 Hz (slice-acceleration factor four) in the five-subject experiment.

Only in one of these cases, the Nyquist-Shannon theorem would have 5. Discussion

been fulfilled to allow the detection of the true respiratory motion. This

was mainly driven by skipping one TR to apply the current motion pa- The objective of this study has been to identify a high temporal res-
rameters which was necessary in our experiments due to the low inter- olution, image-based prospective motion correction technique for
volume pause in the sequence, caused by the low TR, together with the simultaneous multislice functional MRI measurements. One experiment
necessary calculation times of image registration and slice separation. was performed in silico to evaluate the accuracy of the image registration
This effect could be mitigated when using other scan parameters allowing and three experiments were performed in vivo for evaluation and com-
timely feedback execution between the acquisition of two image vol- parison with a conventional prospective motion correction technique.
umes. Note, however, that with volume-to-volume image registration, Some aspects of these experiments are discussed below.
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Fig. 12. Motion parameters from a measurement with multiple breathhold events. The two top diagrams show the two directions of the measurement which were
influenced the most by respiratory motion events and plot the accumulated motion estimates, acquired during prospective motion correction using multislice-to-
volume image registration. The subject performed multiple alternations of 22s breathholds with interleaved phases of 22's normal respiration. The prospective
motion detection had a temporal resolution of ~3.33 Hz. The graph in the bottom diagram shows the data from the respiratory cushion, synchronized to the motion
correction curves. It shows that the respiratory motion was successfully detected by the prospective motion correction when comparing the motion estimates to the
respiratory cushion data.
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5.1. Random head motion to simulate motion effects

The amount of voluntary subject motion in the first experiment ac-
quired in vivo is shown in the curves without prospective motion
correction of Fig. 3. The subject performed head movements within a
small range, restricted by the earmuffs and the head coil, leading to
motion parameter estimates of up to +2mm and +2°. These were
calculated by volume-to-volume-based retrospective motion correction,
such that the true underlying motion might be underestimated since the
motion state was calculated for a whole TR. Indeed, severe banding ar-
tifacts were seen in the data, suggesting a high level of intra-volume
motion. This intentional motion performed by the subject may not be a
perfect model for real measurements with uncooperative subjects, but it
provides a good indication for the performance of the multislice-to-
volume-based prospective motion correction technique with this group
of subjects. All subsequent measurements did not include intentional
head motion of the subjects. However, measurements without intentional
head motion showed that the fMRI tasks themselves as well as other
factors like discomfort and subsidence of the pillow lead to unintended
subject head motion.

5.2. Residual motion parameters and Kalman filtering

The calculation of residual motion parameters for the first experiment
acquired in vivo showed the advantage of the higher resolution of the
multislice-to-volume-based approach, such that it can adapt to the sub-
ject motion faster, resulting in less residual motion. Without additional
Kalman filtering, this is only true for strong subject motion where the
extent of motion is larger than the outliers in the image detection esti-
mates (see Fig. 3). These outliers can be observed when measuring
without intentional head motion, as seen in Fig. 4. They might be caused
by imprecision in the image registration procedure due to the reduced
amount of image information which is used in the multislice-to-volume
method. In the volume-to-volume case, if there are single corrupted sli-
ces, the rest of the volume can compensate for this in the registration
process and still generate robust motion estimates. In multislice-to-
volume image registration, single artifacts or distortions in the images
have much more impact on the motion estimates, which is even more
problematic when the subset of slices includes one of the topmost slices
where the subject only covers a small part of the FOV. This is why
multislice-to-volume image registration uses a computationally more
intense cost function to extract robust motion estimates from the small
number of slices used. In particular, this reduces the effect of localized
image distortions, which can be more problematic than when volume-to-
volume registration is performed with a large number of slices. Since only
a small subset of slices is included in the image registration process, the
processing time of the cost function remains low.

A suggested solution to this observation was the addition of a real-
time Kalman filter to stabilize the motion estimates used for the pro-
spective motion correction. Fig. 5 shows that the residual motion
parameter estimates, retrospectively determined by SPM12, were stable
when measuring with the additional real-time Kalman filter, which is
why it was used in all subsequent measurements of this work that were
performed with multislice-to-volume-based prospective motion correc-
tion. Note that the Kalman filter introduces a short delay in the motion
correction updates since the system adapts to new motion states more
slowly. This is necessary to successfully reduce the incidence of outliers
in the motion estimates. In the experimental data, this delay can be
observed to be in the range of a single correction step size when sudden,
fast motion events occur.

Figs. 6 and 7 summarize the motion estimates of the five-subject
experiment. The data indicate that the Kalman filter adds a lot of sta-
bility to the motion estimates, resulting in low residual motion. The mean
voxel displacements of measurements corrected with volume-to-volume-
based prospective motion correction are almost halved when measuring
with the suggested multislice-to-volume-based technique. This applies to
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all subjects and slice-acceleration factors and is not related to the amount
of underlying subject motion. An alternative to the Kalman filter would
be to use the slices of multiple excitations for image registration, e.g.
measuring with slice-acceleration factor three, but waiting for six slices
for image registration and with that stabilizing the image registration
estimates. These possibilities have to be examined in future work.

The low level of residual motion leads to higher image quality during
the scan, shown by the comparison of temporal SNR values without
additional retrospective motion correction in Figs. 8 and 9. The results,
however, also show the ability of retrospective motion correction to
recover image quality during post-processing, shown by the comparable
tSNR results after addition of retrospective motion correction which
would be used in most fMRI applications. Under the experimental con-
ditions used in this study, the proposed method provided a prospective
performance that was comparable to that of the retrospective method,
but no clear benefit was observed that could be related to the improved
temporal resolution of the new method. However, it is possible that such
a benefit will be observed when there is a substantial amount of intra-
volume motion and this could be investigated explicitly in future work.
The results of temporal SNR analysis also show that image quality de-
grades when using higher slice-acceleration factors. This is a typical
observation when using SMS acquisitions, where an increase in the slice-
acceleration factor is linked to a reduction in SNR due to g-factor effects
(Breuer et al., 2009; Setsompop et al., 2012). The reduction in image
quality could reduce the accuracy of the image registration process.
However, the additional slices also add more information to the regis-
tration process. We did not further validate the accuracy of the split
slice-GRAPPA slice separation in our experiments. Since the
auto-calibration data is only acquired at the start of the measurement,
motion-induced shifts in slice position between auto-calibration data and
imaging scan as well as a change in the loading of the coils can cause
ghosting due to false image separation. Visual inspection of the image
data showed no severe, subject-position-dependent ghosting artifacts.

A typical challenge when performing evaluation studies on different
prospective motion correction techniques is that the subject motion
cannot be assumed to be the same for repeated measurements. This was
accepted during the study as there is little chance to control the motion
without using defined motion protocols. The goal was to evaluate the
proposed technique under normal conditions to evoke the amount of
subject motion typically seen during fMRI measurements. However, to
explore the more extreme case, the level of motion was exaggerated by
performing studies without head fixation. Experimental bias between
techniques was minimized by varying the order of measurements be-
tween subjects and by repositioning the subjects between measurement
blocks.

5.3. Temporal resolution of motion correction updates and hardware limits

In this study, the suggested prospective motion correction technique
enabled a temporal resolution of motion correction updates of below
300 ms when measuring with the specified imaging protocols. This is a
large improvement when compared to conventional volume-to-volume-
based prospective motion correction and, as shown in Fig. 12, also al-
lows for adequate reconstruction of respiratory motion. The calculation
of GRAPPA weights from the auto-calibration data required a waiting
time in the sequence until the calculation is done. In the experiments, the
calculation time of the GRAPPA weight set was about 10s for a slice-
acceleration factor of three and 13s for a slice-acceleration factor of
four. However, this time could also be used to perform dummy scans to
establish steady-state magnetization prior to the first imaging scan. These
calculation times are, besides the imaging protocol, mainly dependent on
the computational performance of the scanner hardware. Theoretically,
multislice-to-volume-based prospective motion correction allows for
motion correction updates after each RF excitation and EPI readout, since
the amount of data is sufficient to calculate motion estimates. However,
image reconstruction, SMS image separation and image registration
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require a finite amount of computation time before the updates are
available. This time was substantially reduced in this study by using all
available processor threads provided by the scanner hardware. However,
since the calculation time of these algorithms strongly scales with the
multi-threading factor, the processing time can be further reduced with
more powerful scanner hardware than the seven-year-old scanner used in
the experiments; this would include processors with more cores or the
use of graphic cards. Considering software optimization, there is some
room for improvement in the use of multi-threading for the image
registration calculation. A specific and more efficiently multi-threaded
implementation of the registration method could already help in
reducing some of the calculation time. Also, some registration parameters
could be optimized without a significant loss of accuracy. For this proof-
of-concept study, however, we chose these parameters conservatively to
ensure optimal registration performance.

5.4. Functional MRI study results

The fMRI study results from the five subjects show high variation in
brain activity between subjects and measurements as expected in these
studies, especially considering the small study size. This makes it
particularly difficult to draw conclusions from the data. The results in
Fig. 11 compare the mean of the top 10% of t-values of the same mea-
surement when analyzing with and without retrospective motion
correction. Uncorrected head motion which correlates with the fMRI
paradigm can lead to false activation and increase the determined t-
values as seen in the results of measurements without prospective motion
correction. On the other hand, the brain activation estimates originating
from the volume-to-volume-based prospective motion correction can be
further increased by using retrospective motion correction, also indi-
cating residual motion in the data. The results of measurements using the
proposed prospective motion correction technique show a high consis-
tency between mean t-values before and after applying retrospective
motion correction. As there is no gold standard in the comparison be-
tween these methods, some caution needs to be exercised when inter-
preting the results. The data do not demonstrate that the proposed
multislice-to-volume method provides fMRI results with the highest ac-
curacy, or indeed with the least motion sensitivity, but the highly
consistent t-statistics with and without retrospective motion correction
suggests a robust performance. However, this does not necessarily mean
that the proposed technique can obtain motion-insensitive fMRI mea-
surements. It suggests that most image misalignments which occurred
during the measurement were successfully corrected by the prospective
motion correction procedure, but it does not establish whether or not the
fMRI results from the motion-corrected data are confounded by the
motion. Further examination is required for a detailed investigation to
determine the effect of multislice-to-volume-based prospective motion
correction on the fMRI statistics in real fMRI experiments. Additional
validation studies should also be performed with uncooperative subjects
where the improvements due to prospective motion correction are likely
to be more substantial. It would also be of interest to validate the method
with simultaneous optical tracking as a reference.

5.5. Comparison with other prospective motion correction techniques

The volume-to-volume-based prospective motion correction has been
well accepted in neuroscience imaging, but became impractical on cur-
rent MRI systems with the introduction of SMS imaging due to the
requirement for real-time slice separation. The proposed technique pre-
sents a solution that can practically be used on the scanner and combines
the advantages of both SMS imaging and prospective motion correction
with high temporal resolution. In the experiments, multislice-to-volume-
based prospective motion correction showed higher motion correction
capabilities when compared to the conventional volume-to-volume-
based approach. There is no obvious disadvantage in using the
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proposed technique, but it can significantly increase the temporal reso-
lution of motion correction updates without a substantial penalty in the
accuracy of parameter estimates. This enables the possibility of sub-TR
prospective motion correction and might also increase the volume
integrity of single image volumes. Multislice-to-volume-based prospec-
tive motion correction can be used with a range of slice-acceleration
factors to adjust the accuracy of image registration and the temporal
resolution. It can also be used for fMRI without slice acceleration, in
which the method would wait for a certain number of slices before
starting the image registration process. However, this would require an
adapted slice-ordering scheme, similar to that shown in Hoinkiss and
Porter (2017). Prospective motion correction using external hardware,
on the other hand, can be used with almost any pulse sequence and
imaging protocol without a change in motion correction accuracy. The
comparison to these techniques was not made in this study, but previous
work shows that they can provide a higher temporal resolution than the
values achieved in this study. However, as discussed above, the speed of
the proposed motion correction technique could be further increased
with more powerful scanner hardware. Since the measurements were
performed on a seven-year-old MRI scanner, adapting the proposed
technique to more recent scanner hardware would already help to in-
crease the temporal resolution of motion correction updates. This would
provide a performance closer to that of camera-based prospective motion
correction without the need for external hardware. Apart from the
financial benefits of avoiding the installation of additional hardware, the
image-based approach has the advantage of avoiding external markers
and bite bars, which would limit application in routine clinical studies.

6. Conclusion

In this study, prospective motion correction using multislice-to-
volume image registration was combined with the simultaneous acqui-
sition of multiple slices. Its application to slice-accelerated functional
MRI was described and evaluated. Due to the simultaneous excitation of
multiple slices, only a single RF excitation is required to get sufficient
image data for motion correction. This offers a high temporal resolution
and the possibility of intra-volume motion correction. Study results show
a substantial reduction for in-plane and out-of-plane motion parameters
when compared to conventional volume-to-volume-based prospective
motion correction both in measurements with and without intentional
head movements. An analysis of temporal signal-to-noise ratio as well as
brain activation results shows high consistency between the results
before and after additional retrospective motion correction when using
the proposed technique, indicating successful prospective motion
correction.
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