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Abstract

To*-weighted gradient echo (GRE) MRI at high field is uniquely sensitive to the magnetic
properties of tissue and allows the study of brain and vascular anatomy at high spatial resolution.
However, it is also sensitive to B field changes induced by head motion and physiological
processes such as the respiratory cycle. Conventional motion correction techniques do not take
these field changes into account, and consequently do not fully recover image quality in To*-
weighted MRI. Here, a novel approach was developed to address this by monitoring the By field
with a volumetric EPI phase navigator. The navigator was acquired at a shorter echo time than that
of the (higher resolution) To*-weighted GRE imaging data and accelerated with parallel imaging
for high temporal resolution. At 4 mm isotropic spatial resolution and 0.54 s temporal resolution,
the accuracy for estimation of rotation and translation was better than 0.2° and 0.1 mm,
respectively. The 10% and 90% percentiles of By measurement error using the navigator were —1.8
and 1.5 Hz at 7 T, respectively. A fast retrospective reconstruction algorithm correcting for both
motion and nonlinear By changes was also developed. The navigator and reconstruction algorithm
were evaluated in correcting motion-corrupted high-resolution To*-weighted GRE MRI on healthy
human subjects at 7 T. Excellent image quality was demonstrated with the proposed correction
method.
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1. Introduction

Continuing increases in magnetic field strength and improvements in radiofrequency (RF)
and gradient hardware have led to improved spatial resolution in MRI of human brain. State
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of the art techniques now allow sub-millimeter resolution for a variety of applications,
including T1- and To*-weighted MRI. This has improved the study of brain anatomy and
function (Duyn et al., 2007; Thomas et al., 2008; Marques et al., 2010; Huber et al., 2017),
and the detection of subtle variations with disease (Chavhan et al., 2009; de Graaf et al.,
2013).

However, one of the main impediments to performing high-resolution MRI is the presence
of head motion. Over the typically minutes-long duration of a high-resolution MRI
acquisition, involuntary head motion often exceeds the targeted (sub-) millimeter scale
resolution, and, if not corrected for, can cause severe image degradation (Andre et al., 2015).

In order to correct motion effects, additional information about changes in head position
during the scan needs to be acquired (Hedley and Yan, 1992; Zaitsev et al., 2015). For this
purpose, optical cameras, NMR probes or other devices can be used (Tremblay et al., 2005;
Zaitsev et al., 2006; Qin et al., 2009; Derbyshire et al., 1998; Sengupta et al., 2014;
Aranovitch et al., 2018; Niekerk et al., 2019; Benjaminsen et al., 2016; Maclaren et al.,
2016; Mattern et al., 2019). Motion can also be estimated from MRI signals that are
acquired together with the imaging data. These so-called navigator signals can have varying
sophistication, depending on the desired accuracy of the motion estimate and the acceptable
burden on scan duration (Babayeva et al., 2015; Fu et al., 1995; Gretsch et al., 2018; Hess et
al., 2011; Liu et al., 2017; Tisdall et al., 2012; van der Kouwe et al., 2006; Wallace et al.,
2019; Welch et al., 2002; White et al., 2010). Furthermore, the image data itself can be used
to extract motion information. This can be implemented using either specific k-space
trajectories that repetitively acquire the center portion of k-space (Anderson et al., 2013; Liu
et al., 2004; Pipe, 1999) or algorithms that jointly estimate motion and reconstruct the image
(Cordero-Grande et al., 2017; Loktyushin et al., 2013).

Motion information obtained either with an external device or from the MRI signal can then
be used to adjust the MRI coordinate system during the scan, or it can be applied to correct
the image in the reconstruction. For the latter, motion information can be applied to directly
correct the k-space data or integrated in the forward model of MRI signal generation to
derive the correction in the inverse solution.

While excellent results have been obtained with motion correction methods, one area still in
need of improvement is that of To*-weighted MRI, an application particularly sensitive to
motion-related image artifacts. This arises from the fact that motion may introduce changes
in the local magnetic field (Bg) (Liu et al., 2018; Sulikowska et al., 2014), the very aspect
that susceptibility-weighted MRI is sensitized to. Measurement of these field changes and
correcting for them online during the scan or retrospectively during image reconstruction
may alleviate this problem. For example, one-dimensional navigator (Ward et al., 2002) or
fat navigator (Gretsch et al., 2018) have been demonstrated in correcting for the linear
component of field changes introduced by head motion and motion of other body parts such
as limbs and chest (during respiration). However, this implicit assumption of linear field
changes is inadequate to account for more complex field changes that may result from head
motion (Liu et al., 2018). Other work aiming to correct for the nonlinear field changes has
been demonstrated only in cases of respiration or limb movement (van Gelderen et al., 2007;

Neuroimage. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

2.

Page 3

Versluis et al., 2012; Vannesjo et al., 2015; Duerst et al., 2016; Vionnet et al., 2017; Meineke
and Nielsen, 2019) rather than head motion.

To address the problem of nonlinear B changes affecting image quality in To*-weighted
MRI, we developed a new 3D GRE sequence that acquires a volumetric EPI phase navigator
(PN) at a short echo time (TE) to measure head motion and By change maps concurrently
with the GRE imaging data. Unlike previous volumetric EPI navigator (Hess et al., 2011,
Tisdall et al., 2012, 2014), the PN was implemented with short TE to allow insertion in the
period after the excitation pulse and before acquisition of the T,*-weighted GRE imaging
data. Therefore, scan duration was not affected by the additional navigator signal
acquisition. Rapid acquisition of the PN was achieved by using highly accelerated parallel
imaging. Accuracy of the PN and the reconstruction scheme were then evaluated in MR
experiments of head motion on healthy subjects at 7 T.

Materials and Methods

2.1 Navigator Design

Navigator acquisition was incorporated in a 3D gradient echo (GRE) acquisition technique
(Fig. 1). To allow the detection of By field changes, two consecutive navigators were
acquired right after the slab-selective RF excitation and prior to collection of the GRE
imaging data. Fast navigators were acquired with a total acceleration factor of R £ Ry R;
where /) and R are the acceleration ratios in the kj and k ; phase-encoding directions,
respectively. Gradient blips in both phase-encoding directions were applied for controlled
2D-aliasing (Breuer et al., 2006). As shown in Fig. 1b, after one RF excitation (shot), N}/R),
readout lines were collected along the ky, direction with k, blips (for controlled aliasing) for
a fast navigator, and N,/R,shots were taken to acquire multiple partitions in the k, direction
to complete one fast navigator, where Ay, and N are the matrix dimensions of the navigator
image in the kj and k; direction, respectively. To acquire two navigators as shown in Fig. 1a,
this pattern was repeated twice within each TR. The phase-encoded positions for the fast
navigator were cycled through k-space by varying the initial offset (red arrow in Fig. 1b). A
full navigator covering the entire k-space was obtained for every set of R fast navigators.
This provided the flexibility to choose one full navigator period in absence of head motion in
the postprocessing to provide the autocalibration signal (ACS) for GRAPPA reconstruction.
Once every second, blipless readout lines at the center of k-space were acquired instead of
the navigator. The blipless data was used to correct the EPI ghost and global By variation in
the data.

2.2 Navigator Reconstruction

K-space data of the PN were first corrected for the EPI ghost and global By changes. The
EPI ghost was corrected by eliminating the shifts of k-space readout lines which were
acquired with opposite readout gradients, using the nearest blipless data as the reference.
The global Bg-related phase of each readout line was corrected according to its echo time.
Fast navigator images were then reconstructed using a 2D-GRAPPA approach (Blaimer et
al., 2006). The GRAPPA kernel size was 3x2x2 in the readout and two accelerated phase-
encoding directions, respectively. One full k-space dataset from a period without head
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motion was used as the ACS for GRAPPA. This period was identified based on the phase of
the blipless data: during the acquisition of the motion-free full k-space set, the span of the
global By frequency variation was below 2 Hz. While there can be multiple periods
satisfying this condition, only the one closest to the center in the k-space of the GRE data
was chosen. After fast navigators were reconstructed and motion was estimated, this period
was confirmed only if the intra-period head rotation and translation were less than 0.2° and
0.2 mm, respectively. The magnitude of the combined image was the sum of the magnitude
images in individual channels. Sum of magnitudes was used instead of the more SNR-
optimized root of sum of squares because the former was found to be less biased by the B,
profile. The combined phase image was the sum of phase images weighted by the magnitude
square after phase images were first normalized to a reference channel. Full navigator
images of individual receive channels were simply reconstructed from the Fourier transform
of the full k-space data and then combined in the same way as the fast navigator. EPI
distortion in the navigator images was corrected using By maps generated from the two
navigators. The correction was implemented as the inverse solution of the Fourier model of
the navigator signal which is a function of By distribution and echo times in the navigator
echo train (Munger et al., 2000; Sutton et al., 2003).

2.3 GRE Reconstruction

GRE data was first preprocessed by eliminating global Bg variation using the blipless data
and then corrected using the motion and Bg change information from the navigators. Rigid
body motion can be corrected for based on fast algorithms such as non-uniform FFT
(NUFFT) (Fessler and Sutton, 2003). The effect of spatially linear By changes is equivalent
to a coordinate shift in k-space and can also be calculated efficiently using NUFFT (Gretsch
et al., 2018). On the other hand, correcting each k-space line of GRE with individual
nonlinear By maps is impractical because of the time-consuming Discrete Fourier Transform
(DFT). In this study, we proposed an efficient algorithm to correct nonlinear By changes by
separating GRE data into /m clusters with approximately linear intra-cluster By field
changes:

Bo’qj(r) = Bo’j(r) + bqj + 84 r,j=1...m (1)

where By ;is the reference Bo map of the jth cluster, g denotes the index of GRE readout
lines in the jth cluster, r is spatial coordinate in the head frame, and bg;and gy, g;are the
constant and first-order terms of the By change approximation, respectively. Nonlinear By
effects were corrected based on By, jacross clusters. Note that the GRE data in a given
cluster were not necessarily acquired continuously in time.

Assuming rigid body motion of r =R r+d where R g;and dgjare a rotation matrix and
a translation vector respectively and r; the coordinate in the laboratory frame, the resulting

MR signal in the cth receive coil can be modeled as:
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where p is the image to be corrected, B ;denotes the estimated receive sensitivity map of
the cth coil in the head frame in the #h cluster, # is the gyromagnetic ratio, gy is the readout

gradient and k, .é (kx 0%y ik qj) the k-space coordinate in the laboratory frame. Note

T . - .
that R} k +7‘(kx o8t TE)gb is the k-space coordinate in the head frame. MRI signal

phase that resulted from By, ;in the time course of a readout line was calculated at the echo
time, unlike the components from by;and gy, g in order to save calculation time. In the jth
cluster, By ¢jwas estimated from coregistered, uncombined full navigator which was
identified to be in absence of motion. Calculation time of Eq. (2) is in the order of O(mn n-
logn + angng) where nis the number of voxels, 7 is the number of shots, 71, is the number of
receive coils and a is a constant related to NUFFT including oversampling rate and kernel
size (Fessler and Sutton, 2003). Given head motion, By change and sensitivity maps
extracted from the navigator, image p was solved using the linear conjugate gradient method
with 10 iterations.

Head motion was quantified based on the magnitude image of the fast or full navigators
(Thevenaz et al., 1998). By changes in the head frame were calculated following aligning
navigators at two echo times to a reference volume. If motion within a full navigator period
was less than 0.2° and 0.2 mm, the full navigator was used in place of the corresponding fast
navigators for better SNR of motion and By change estimation and reduced parallel imaging
artifacts. Clustering the GRE data was performed using the measured Bg changes as the
input. The constant and spatially linear components in the By change maps were first
removed and the residuals were clustered based on the k-means method. The root mean
square error (RMSE) of the By change maps (RMSERy) relative to the centroids of clusters
was calculated and used to determine the number of clusters. For each scan, the RMSEgg
corresponding to 1 to 20 clusters were calculated. The number of clusters was chosen as

min{m: ‘RMSEBO’m — RMSEg, 20‘/‘RMSEB0’ | — RMSE, 20| < e} for £=0.1 where RMSEgg

denotes RMSEgq of m clusters.

2.4 Experiment Design and Data Analysis

Experiments on healthy human subjects were conducted for two purposes: (1) to evaluate the
accuracy of the PN in estimating motion and By changes and (2) to verify the performance
of the motion correction algorithm. For purpose (1), PN-measured head pose and By changes
were compared with the results of multi-echo isotropic 2 mm resolution GRE images, which
were acquired in parallel to the navigator. The subjects were instructed to stay still during
these scans. For purpose (2), a stepwise motion task was performed by the subjects, who
chose to move their heads to different arbitrary poses in response to a series of visual cues
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during a scan. After each pose change, subjects maintained the head pose until the next cue.
An average of 5 pose changes were planned for each scan. Two GRE protocols were used in
the stepwise motion scans, one with isotropic 2 mm resolution (the same as the static scans)
and another with 0.5x0.5x1.5 mm3 resolution, respectively. The 2 mm GRE was acquired
because of its short scan time and fast reconstruction. To evaluate the effectiveness of field
correction in more general cases, Monte Carlo simulations based on combined data from the
2 mm resolution static scans were employed. In the simulation, for each subject, the GRE
and PN data from one static scan was used as the baseline. A random portion (0 to 50%) of
the baseline at random k-space positions was substituted by the corresponding data from
other static scans. Twenty such datasets were generated for each subject.

To evaluate the accuracy of the PN, one navigator near the center of the k-space in the GRE
data in each static scan was used, and the navigator results of pose and field estimation were
compared to the corresponding GRE results from the same scan. A group-level summary of
the motion accuracy was reported based on the RMSE between the PN- and GRE-measured
head pose changes. The group-level accuracy of By change measurement was reported as the
10% and 90% percentiles of the difference between the PN- and GRE-measured field
changes because a few voxels near the skulls were too badly conditioned to provide
reasonable By data and biased the RMSE.

In reconstructing the fast navigators using GRAPPA, the ACS was generated from the first
static scan. Efficacy of the ACS may be degraded by pose change; therefore, choosing a
specific scan to provide the ACS for all scans was considered to be a conservative case to
evaluate the performance of the fast navigator. In order to control the influence of unwanted
subject motion on the validity of the GRE reference, an intra-scan motion profile was first
obtained by co-registration of the full navigators within a scan. Data with intra-scan variance
of motion more than 0.5° or 0.5 mm were rejected. However, head motion caused by cardiac
and respiratory cycles cannot be avoided in the GRE reference (Maclaren et al., 2012; LeVan
etal., 2013).

The PN with in-plane resolution of 6 mm was evaluated in the same way as the 4 mm
navigator to determine the impact of in-plane resolution on the accuracy of motion and By
measurement. Reducing the in-plane resolution may gain time for acquiring the GRE
imaging data or reduce the needed number of TRs for the navigators, thus increasing their
temporal resolution, at the cost of slight accuracy loss. Here, the 6 mm navigator was
obtained from the 4 mm data by eliminating the high frequency k-space components in the
ky-ky plane.

In order to evaluate the effect of the retrospective correction on the reconstructed images,
four levels of correction were performed: (1) global By-only correction (in the preprocess as
mentioned earlier), (2) motion-only correction, (3) motion and linear By correction (using
one cluster) and (4) motion and nonlinear By correction (number of clusters dependent on
the measured field changes). Corrected images were aligned to and evaluated based on
reference images acquired without intentional motion. Normalized RMSE (NRMSE)
between the corrected images and the reference was used to quantify the image quality.
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The effect of low-order nonlinear By compensation was analyzed based on the 2 mm
resolution data from the stepwise-maotion scans when the measured B change maps were
fitted to spherical harmonics of orders up to 1 to 6. Nonlinear Bg correction with six clusters
was applied in the reconstruction. NRMSEs of the results were analyzed. These results can
be compared with our previous study (Liu et al., 2018), in which the complexity of the
motion-induced By changes was analyzed directly on the By maps using spherical harmonics
decomposition.

2.5 MRI Protocol

The experiments were performed on a 7 T MR scanner (Magnetom, Siemens, Erlangen,

Germany) with a 32-channel head-only RF coil (Nova Medical, Wilmington, MA, USA).
Ten healthy human subjects were recruited for this study under a human subject research
protocol approved by the Institutional Review Board at the National Institutes of Health.

Static scans were performed on Subjects #1 to #6. The parameters of GRE protocol in the
static head pose scans were: FOV=240x192x96 mm?3, matrix size for GRE=120x96x48
(isotropic 2 mm resolution), matrix size for the PN=60x48x24 (4 mm isotropic resolution),
R=4, R,=2, TR=45 ms, flip angle=10°, TEpN1=6.5 ms, TEpn,=14.7 ms and TEgre=24, 26,
28, 30 and 32 ms. Times to acquire a fast and full PN were 0.54 (12 shots) and 4.32 s (96
shots), respectively. One scan lasted 3 minutes and 27 seconds. The readout bandwidth
(BW) of the PN and GRE was 4167 and 2083 Hz/pixel, respectively. The echo train length
of the PN was 8.2 ms with echo spacing of 0.68 ms.

Stepwise motion scans were performed on all subjects, among whom Subjects #1 to #6 were
scanned with isotropic 2 mm resolution GRE (the same as the static scans) and Subjects #5
to #10 with 0.5x0.5x1.5 mm3 resolution GRE. In the 0.5 mm scan, PNs were acquired using
the same parameters as the 2 mm scan. The other parameters in the 0.5 mm scan were:
FOV=240x192x96 mm3, TR=46.5 ms, flip angle=15°, TEgrg=26 ms, BWgrg=112 Hz/
pixel, and acceleration ratio of 2 in the first phase-encoding direction. One scan lasted 9
minutes and 41 seconds.

3. Results

Examples of distortion-corrected 4 mm full and fast PN images are shown in Fig. 2a and b.
Although an acceleration factor as high as 8 (4x2) was employed in acquiring the fast
navigator, it still depicts considerable details of the brain structure without obvious
deteriorating artifacts in reference to the full navigator images. The images did not exhibit
any noise or ghost in the background because the background was masked out during the
distortion correction. As we can see in Fig. 2c and d, distortion correction of the EPI data
mostly impacted the brain morphology at the front of the brain. Although the distortion
appears to be small, if not corrected for, it affected the accuracy of motion estimation as can
be seen below.

The accuracy of motion estimation using the PN is presented in Fig. 3. Fig. 3a and b show
motion estimation using 4 mm resolution full navigator and 2 mm resolution GRE image
from one subject; in five different poses, the PN-measured pose changes agree well with the
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result using GRE images. Intra-scan motion variance of these scans are in the range of [0.04,
0.3]° for rotation and [0.03, 0.25] mm for translation. It can be observed that EPI distortion
correction plays a significant role in correctly estimating “Yaw” rotation, especially when
through-plane rotation (“Pitch” or “Roll””) occurred. Definition of rotation axes was provided
in Fig. 3a. Without distortion correction, in poses #4 and #5, “Yaw” rotation clearly deviated
from the measurements using GRE or distortion-corrected navigator images. Through-plane
rotation typically introduces opposing B change patterns at the front and back of the brain,
which in turn change the distortion and cause error in estimating “Yaw” rotation. Including 5
subjects and at least 5 poses per subject, a group summary of motion estimation accuracy is
shown in Fig. 3c and d. Again, we can observe that without distortion correction, the RMSE
of “Yaw” rotation increased to 0.33°, from 0.08° with distortion correction. In the group
results, at 4 mm resolution and with distortion correction, the navigator achieved high
accuracy of motion estimation, with RMSEs no more than 0.17° and 0.1 mm, respectively.
When in-plane resolution was decreased to 6 mm, the RMSEs were still better than 0.21°
and 0.13 mm, respectively. Group summary of motion estimation accuracy using distortion-
corrected fast navigator is presented in Fig. 3e and f, showing very similar results to the
corresponding results of the full navigator. At 4 mm or 6 mm resolution, the group-level
precision of motion estimation was 0.06° and 0.04 mm using the full navigator and 0.08°
and 0.07 mm using the fast navigator.

Accuracy of measuring Bg changes in the head frame using the PN were evaluated in
reference to the multi-echo GRE measurement. Fig. 4a depicts GRE-measured B changes
in the head poses shown in Fig. 3a and b. Differences between 4 mm navigator-measured By
changes using one or two echoes and GRE-measured changes are shown in Fig. 4b. We can
observe that measurement based on one echo tended to generate local errors in particular
poses. This is primarily due to unknown phase changes of the transmit and/or receive RF
fields, which can be accounted for by obtaining navigators at two echo times. A group-level
summary of the difference between navigator-measured and GRE-measured B changes is
presented in Fig. 4d. Notice the increased 10-90% percentile interval when only one echo
was used, consistent with the single subject case. On the other hand, distortion correction of
the navigator did not have an obvious effect on By change measurement, unlike the case of
motion estimation; this is attributed to the smooth spatial pattern of By changes and small
scale of distortion. Fast navigator performed similarly well compared to full navigator. There
was a small effect of decreasing to a 6 mm resolution from the 4 mm one.

Fig. 5 shows examples of motion and By correction in a 2 mm GRE scan with intentional
intra-scan motion. As seen in Fig. 5a, the motion profile involved several occurrences of
“Pitch” rotation, which has been known to generate spatially complicated By changes (Liu et
al., 2018), therefore violating the linear assumption. The number of clusters was
automatically determined to be six. Shown in Fig. 5b, the magnitudes of By changes in three
clusters were compared with the B change due to respiration in the sagittal view. The
respiration-induced By change was calculated as the difference between the maximum and
minimum chest volume. The global (zeroth-) and first-order terms of the By changes in Figs.
5c and d show the magnitude of the motion-induced By changes. Note that the small ripples
on those profiles were found to be synchronized with the chest belt signal (TSD221-MRI
transducer, MP 150 digitizer and AcqKnowledge software, Biopac, Goleta, CA, USA),
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suggesting the effect of respiration. In Fig. 5e, using reconstructions from a separate static
scan as the reference, we can see obvious artifacts when only global By was corrected for.
Motion and linear By correction significantly improved the image quality but still left
artifacts in certain areas. Including nonlinear correction further reduced these artifacts and
rendered the results almost indistinguishable from the static scan result.

Examples of correction from 0.5 mm in-plane resolution scans are shown in Figs. 6, 7 and 8,
corresponding to one scan without intentional motion and two with stepwise motion,
respectively. Superior image quality resulted when both motion and nonlinear By changes
were corrected for. In the scan without intentional motion, head pose drifted slowly as
shown in Fig. 6a. motion and linear Bg correction was performed because only minor motion
was present. In the zoomed-in images, the effectiveness of motion tracking using the
navigator can be clearly appreciated from the improved visualization of fine anatomical
details. For example, a vein-like structure as indicated by the top yellow arrow was
recovered in the correction. In the scans with intentional motion, the cluster number was
determined to be 3 and 7 in Fig. 7 and Fig. 8, respectively. The images with only global B
correction was severely corrupted. Motion and linear B correction significantly improved
the image quality but left local artifact uncorrected as indicated by the arrows. These
artifacts appeared more subtle and may be confused with the anatomy (e.g., pointed by
arrow in Fig. 7) compared to the motion artifact. Nonlinear Bg correction was able to remove
these artifacts and produced images in good agreement with the reference.

The NRMSE, across all subjects, of the reconstructions in the stepwise-motion scans is
shown in Fig. 9 a and b. It can be seen that motion correction and more sophisticated By
correction consistently improved the image quality. Results from the Monte Carlo
simulations showed the same trend. No more than 10 clusters were needed in all cases. The
intra-scan head motion was listed in Table 1 for these scans. The result in Fig. 9d suggests
that correcting for higher-order By components beyond the second-order improved NRMSE
in the nonlinear Bg correction.

4. Discussion

In this study, we developed a novel navigator-based retrospective method for correcting
motion and motion-induced Bg change-related artifacts in high-resolution To*-weighted
MRI. Studies (Liu et al., 2018; Sulikowska et al., 2014) have shown that head motion can
introduce strong nonlinear By field changes in the brain, rendering motion correction alone
to be insufficient in To*-weighed MRI. The novelty of the current study in addressing this
problem lies in two aspects: the development and evaluation of a dynamic (i.e. time-
resolved) volumetric EPI phase navigator (PN) at a short TE and a computationally efficient
retrospective algorithm for correcting both motion and nonlinear By changes.

In Figs. 3 and 4, it was shown that at 4 mm isotropic resolution, the PN has an accuracy
better than 0.2° and 0.1 mm in motion estimation, and using percentiles to quantify the
accuracy of By change measurement, the 10% and 90% percentiles of By change error were
-1.8and 1.5 Hz at 7 T, respectively. Correcting By effects in To*-weighted MRI demands
detailed measurement of the nonlinear spatial pattern of By changes induced by head
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motion. NMR field probes (Duerst et al., 2016; Vionnet et al., 2017) placed around the head
can measure background Bg changes originating from the main magnet or chest movement,
but have only limited ability in estimating field changes from sources internal to the head.
This is also true for field estimates derived from a fat-based navigator (Gretsch et al., 2018),
in which field information internal to the head is similarly lacking. It remains to be seen
whether measurement based on compressed navigators (Ward et al., 2002; van der Kouwe et
al., 2006; Versluis et al., 2012; Meineke and Nielsen, 2019) has sufficient spatial resolution
to capture the high-order nonlinear By components.

The proposed navigator shares similarities with, but also has significant differences from,
previously proposed volumetric EPI navigators (Hess et al., 2011; Tisdall et al., 2012, 2014),
where the navigator acquisition occupied dedicated TRs. Use of a dedicated TR allows
flexibility in inserting the navigator in various sequences but can lead to a compromise
between the temporal resolution of the navigator and the total scan time and reduced SNR
per scan time. The PN was optimized in 3D To*-weighted MRI for high temporal resolution
without the need of dedicated TRs. PN signal was acquired in the minimally T,*-weighted
time between RF excitation and GRE image acquisition. Temporal resolution was further
improved with the acceleration available with parallel imaging. Based on the parameters
utilized here, a fast 4 mm navigator was obtained in about 0.5 s without significant loss of
accuracy as shown in Figs. 3 and 4. This can be useful in resolving the fast transition period
of head pose change. We have found that using motion and field data provided only by fast
navigators in the correction generated slightly smaller NRMSE compared to the situation
only using the full navigators (data not shown).

The retrospective approach was developed to correct for nonlinear motion-induced B
changes. A prospective method may not address this problem because only the linear shims
on standard MRI scanners can be adjusted in real time. Previous work (Liu et al., 2018)
suggested that the nonlinear component in the spatial By changes can even exceed the third
order. So far the effectiveness of prospective methods has only been demonstrated to address
field fluctuation related to respiration or limb motion rather than motion of the head itself
(Duerst et al., 2016; van Gelderen et al., 2007). As shown in Figs. 7, 8 and 9, nonlinear B
correction led to image quality improvement visually and quantitatively. Although in
principle, it is possible to introduce artifact in correction due to navigator accuracy issues,
the results in Figs. 9a and b showed that images reconstructed with motion and nonlinear B
correction are more consistent with the reference images than those in less sophisticated
correction modes. Similarly, as shown in Fig. 9d, correcting for By components beyond the
third-order spherical harmonics lead to significant improvements in image quality. This
suggests the need for high-order real-time shimming when prospective correction is desired
or that the high-order nonlinear By changes should be retrospectively corrected for in
absence of such advanced shim hardware.

The computation efficiency of the proposed retrospective correction was achieved by
clustering the GRE data into a limited number of clusters with different nonlinear Bg
changes. The computation time was estimated to be proportional to the number of voxels or
shots and the number of clusters as shown in the section of GRE reconstruction. This
relationship was confirmed in the reconstruction time results in Table 2 With £=0.1, no more
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than 10 clusters were needed in the stepwise motion scans and the Monte Carlo simulations.
The use of three clusters appeared adequate to correct the image without intentional motion
—this was confirmed by reconstruction of six 9-minute-long 0.5 mm GRE acquisitions in
Subjects #5 to #10 while they were asked to stay comfortable during those scans without
intentional motion. It will be interesting to compare this algorithm with an alternative fast
retrospective nonlinear By correction method based on principle component decomposition
of the nonlinear By encoding matrix in a larger subject group (Wilm et al., 2012).

The ability to correct for nonlinear By field changes comes at the price of some loss in scan
efficiency. This is because of the time required for PN acquisition, which could alternatively
have been used for image data acquisition. For the 4 mm navigator used here, acquisition of
two navigators can be as short as 13 ms which was calculated based on the resolution, FOV,
maximum gradient strength (40 mT/m) and slew rate (200 T/m/s) and the avoided acoustic
resonance frequency (1100+£300 Hz) of the scanner. To avoid the signal being affected by
flow (e.g. of CSF and blood), it is useful to use flow compensated waveforms (Bernstein et
al., 1992) for all three gradient directions in future implementations. In the current
implementations, at 0.5 mm resolution, this would add about 6 ms before the GRE readout
This additional time can result in a slight SNR loss of the T,*-weighted data due to a longer
TE or shorter GRE readout window. At a TE of 30 ms, this allows for the bulk (22 ms) of the
useful acquisition time to be used for acquiring the T,*-weighted imaging data. This should
be compared to the time of about 32 ms for acquiring the To*-weighted data in a previous
high-resolution phase-based MRI study at 7 T (Duyn et al., 2007). Combined with the fact
that the time period used for navigator acquisition has little T,* weighting (as it uses the
early signal after the RF excitation), the efficiency loss associated with the navigator appears
quite modest.

Nevertheless, the navigator design may be optimized to further reduce its acquisition time.
First of all, it appears that decreasing the in-plane resolution from 4 to 6 mm has minimal
effect on the accuracy of motion and By measurement. This can reduce the echo train length
of the dual navigators below 10 ms using our 7 T MR hardware. Secondly, instead of
acquiring two navigators in each shot, it may be sufficient to acquire only one. Two
navigators provide absolute Bg maps which can be useful for EPI distortion correction and
are free of B4 phase interference. However, it may be possible to supplement the single
navigator by occasionally measuring dual navigators at lower resolution (to stay within the
single navigator duration) and still be effective at minimizing B4 phase interference.

Retrospective correction cannot compensate for information loss due to incomplete
acquisition of the k-space. Head rotation and linear components in By changes equivalently
rotate and shift the actually measured k-space locations, resulting in gaps in k-space. The
potential effect of this on image quality will strongly depend on where in k-space these gaps
occur. Prospective motion correction methods based on simple, fast navigator or fast external
devices may prevent such gaps by adjusting MRI scan parameters and the linear shim terms
on a shot-by-shot basis. Sophisticated navigators as used in the current study may be too
slow for accurate prospective motion correction (even the fast navigator in our study
required 0.54 s or 12 shots). Nevertheless, it is still fast enough to overcome the impact of
such gaps either by identifying substantial k-space gaps to be reacquired before scan
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completion or by performing a rough real-time correction to reduce the significance of the
gaps in combination with more accurate retrospective correction. Reacquisition is also useful
to reduce the number of clusters if it was determined during the scan that too many clusters
would be needed for the retrospective correction.

ACKNOWLEDGEMENT

The authors are grateful to Hendrik Mandelkow for inspiring discussion and Steven Newman and Susan Guttman
for volunteer recruitment and experiment support. This work was supported by the Intramural Research Program of
the National Institute of Neurological Disorders and Stroke and it utilized the computational resources of the NIH
HPC Biowulf cluster (http://hpc.nih.gov).

REFERENCES

Anderson AG, Velikina J, Block W, Wieben O, Samsonov A, 2013 Adaptive retrospective correction of
motion artifacts in cranial MRI with multicoil three-dimensional radial acquisitions. Magn. Reson.
Med 69, 1094-1103. 10.1002/mrm.24348 [PubMed: 22760728]

Andre JB, Bresnahan BW, Mossa-Basha M, Hoff MN, Smith CP, Anzai Y, Cohen WA, 2015 Toward
Quantifying the Prevalence, Severity, and Cost Associated With Patient Motion During Clinical MR
Examinations. J. Am. Coll. Radiol 12, 689-695. 10.1016/j.jacr.2015.03.007 [PubMed: 25963225]

Aranovitch A, Haeberlin M, Gross S, Dietrich BE, Wilm BJ, Brunner DO, Schmid T, Luechinger R,
Pruessmann KP, 2018 Prospective motion correction with NMR markers using only native sequence
elements. Magn. Reson. Med 79, 2046-2056. 10.1002/mrm.26877 [PubMed: 28840611]

Babayeva M, Kober T, Knowles B, Herbst M, Meuli R, Zaitsev M, Krueger G, 2015 Accuracy and
Precision of Head Motion Information in Multi-Channel Free Induction Decay Navigators for
Magnetic Resonance Imaging. IEEE Trans. Med. Imaging 34, 1879-1889. 10.1109/TMI.
2015.2413211 [PubMed: 25781624]

Benjaminsen C, Jensen RR, Wighton P, Tisdall MD, Johannesen HH, Law I, van der Kouwe AJW,
Olesen OV, 2016 Real Time MRI Motion Correction with Markerless Tracking, in: Proceedings of
the 24th Annual Meeting of ISMRM Singapore, p. 1860.

Bernstein MA, Shimakawa A, Pelc NJ, 1992 Minimizing TE in moment-nulled or flow-encoded two-
and three-dimensional gradient-echo imaging. J. Magn. Reson. Imaging 2, 583-588. 10.1002/jmri.
1880020517 [PubMed: 1392252]

Blaimer M, Breuer FA, Mueller M, Seiberlich N, Ebel D, Heidemann RM, Griswold MA, Jakob PM,
2006 2D-GRAPPA-operator for faster 3D parallel MRI. Magn. Reson. Med 56, 1359-1364.
10.1002/mrm.21071 [PubMed: 17058204]

Breuer FA, Blaimer M, Mueller MF, Seiberlich N, Heidemann RM, Griswold MA, Jakob PM, 2006
Controlled aliasing in volumetric parallel imaging (2D CAIPIRINHA). Magn. Reson. Med 55, 549—
556. 10.1002/mrm.20787 [PubMed: 16408271]

Chavhan GB, Babyn PS, Thomas B, Shroff MM, Haacke EM, 2009 Principles, techniques, and
applications of T2*-based MR imaging and its special applications. Radiogr. Rev. Publ. Radiol. Soc.
N. Am. Inc 29, 1433-1449. 10.1148/rg.295095034

Cordero-Grande L, Hughes EJ, Hutter J, Price AN, Hajnal JV, 2017 Three-dimensional motion

corrected sensitivity encoding reconstruction for multi-shot multi-slice MRI: Application to
neonatal brain imaging. Magn. Reson. Med 10.1002/mrm.26796
de Graaf WL, Kilsdonk ID, Lopez-Soriano A, Zwanenburg JIM, Visser F, Polman CH, Castelijns JA,
Geurts JJG, Pouwels PJW, Luijten PR, Barkhof F, Wattjes MP, 2013 Clinical application of multi-
contrast 7-T MR imaging in multiple sclerosis: increased lesion detection comparedto 3 T
confined to grey matter. Eur. Radiol 23, 528-540. 10.1007/s00330-012-2619-7 [PubMed:
22898935]

Derbyshire JA, Wright GA, Henkelman RM, Hinks RS, 1998 Dynamic scan-plane tracking using MR
position monitoring. J. Magn. Reson. Imaging JMRI 8, 924-932. 10.1002/jmri.1880080423
[PubMed: 9702895]

Neuroimage. Author manuscript; available in PMC 2021 February 01.


http://hpc.nih.gov/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 13

Duerst Y, Wilm BJ, Wyss M, Dietrich BE, Gross S, Schmid T, Brunner DO, Pruessmann KP, 2016
Utility of real-time field control in T2*-Weighted head MRI at 7T. Magn. Reson. Med 76, 430—
439. 10.1002/mrm.25838 [PubMed: 26307944]

Duyn JH, van Gelderen P, Li T-Q, de Zwart JA, Koretsky AP, Fukunaga M, 2007 High-field MRI of
brain cortical substructure based on signal phase. Proc. Natl. Acad. Sci. U. S. A 104, 11796-
11801. 10.1073/pnas.0610821104 [PubMed: 17586684]

Fessler JA, Sutton BP, 2003 Nonuniform fast Fourier transforms using min-max interpolation. IEEE
Trans. Signal Process 51, 560-574. 10.1109/TSP.2002.807005

Fu ZW, Wang Y, Grimm RC, Rossman PJ, Felmlee JP, Riederer SJ, Ehman RL, 1995 Orbital navigator
echoes for motion measurements in magnetic resonance imaging. Magn. Reson. Med 34, 746-753.
10.1002/mrm.1910340514 [PubMed: 8544696]

Gretsch F, Marques JP, Gallichan D, 2018 Investigating the accuracy of FatNav-derived estimates of
temporal BO changes and their application to retrospective correction of high-resolution 3D GRE
of the human brain at 7T. Magn. Reson. Med 80, 585-597. 10.1002/mrm.27063 [PubMed:
29359352]

Hedley M, Yan H, 1992 Motion artifact suppression: A review of post-processing techniques. Magn.
Reson. Imaging 10, 627-635. 10.1016/0730-725X(92)90014-Q [PubMed: 1501533]

Hess AT, Tisdall MD, Andronesi OC, Meintjes EM, van der Kouwe AJW, 2011 Real-time motion and
BO corrected single voxel spectroscopy using volumetric navigators. Magn. Reson. Med 66, 314—
323. 10.1002/mrm.22805 [PubMed: 21381101]

Huber L, Handwerker DA, Jangraw DC, Chen G, Hall A, Stiiber C, Gonzalez-Castillo J, Ivanov D,
Marrett S, Guidi M, Goense J, Poser BA, Bandettini PA, 2017 High-Resolution CBV-fMRI Allows
Mapping of Laminar Activity and Connectivity of Cortical Input and Output in Human M1.
Neuron 96, 1253-1263.e7. 10.1016/j.neuron.2017.11.005 [PubMed: 29224727]

LeVan P, Maclaren J, Herbst M, Sostheim R, Zaitsev M, Hennig J, 2013 Ballistocardiographic artifact
removal from simultaneous EEG-fMRI using an optical motion-tracking system. Neurolmage 75,
1-11. 10.1016/j.neuroimage.2013.02.039 [PubMed: 23466939]

Liu C, Bammer R, Kim D, Moseley ME, 2004 Self-navigated interleaved spiral (SNAILS):
Application to high-resolution diffusion tensor imaging. Magn. Reson. Med 52, 1388-1396.
10.1002/mrm.20288 [PubMed: 15562493]

Liu J, de Zwart JA, van Gelderen P, Murphy-Boesch J, Duyn JH, 2018 Effect of head motion on MRI
BO field distribution. Magn. Reson. Med 80, 2538-2548. 10.1002/mrm.27339 [PubMed:
29770481]

Liu J, Van Gelderen P, de Zwart J, Duyn J, 2017 3D Motion Estimation of Head Using Three
Orthogonal Navigator Echoes and Coil Sensitivity Profiles, in: Proceedings of the 25th Annual
Meeting of ISMRM Honolulu, HI, USA, p. 1301.

Loktyushin A, Nickisch H, Pohmann R, Scholkopf B, 2013 Blind retrospective motion correction of
MR images. Magn. Reson. Med 70, 1608-1618. 10.1002/mrm.24615 [PubMed: 23401078]

Maclaren J, Armstrong BSR, Barrows RT, Danishad KA, Ernst T, Foster CL, Gumus K, Herbst M,
Kadashevich 1Y, Kusik TP, Li Q, Lovell-Smith C, Prieto T, Schulze P, Speck O, Stucht D, Zaitsev
M, 2012 Measurement and correction of microscopic head motion during magnetic resonance
imaging of the brain. PloS One 7, e48088 10.1371/journal.pone.0048088 [PubMed: 23144848]

Maclaren J, Kyme A, Aksoy M, Bammer R, 2016 Towards Markerless Optical Tracking for
Prospective Motion Correction in Brain Imaging, in: Proceedings of the 24th Annual Meeting of
ISMRM Singapore, p. 1858.

Marques JP, van der Zwaag W, Granziera C, Krueger G, Gruetter R, 2010 Cerebellar Cortical Layers:
In Vivo Visualization with Structural High-Field-Strength MR Imaging. Radiology 254, 942-948.
10.1148/radiol.09091136 [PubMed: 20177104]

Mattern H, Sciarra A, Lisebrink F, Acosta-Cabronero J, Speck O, 2019 Prospective motion correction
improves high-resolution quantitative susceptibility mapping at 7T. Magn. Reson. Med 81, 1605-
1619. 10.1002/mrm.27509 [PubMed: 30298692]

Meineke J, Nielsen T, 2019 Data consistency-driven determination of -fluctuations in gradient-echo
MRI. Magn. Reson. Med 81, 3046-3055. 10.1002/mrm.27630 [PubMed: 30515876]

Neuroimage. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 14

Munger P, Crelier GR, Peters TM, Pike GB, 2000 An inverse problem approach to the correction of
distortion in EPI images. IEEE Trans. Med. Imaging 19, 681-689. 10.1109/42.875186 [PubMed:
11055783]

Niekerk A. van, Meintjes E, Kouwe A. van der, 2019 A wireless radio frequency triggered acquisition
device (WRAD) for self-synchronised measurements of the rate of change of the MRI gradient
vector field for motion tracking. IEEE Trans. Med. Imaging 1-1. 10.1109/TM1.2019.2891774

Pipe JG, 1999 Motion correction with PROPELLER MRI: application to head motion and free-
breathing cardiac imaging. Magn. Reson. Med 42, 963-969. 10.1002/
(SICI)1522-2594(199911)42:5&It;963:: AID-MRM17&gt;3.0.CO;2-L [PubMed: 10542356]

Qin L, van Gelderen P, Derbyshire JA, Jin F, Lee J, de Zwart JA, Tao Y, Duyn JH, 2009 Prospective
head-movement correction for high-resolution MRI using an in-bore optical tracking system.
Magn. Reson. Med 62, 924-934. 10.1002/mrm.22076 [PubMed: 19526503]

Sengupta S, Tadanki S, Gore JC, Welch EB, 2014 Prospective real-time head motion correction using
inductively coupled wireless NMR probes. Magn. Reson. Med 72, 971-985. 10.1002/mrm.25001
[PubMed: 24243810]

Sulikowska A, Wharton S, Glover P, Gowland P, 2014 Wiill field shifts due to head rotation
compromise motion correction?, in: Proceedings of the 22nd Annual Meeting of ISMRM Milan,
Italy, p. 885.

Sutton BP, Noll DC, Fessler JA, 2003 Fast, iterative image reconstruction for MRI in the presence of
field inhomogeneities. IEEE Trans. Med. Imaging 22, 178-188. 10.1109/TM1.2002.808360
[PubMed: 12715994]

Thevenaz P, Ruttimann U, Unser M, 1998 A pyramid approach to subpixel registration based on
intensity. IEEE Trans. Image Process 7, 27-41. 10.1109/83.650848 [PubMed: 18267377]

Thomas BP, Welch EB, Niederhauser BD, Whetsell WO, Anderson AW, Gore JC, Avison MJ, Creasy
JL, 2008 High-resolution 7T MRI of the human hippocampus in vivo. J. Magn. Reson. Imaging
JMRI 28, 1266-1272. 10.1002/jmri.21576 [PubMed: 18972336]

Tisdall MD, Bhat H, Heberlein K, van der Kouwe AJW, 2014 Prospective head motion correction in
3D FLASH using EPI-based volumetric navigators (vNavs), in: Proceedings of the 22nd Annual
Meeting of ISMRM Milan, Italy, p. 882.

Tisdall MD, Hess AT, Reuter M, Meintjes EM, Fischl B, van der Kouwe AJW, 2012 Volumetric
navigators for prospective motion correction and selective reacquisition in neuroanatomical MRI.
Magn. Reson. Med 68, 389-399. 10.1002/mrm.23228 [PubMed: 22213578]

Tremblay M, Tam F, Graham SJ, 2005 Retrospective coregistration of functional magnetic resonance
imaging data using external monitoring. Magn. Reson. Med 53, 141-149. 10.1002/mrm.20319
[PubMed: 15690513]

van der Kouwe AJW, Benner T, Dale AM, 2006 Real-time rigid body motion correction and shimming
using cloverleaf navigators. Magn. Reson. Med 56, 1019-1032. 10.1002/mrm.21038 [PubMed:
17029223]

van Gelderen P, de Zwart JA, Starewicz P, Hinks RS, Duyn JH, 2007 Real-time shimming to
compensate for respiration-induced BO fluctuations. Magn. Reson. Med 57, 362-368. 10.1002/
mrm.21136 [PubMed: 17260378]

Vannesjo SJ, Wilm BJ, Duerst Y, Gross S, Brunner DO, Dietrich BE, Schmid T, Barmet C,
Pruessmann KP, 2015 Retrospective correction of physiological field fluctuations in high-field
brain MRI using concurrent field monitoring. Magn. Reson. Med 73, 1833-1843. 10.1002/mrm.
25303 [PubMed: 24903278]

Versluis M, Sutton B, de Bruin PW, Bérnert P, Webb Andrew.G., van Osch Matthias.J., 2012
Retrospective image correction in the presence of nonlinear temporal magnetic field changes using
multichannel navigator echoes. Magn. Reson. Med 68, 1836-1845. 10.1002/mrm.24202 [PubMed:
22362637]

Vionnet L, Aranovitch A, Duerst Y, Haeberlin M, Dietrich BE, Gross S, Kasper L, Schmid T,
Pruessmann KP, 2017 Simultaneous prospective motion correction and feedback field control: T2*
weighted imaging at high field, in: Proceedings of the 25th Annual Meeting of ISMRM Honolulu,
HI, USA, p. 306.

Neuroimage. Author manuscript; available in PMC 2021 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Liuetal.

Page 15

Wallace TE, Afacan O, Waszak M, Kober T, Warfield SK, 2019 Head motion measurement and
correction using FID navigators. Magn. Reson. Med 81, 258-274. 10.1002/mrm.27381 [PubMed:
30058216]

Ward HA, Riederer SJ, Jack CR, 2002 Real-time autoshimming for echo planar timecourse imaging.
Magn. Reson. Med 48, 771-780. 10.1002/mrm.10259 [PubMed: 12417991]

Welch EB, Manduca A, Grimm RC, Ward HA, Jr, C.R.J., 2002 Spherical navigator echoes for full 3D
rigid body motion measurement in MRI. Magn. Reson. Med 47, 32—41. 10.1002/mrm.10012
[PubMed: 11754440]

White N, Roddey C, Shankaranarayanan A, Han E, Rettmann D, Santos J, Kuperman J, Dale A, 2010
PROMO: Real-time prospective motion correction in MRI using image-based tracking. Magn.
Reson. Med 63, 91-105. 10.1002/mrm.22176 [PubMed: 20027635]

Wilm BJ, Barmet C, Pruessmann KP, 2012 Fast higher-order MR image reconstruction using singular-
vector separation. IEEE Trans. Med. Imaging 31, 1396-1403. 10.1109/TM1.2012.2190991
[PubMed: 22434798]

Zaitsev M, Dold C, Sakas G, Hennig J, Speck O, 2006 Magnetic resonance imaging of freely moving
objects: prospective real-time motion correction using an external optical motion tracking system.
Neurolmage 31, 1038-1050. 10.1016/j.neuroimage.2006.01.039 [PubMed: 16600642]

Zaitsev M, Maclaren J, Herbst M, 2015 Motion Artefacts in MRI: a Complex Problem with Many
Partial Solutions. J. Magn. Reson. Imaging JMRI 42, 887-901. 10.1002/jmri.24850 [PubMed:
25630632]

Neuroimage. Author manuscript; available in PMC 2021 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Liuetal.

Page 16

RF =
4x2

. .\ R, . . .

Zz \_/ \ A v @ O
o 0O
0O o
o O

‘ A A 4 A o e

GV 0 0
o 0O
O 0 LE R

G, S o
o O
o ©
o e
0O 0

NS VT TUT £

>«
|< Nav. #1 Nav. #2 ’i
X
a b i
TR
Fig. 1.

Diagram of PN and GRE acquisition. (a) Timing of the MRI acquisition sequence. “ADC”
denotes the time window when the signal was recorded. Blue color marks navigator
acquisition. GRE data were acquired at multiple echo times. (b) Acquisition pattern of fast
navigators in &-k; plane. Grey dots represent k-space data in one fast navigator. Black
arrows connect consecutive readout lines within one shot. Additional fast navigators (in
white dots) were acquired, using a similar but shifted k-space trajectory, one after another
until a full navigator was sampled. Red dashed arrows show the varying starting offset for
phase-encoding steps used in subsequent TRs for the fast navigators.
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FIG. 2.
Quality of PN images. Shown are examples of PN images at 4 mm spatial resolution and

temporal resolutions of 4.32 s and 0.54 s of the full (a) and fast (b) navigators, respectively.
(a) Distortion-corrected full navigator images of the brain. (b) Distortion-corrected fast
navigator images. (c) and (d) show the effect of distortion correction: (c) a slice of
distortion-corrected image with red contour marking the brain boundary and (d) uncorrected
image of the same slice. A yellow arrow points to the most notable difference of the brain
boundary in the two cases.
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FIG. 3.

Qo

Motion estimation accuracy from navigator data. Estimated pose changes in reference to the
results using 2 mm GRE images in a single subject (a, b) and accuracy of these changes in a
group of fix subjects (c-f). Insert in (a) shows definition of rotation and translation axes. (c-
f). Columns reflect the RMSEs of estimated rotation (top) and translation (bottom). “Cor.”
indicates distortion corrected navigator, and “Uncor.” uncorrected navigator.
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FIG. 4.
Accuracy of PN-estimated By field changes. (a) Bg changes of five poses (Fig. 3a) measured

using multi-echo GRE images. (b) Difference between 4 mm PN- and GRE-measured By
changes, for both single-echo and dual-echo navigators. (c) The navigator image of the slice
shown in (a) and (b). (d) Group summary of By measurement accuracy using the navigator
in reference to GRE results. Boxes indicate 10-90% percentile interval. Whiskers mark the
2.5% and 97.5% percentiles, respectively.
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FIG. 5.
Reconstruction results of subject #1 showing image quality improvement using both motion

and field estimates from the PN data. The results are reconstructed isotropic 2 mm GRE
images (TE=32 ms) from a scan with intentional motion in reference to the results of a static
“No Motion” scan. (a) Navigator-measured head motion profile during the motion scan. (b)
Representative maps of By changes from three clusters and the change due to respiration in
the sagittal view. (c) The global (zeroth-order) By change during the scan as measured by the
navigator. The red line represents the respiration belt signal. (d) The first-order terms of the
Bg change measurement. (e) Top row: reconstructed images in different correction modes;
bottom row: difference of the magnitude images in reference to the corrected image (MoCo
& Lin. By) of the static scan. Arrows point to the most dominant artifacts.
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FIG. 6.
Reconstructed in-plane 0.5 mm GRE images of subject #6 from a scan without intentional

motion. These results demonstrated the effect of small motion on the image quality. (a)
Navigator-measured head motion profile during the scan. (b) Top row: Reconstructed images
with Global Bg-only correction and full correction (one cluster), respectively; bottom row:
zoomed-in images in the yellow box. Yellow arrows indicate artifacts inside the brain and
red arrows indicate artifacts on the surface of the brain and the skull.
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Head motion profile
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FIG. 7.
Reconstructed in-plane 0.5 mm GRE images of subject #6 from a stepwise motion scan.

Improvement can be observed with motion and nonlinear B correction. (a) Navigator-
measured head motion profile during the scan. (b) Top row: Reconstruction for different
correction modes; middle row: difference of magnitude images compared to the reference
which was the corrected image in Fig. 6; bottom row: zoomed-in images in the yellow box.
Arrows point to artifact which was reduced by nonlinear By correction.
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FIG. 8.
Reconstructed 0.5 mm in-plane GRE images of subject #8 from a stepwise motion scan.

Improvement can be observed with motion and nonlinear B correction. (a) Navigator-
measured head motion profile during the scan. (b) Top row: Reconstruction for different
correction modes; middle row: absolute difference of magnitude images compared to the
reference from a scan without intentional motion; bottom row: zoomed-in images in the
yellow box. Arrows point to artifact which was reduced by nonlinear B correction.
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Results from stepwise-motion scans (2 mm) Results from stepwise-motion scans (0.5 mm)
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FIG. 9.
NRMSEs of reconstructed images in different correction modes showing the effectiveness of

motion and nonlinear By correction across all subjects. (a) Results of isotropic 2 mm GRE
images from scans with the stepwise motion task. (b) Results of in-plane 0.5 mm GRE
images from scans with the stepwise motion task. (c) Results of isotropic 2 mm GRE images
in the Monte Carlo simulations. (d) Results of isotropic 2 mm GRE images from scans with
the stepwise motion task and with measured B changes fitted to spherical polynomials up to
orders of 1 to 6. Six clusters were chosen in (d).
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Standard deviation of maximum displacement in the stepwise-motion scans and the Monte Carlo simulations.
The maximum displacement at any time point was calculated as the largest displacement in four locations,
including the forehead, the back of the head and above the ears.

Standard deviation of maximum displacement (mm)

Subject# 2mm 0.5mm  Simulation (mean of 20 datasets)
1 17 - 3.0
2 0.9 - 1.2
3 6.3 - 3.9
4 8.4 - 5.5
5 1.8 1.0 4.2
6 31 2.7 3.3
7 - 0.6 -
8 - 15 -
9 - 2.1 -
10 - 5.3 -
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Table 2

Reconstruction time in one iteration on a desktop computer with an Intel Xeon “E5-1650 v3” CPU (ten
iterations were used in the reconstruction).

Resolution Isotropic 2mm  0.5x0.5x1.5 mm3
Matrix size 120%x96x48 480x384x64
Number of shots 5.5%x10° 5.9x108
Time (s), 1 cluster 2 42
Time (s), 6 clusters 9 225
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