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Abstract:

Purpose: Recent literature has shown the potential of high-resolution quantitative susceptibility
mapping (QSM) with ultra-high field MRI for imaging the anatomy, the vasculature, and
investigating their magnetostatic properties. Higher spatial resolutions, however, translate to
longer scans resulting, thus, in higher vulnerability to, and likelihood of, subject movement. We
hereby propose a gradient-recalled echo sequence with prospective motion correction (PMC) to

address such limitation.

Methods: Data from four subjects were acquired at 7 Tesla. The effect of small and large motion
on QSM with and without PMC was assessed qualitatively and quantitatively. Full brain QSM and

QSM-based venograms with up to 0.33 mm isotropic voxel size were reconstructed.

Results: With PMC, motion artifacts in QSM and QSM-based venograms were largely eliminated,
enabling — in both large- and small-amplitude motion regimes — accurate depiction of the cortex,
vasculature and other small anatomical structures that are often blurred as a result of head
movement or indiscernible at lower image resolutions. Quantitative analyses demonstrated that
uncorrected motion could bias regional susceptibility distributions, a trend that was greatly reduced
with PMC.

Conclusion: Qualitatively, PMC prevented image degradation due to motion artifacts, providing
highly detailed QSM images and venograms. Quantitatively, PMC increased the reproducibility of

susceptibility measures.

Keywords: Image artifacts, High resolution, Vasculature, Basal ganglia, Venography, Ultra high
field



Introduction

Quantitative susceptibility mapping (QSM) — a new magnetic resonance imaging (MRI) post-
processed contrast mechanism — provides superb anatomical detail of human brain structure (1)
as well as venous vasculature (2) and quantifiable information on tissue composition (3,4). To
date, QSM has shown strong potential for detecting cerebral microbleeds after traumatic brain
injury (5) and for characterizing glioblastomas (6) — reviewed elsewhere (7,8). In addition, QSM
is revealing novel information in aging (9-12); in chronic disorders of the nervous system such as
multiple sclerosis (13,14), Alzheimer’s disease (15,16), Parkinson’s disease (17,18), Huntington’s
disease (19) or motor neuron disease (20); and has been used successfully for monitoring

therapeutic intervention in neurodegeneration with brain iron accumulation (21).

Such a range of applications stem from the para-/ferromagnetic properties of most transition
metals and metalloids, and the diamagnetism of inorganic compounds and myelin lipids, all of
which influence the local magnetic susceptibilities of biological tissue. Across brain parenchyma,
iron is thought to be the primary contributor to QSM contrast differences (22—25), though strong
diamagnetic calcifications (26) and contributions of white matter microstructure (27) can modulate

— sometimes dominate — local susceptibilities.

In practice, QSM calculation requires solving the inverse magnetostatic problem of inferring
magnetic susceptibility sources from the local contributions to the field induction measured by the
signal phase of a gradient-recalled echo (GRE) MRI sequence. It is well established that
susceptibility-related frequency differences scale linearly with field strength, whereas noise in the
GRE phase scales inversely proportional to the signal magnitude (28). Therefore, QSM benefits
from the increased signal-to-noise ratio (SNR) capabilities of ultra-high field MRI (29), enabling
higher image resolutions to study brain structures often indiscernible at clinical field strengths.
This potential, however, is limited by subject motion. Involuntary, small-scale motion such as
respiratory motion or slow head drifts are of the same order as the voxel size in high resolution
imaging (30,31). Thus, small-scale motion can degrade the effective image resolution and can
introduce spurious phase fluctuations as well as image shifts that generate inconsistencies
between the measured field and the magnetostatic principles governing the susceptibility inversion
procedure (32). Predictably, imperfect magnetic dipole deconvolution approaches — known to
e.g. propagate streaking artifacts and amplify errors (33) — are further impaired by phase

contamination due to motion; a scenario that can lead to severely corrupted QSM reconstructions



from high resolution GRE scans.

This study sets out to demonstrate the potential of prospective motion correction for in vivo QSM
applications requiring very high image resolution. To that end, we developed a GRE pulse
sequence with prospective motion correction functionality at 7 Tesla (7 T), reconstructed QSM
and QSM-based venograms with up to 0.33 mm isotropic voxel size, and compared corrected and
uncorrected data qualitatively and quantitatively for several motion amplitudes.

Methods

Subjects

Four cooperative healthy subjects (30+4 years old; one female) consented to participate in the
study, which was approved by the local ethics committee. Subjects were retrospectively labeled
based on the level of rotational motion observed during uncorrected scans (see Supporting
Information Tab.S1), from low (subject #1) to high (subject #4).

Imaging Protocol

Experiments were performed on a 7 Tesla whole-body MRI system (Siemens Healthineers,
Erlangen, Germany) using a quadrature transmit and 32-channel receive head coil (Nova Medical,

Wilmington, Massachusetts, USA).

Pillows were placed in between head and coil to increase inter-subject positioning reproducibility
and minimize motion. If not mentioned otherwise, all subjects were instructed to remain stationary
to study the effect of unintentional motion. As a convention in this study, motion approximately on

the order of the voxel size was considered to be small.

All subjects were scanned with an spoiled, fully flow-compensated, fully sampled, high-resolution
3D GRE sequence with prospective motion correction functionality using the following parameters:
repetition time (TR)/ echo time (TE): 20/9.09ms; 10-degree flip angle; 200x166x110 mm? field of
view; 0.33x0.33x1.25 mm?® voxel resolution; and receiver bandwidth set to 120 Hz/pixel.
Magnitude and phase images from each coil element were saved individually. The scan duration
was 17:30 min. Each scan was performed with and without motion correction enabled (randomized
order), with motion trajectories recorded for all scans. When enabled, motion was corrected

prospectively for each k-space line. In order to assess the impact of larger motion on QSM, motion-



corrected and uncorrected scans for subject #3 were repeated with the instruction to change head
orientation repeatedly during acquisition (alternating between periods of transitions to a new
position and periods of rest). As an additional note, in this study a TE of 9 ms was empirically
selected to provide sufficient susceptibility weighting while enabling shorter TR, hence, decreased

overall scan durations.

To reconstruct QSM at 0.33 mm isotropic voxel size, subject #3 was additionally scanned with a
high resolution protocol with the following modifications: 200x166x148 mm3 field of view, receiver
bandwidth set to 130 Hz/pixel, 6/8 partial Fourier in both phase encoding directions, two averages,
scan duration 1:25 h. In order to improve signal-to-noise ratio (SNR) further, the high-resolution
(two average) protocol was repeated twice (on different days) resulting, thus, in a total of four
averages, i.e. approximately 3 h total scan time. Each scan was reconstructed separately, and
then all were co-registered using ANTs v2.1 (34) (‘antsRegistrationSyN.sh’ performing rigid, affine,
and deformable SyN registration in a multi-resolution routine).

In order to resolve independently the underlying anatomy, a high-resolution, motion-corrected, 3D
magnetization-prepared rapid gradient echo (MPRAGE) sequence (35) was acquired for subject
#3 with the following parameters: TR/ inversion time/TE: 2820/1050/2.82 ms; 5-degree flip angle;
225x225x187.2 mm? field of view; isotropic 0.45-mm isotropic voxel size; and receiver bandwidth
set to 170 Hz/pixel. GRAPPA (36) was enabled with acceleration factor 2 and 24 reference lines,

and 6/8 slice partial Fourier; resulting in a total scan time of 12:11 min.
Prospective motion correction

In order to correct for rigid-body motion and to prevent motion artifacts prospectively, a camera
was used to track a marker attached to the subject’s head. This enabled real-time updates of the
imaging volume position and orientation, hence keeping a constant relationship between head
and imaging volume. In brief, the tracking system (Metria Innovation, Milwaukee, Wisconsin, USA)
consisted of an MR-compatible camera, a marker and a tracking computer. The camera was
mounted with Velcro tape inside the MR bore above the subject’s head. A single marker (15x15
mm?) with Moiré phase patterns was attached to the subject via a custom mouth-piece based on
dental impressions. Such set-up was found to provide the highest coupling between the marker
and the subject’s head, hence preventing false imaging volume updates (37). The camera tracked
the marker with 0.01-mm and 0.01-degree precision (38). From the camera video stream —
acquired at 80 frames per second — the tracking data was extracted and then sent to the MRI
scanner to update the imaging volume every k-space line prior to the RF-excitation pulse with the

most recent subject position and orientation. Even though this PMC approach requires external



hardware, it acquires tracking information independent of the MR acquisition. Therefore, the
prescribed GRE protocol, which had virtually no dead time, had identical sequence timing for
motion corrected and uncorrected cases, hence preventing longer scan durations or altering the
steady state due to additional navigator scans. Further details on the motion correction system
can be found elsewhere (31,38).

QSM reconstruction

The QSM reconstruction (summarized in Fig. 1) was optimized to preserve small structures in
guantitative susceptibility maps and consisted of the following steps: first, a standard root-sum-of-
squares combined magnitude image was generated to determine a BET2 (provided by FSL) (39)
brain mask using a lenient fractional threshold of 0.1. Subsequently, unwrapped, background-
filtered, offset-normalized single channel phases were obtained with HARPERELLA (40) — an
iterative method (41) based on the spherical mean value (SMV) property (3) and the superposition
principle of phase Laplacians. The radius of the convolving sphere used to calculate the Laplacian
outside the field of view — which also defined the thickness of the brain boundary region — was
10 mm. To minimize aliasing errors and improve numerical accuracy, the field of view was
enlarged in all three dimensions by 100, 100 and 50 pixels, respectively, setting those to zero
(zero padding). Subsequently, 200 iterations were computed to approximate the phase Laplacian
outside the brain-boundary region. Although channel-wise pre-processing can be time-consuming
if not optimally implemented (e.g. single-threaded), an advantage of this method is that it
accurately normalizes channel-specific phase offsets, yielding magnitude-weighted linear phase
combinations with no singularity errors — a perennial problem in complex data combination of high-
resolution data or when SNR is low (8,42). Locally-sourced inductions were subsequently revealed
through further extraction of harmonic phases within the brain mask by SMV filtering with spatially
varying spherical kernels (43); SMV kernel radius ranging from 25 mm at the center of the brain
to 1 mm at boundary of the brain, without further deconvolution. Finally, the £,-norm penalty-
based, morphology-enabled, non-linear dipole inversion (nMEDI) method (available from (44))
was used with dynamic model error reduction (MERIT) enabled and Lagrange multiplier set
empirically to 1,000 (45).

Venogram calculation

Supporting Information Fig. S1 illustrates the intermediate steps devised for calculating QSM-
based venograms from high-resolution phase data. The non-venous contributions to local field

inductions were suppressed by the variable SMV approach using a starting radius of 3 mm (high-



pass frequency filtering), which was followed by the same nMEDI processing. Using small radii for
SMV suppresses low spatial frequencies, thus, enhancing small structures such as the
vasculature (see high-pass field in Supporting Information Fig. S1). The slice thickness of the high-
pass filtered susceptibility maps (high-pass QSM) was up-sampled by b-spline interpolation to
improve vessel continuity (resulting in nominal 0.33 mm isotropic voxel resolution). Unlike for
susceptibility-weighted imaging, veins return high QSM values; thus, QSM-based venograms
were calculated as maximum QSM projections over 60 slices (19.80 mm).

The same approach was used to calculate QSM-based venograms from the 0.33 mm dataset,
except no up-sampling was applied and maximum QSM projections were computed over 45 slices
(14.85 mm).

Extraction of regional susceptibility values

Susceptibility values were extracted for all subjects in the following regions of interest (ROIs):
globus pallidus, caudate nucleus, putamen, thalamus, hippocampus, prefrontal gray matter (GM),
and prefrontal white matter (WM). All ROIs were segmented bilaterally and were merged together
for mean * standard deviation calculation. Susceptibility values were referenced to the mean
susceptibility value of cerebrospinal fluid (CSF), manually segmented from the frontal horns of the

lateral ventricles (bilaterally).

ROI segmentation was performed on subject #3’s T1-weighted MPRAGE dataset (see Supporting
Information Fig. S2). After co-registration of all GRE magnitude images to MPRAGE space,
inverse spatial transformations were applied to each ROI to generate masks in each native GRE-
data space. Segmentation and co-registration methodologies are described in greater detail in

Appendix A.
Statistical analysis

Recorded tracking data were used to calculate summary statistics (mean + standard deviation) of
3D translational and rotational motion for each scan. Subsequently, differences in subject motion
between PMC on and off were assessed separately for mean translation and rotation with non-

parametric, two-sided, paired Wilcoxon signed-rank tests.

Paired Wilcoxon signed-rank tests were also utilized to assess whether regional mean
susceptibilities differed between motion-corrected and uncorrected scans. For each subject

individually, mean susceptibilities across all seven ROIs with motion correction were compared



with mean susceptibilities without motion correction under the null hypothesis that the difference

between PMC on and PMC off came from a distribution with zero median.

Non-parametric, two-sample Kolmogorov-Smirnov (KS) test statistics reflect differences between
two cumulative distribution functions. The effect of motion on QSM was analyzed for subject #3
through computation of KS test statistics for susceptibility distributions in each ROI. The following
conditions were evaluated: (i) PMC on, unintentional motion (On/UnMo) versus PMC on,
intentional motion (On/InMo); (i) PMC off, unintentional motion (Off/UnMo) versus PMC off,
intentional motion (Off/InMo). This intra-subject comparison was set out to assess whether data
from unintentional, smaller motion and data from intentional, larger motion came from the same
distribution (null-hypothesis). We hypothesized that, independent of motion amplitude, motion-
corrected data would appear as if they were drawn from the same susceptibility distribution,
whereas uncorrected susceptibility distributions from different motion regimes would differ.
Additionally, KS tests were performed globally for whole-brain susceptibility distributions on both
test conditions.

Furthermore, differences between motion-corrected and uncorrected data were quantitatively
analyzed in an inter-subject comparison. For each subject, the impact of motion on QSM was
assessed with ROI-wise KS tests on the null-hypothesis that motion-corrected and uncorrected
susceptibility extractions (both from unintentional-motion scans) came from the same distribution.
Associated P-values for all KS tests were Bonferroni adjusted (n=42, six test conditions x seven
ROIs) for multiple-testing correction. Finally, whole-brain susceptibility distributions (PMC on
versus PMC off) were assessed separately for each subject with KS tests.

All statistical tests were performed in MATLAB2015b (The MathWorks, Natick, Massachusetts,
USA).

Results

Summary statistics for subject motion estimates and regional susceptibility extractions are
reported in Supporting Information Tab. S1 and Supporting Information Tab. S2, respectively.
Subject #3 was scanned with and without intentional motion to characterize the effect of motion
on QSM both for corrected and uncorrected data. The comparison PMC on versus PMC off was
performed using regional susceptibility data (across all subjects) in presence of unintentional

motion.



Intra-subject: Effect of motion amplitude on corrected and uncorrected QSM

Subject #3 was scanned: (i) with motion correction during unintentional motion (On/UnMo), (ii)
with correction during intentional motion (On/InMo), (iii) without correction during unintentional
motion (Off/lUnMo), and (iv) without correction during intentional motion (Off/InMo). Visual
inspection of magnitude images (see Supporting Information Fig. S3), field maps (see Supporting
Information Fig. S4), local field (see Supporting Information Fig. S5), QSM images (see Fig. 2),
and venograms (see Fig. 3) suggest that motion artifacts—such as image blurring, ringing, and
signal dropouts—are present at all stages of the QSM reconstruction pipeline; notably though,
these were largely absent for prospectively motion-corrected data.

Data from unintentional motion was compared quantitatively to intentional motion both with and
without PMC. Both Wilcoxon signed-rank tests (On/UnMo vs. On/InMo, P = 0.69, signed-rank=11;
and Off/lUnMo vs. Off/InMo, P = 0.22, signed-rank=6) were non-significant. Results for ROI-wise
KS tests are shown in Fig. 4. KS test statistics appeared to be systematically lower for On/UnMo
vs. On/InMo than for OffflUnMo vs. Off/InMo across all ROIs. With PMC disabled (off), all KS tests
rejected the null hypothesis at Pgonferoni = 1¥*1012. Applying the same threshold level, KS test
differences with PMC on were only identified in two regions (prefrontal WM and thalamus);
statistical differences were also observed in the corpus striatum, whereas QSM distributions from
hippocampus and prefrontal grey matter ROIs were relatively unchanged across intentionally and
unintentionally motion-corrupted scans with PMC enabled (on). KS test statistics for the whole
brain were 0.005 (On/UnMo vs. On/InMo) and 0.050 (Off/UnMo vs. Off/InMo), respectively, i.e. an

order of magnitude test-statistic increase when PMC was turned off.
Inter-subject: Comparison between motion-corrected and uncorrected QSM

Even when instructed to remain stationary, all healthy, young subjects moved considerably during
the MRI acquisitions due to slow head drifts and physiological motion such as breathing (see
Supporting Information Tab. S1). The mean 3D translation and rotation across scans were 1.42
mm and 0.42 degrees, respectively, which exceeded voxel dimensions. Although individual
subjects motion estimates differed considerably between corrected and uncorrected scans, paired
Wilcoxon signed-rank tests returned no significant differences in mean translation and rotation

between PMC on and off across all subjects (P = 0.88).

On visual inspection, QSM (see Fig. 5) and QSM-based venograms (see Fig. 6) for all subjects
demonstrated severe blurring due to motion in structures such as the highly paramagnetic venous

vasculature; this is most apparent for larger motion (e.g. subject #4 in Fig. 6g and Fig. 6h), but it



is also noticeable for smaller motion (e.g. subject #1 and #2 in Fig. 6). PMC improved venous
vessel depiction in three out of four cases (similar image quality was observed between PMC on
and off for subject #3). The impact of small motion is less apparent on visual perception for QSM
(see Fig. 5). Large movements induced visually traceable artifacts that degraded QSM
reconstructions (see subject #4 in Fig. 5g and Fig. 5h), which was noticeably improved when using
PMC. Importantly, regardless of motion level, PMC was never seen to degrade reconstruction
guality compared to uncorrected data of similar motion.

In order to compare motion-corrected versus uncorrected data separately for each subject,
Wilcoxon signed-rank tests for regional mean susceptibilities and KS tests for whole-brain
distributions were performed (see Supporting Information Tab. S3). For greater motion (subject
#4), regional mean susceptibilities differed significantly (P = 0.031; signed-rank=1). Consistent
with this, subject #4 also returned the largest KS-test statistic. Additionally, regional susceptibility
distributions between motion-corrected and uncorrected scans were also analyzed with KS-tests
(see Fig. 7). In six out of seven cases, the subject with the largest motion (subject #4) resulted in
the largest KS test statistic (all Pgonterroni < 1*1071?), whereas the subject with the smallest observed
motion (subject #1) returned the smallest KS-test statistic in three out of seven cases. Computing
the mean KS-test statistic across all ROIs for each subject showed that for subject #1 the average
KS-test statistic (0.022) is approximately two times smaller than that for subject #2 (0.049) and
subject #3 (0.042), and over four times smaller than that for subject #4 (0.099).

QSM at 0.33 mm isotropic voxel resolution

PMC was used to acquire QSM at 0.33 mm isotropic voxel size for a single subject. To ensure
sufficient SNR the subject was scanned twice (on different days; scan time per session
approximately 1.5 h). The subject moved 1.20+0.66 mm/0.42+0.22 degrees during session #1
and 4.93+1.26 mm/1.73+0.44 degrees during session #2. Overall motion in session #2 was
approximately four times greater, demonstrating the unpredictable nature of head motion even

when scanning the same healthy subject.

PMC enabled highly detailed QSM reconstructions accurately depicting small brain nuclei and thin
structures commonly not visible at lower resolutions or blurred by uncorrected motion artifacts.
Magnified axial and coronal views of corpus striatum/diencephalic regions in Fig. 8, for example,
clearly depicted thalamic substructures such as the habenula (green arrows, Fig. 8a and Fig. 8b),
anterior thalamic nucleus (blue arrows, Fig. 8d, Fig. 8I, and Fig. 8m) and mammillothalamic tracts
(yellow arrows, Fig. 8). Furthermore, bilateral pockets of low paramagnetism could be readily

identified in the caudal substantia nigra (pink arrows, Fig. 8e-g and Fig. 8k) — a subregion



commonly designated as substantia nigra nigrosome 1 (46). The substantia nigra ventral surface,
the subthalamic nucleus, mammillary bodies and substructures of the red nucleus could also be
clearly discerned on motion-corrected QSM. The cortical ribbon is also a relatively thin brain
structure. As such, it greatly benefited from motion correction as illustrated in magnified axial views
(see Fig. 9), where differential QSM patterns could be readily identified across the cortex. Thin
hypointense structures between grey and white matter can be found across the cortex (yellow
arrows). Also, diffused hyperintensities most prominent in adjacent white mattern, co-localized
with the U-fiber layer, are marked with red arrows. These hyperintense patterns can also be seen
in sagital views of occipital and temporal lobes in Supporting Information Fig. S6. Additionally, the
hippocampus (note its digitations) is also accurately depicted (yellow arrows, Supporting
Information Fig. S6). PMC also enabled detailed depiction of the venous vasculature as seen in
axial, coronal, and sagittal views in Fig. 10. For example, the vascularization of the striatum and
thalamus is clearly depicted in Fig. 10a; venous structures in the brainstem are also clearly
identifiable in Fig. 10c.

Discussion

In this study, a spoiled GRE sequence with PMC functionality was combined with QSM
reconstruction to compute high resolution susceptibility maps at ultra-high field. The reduction of
motion artifacts with PMC improved QSM reconstruction for large and small motion both
gualitatively and quantitatively. This enabled in vivo mapping of human brain macroscopic

susceptibilities with up to 0.33 mm isotropic voxel resolution.

The present study showed that even young, healthy volunteers—who participate regularly in MRI
research and were instructed to remain stationary—moved involuntarily due to slow head drifts
and breathing (Supporting Information Tab. S1). Although this small, MR-experienced cohort
moved on average less than 2 mm and 1 degree per scan, motion-induced qualitative and
guantitative changes could be observed, which scaled to some extent as a function of motion
amplitude (further discussed below). When imaging older subjects or neurodegenerative disease
patients—highly relevant study groups for QSM—discomfort or anxiety could further increase
subject motion. Therefore, motion and its correction for MR-naive cohorts could be expected to

have an even greater impact.

Visual inspections



From a qualitative standpoint, intra-subject and inter-subject comparisons showed that
uncorrected, large-amplitude motion degraded QSM considerably (see Fig. 2d and Fig. 5h),
leading to virtual loss of small-scale structures such as the venous vasculature (see Fig. 3d and
Fig. 6h). PMC clearly reduced the impact of motion (see Fig. 2c, Fig. 3c, Fig. 5g, and Fig. 6g),
however, minor residual errors can occur (discussed below). In the presence of small motion, e.g.
respiratory motion (31) or slow head drifts (30), artifacts are less obvious on QSM, though
depiction of small structures such as e.g. pial veins in prefrontal regions were considerably
improved with PMC (see Fig. 6). Thus, in line with a recent MR angiography study (47), these
results also highlight the benefits of high resolution and PMC on MR venography.

Quantitative study

For intra-subject as well as for inter-subject comparisons, our quantitative analyses were
concordant with qualitative observations. We found evidence that larger motion can introduce
significant errors in regional susceptibility extractions, which was confirmed by histogram analysis
(see Fig. 4 for intra-subject and Fig 7 for inter-subject comparison). We observed an apparent
correlation between motion amplitudes and KS-test statistics both for whole-brain and regional
susceptibility distributions (see Fig. 7). Changes in regional susceptibility did not appear to be
greater in the cortex than in deep gray matter. Importantly, when comparing data corrupted by
intentional motion with data corrupted by unintentional motion (subject #3), we observed a
systematic reduction in KS-test statistics when motion correction was applied (see Fig. 4). Thus,
we can conclude for this single subject that independent of motion regime, the use of PMC results
in more reproducible susceptibility distributions. Additionally, since the impact of motion corruption
increases with spatial resolution, one might predict that the benefits of PMC would be further
enhanced when imaging at spatial resolutions higher than 0.33x0.33x1.25 mm?3, i.e. <0.5-mm

isotropic voxels.
High resolution QSM

Long scan durations and small voxel sizes render high resolution MRI vulnerable to small-scale
subject motion. Thus, motion correction has been applied retrospectively to GRE with isotropic
voxel sizes up to 0.35-mm (48), and prospectively to MPRAGE up to 0.25-mm (49) and 0.15-mm
time-of-flight angiography (47). In this study, QSM from GRE data with 0.33 mm isotropic voxel
size was reconstructed. Compared to uncorrected QSMs with 0.40-mm isotropic resolution (1),
this corresponds to approximately 1.8-fold decrease in voxel volume. At this spatial resolution,
detailed depiction of small brain structures (such as digitations of the hippocampus, habenula and

anterior thalamic nucleus, substantia nigra nigrosome 1, and venous vascularization) were



obtained (see Fig. 8, Supporting Information Fig. S6, and Fig. 10). This is relevant in that, for
example, reliable QSM measurements of the nigrosome 1 might enable early detection of
neurodegenerative processes and monitoring of therapeutic impact in several movement
disorders including Parkinson’s disease (46,50,51). It is worth noting that QSM at such high
resolution also enables the study of magnetostatic variations both across cortex and between
cortex and subcortical white matter (see Fig 9. and Supporting Information Fig. S6). Other potential
use cases for ultra-high resolution QSM are the study of vessel malformations, small vessel
disease and improved microbleed detection; whereas motion-corrected venograms could be used
e.g. to mask out draining vessels in GRE-based echo planar imaging for high-resolution functional
MRI.

In conclusion, motion-corrected, high resolution QSM has great potential for investigating subtle
aging and disease related susceptibility changes, including those in the vasculature. Future clinical
studies are warranted to evaluate the feasibility and performance of PMC-QSM for such
applications.

Limitations and future work

PMC updates position and orientation of the imaging volume but does not account for changes of
the subject’'s head with respect to receiver profiles, or changes in orientation of the brain with
respect to the magnetic field. The former can be addressed retrospectively (52). In addition, real-
time field-control has been used to correct for spatiotemporal magnetic field fluctuations in QSM
(53). Alternatively, navigators have also been successfully applied to correct for physiological field
fluctuations (54). Since PMC cannot correct for changes in the magnetic field, however, potential
residual field perturbation could have biased the present results. This is expected to be highly
relevant if head motion changes the alignment between the anatomy and the static magnetic field,
i.e. large through-plane rotations, though less impactful for small-scale translation. Therefore,
future combinations of PMC technology with real-time field-control might hold great potential for

acquiring QSM data free of any erroneous field perturbation.

A further limitation of this work is that with the use of PMC, uncorrected data for direct comparison
is unavailable. Thus, scans were repeated (back-to-back) with and without motion correction
enabled, the latter to approximate uncorrected data. Although such an approach is widely
accepted in this context (31,47), it is noteworthy that subject motion is not entirely reproducible.
Additionally, statistical estimates neglect that motion during the acquisition of low k-space
frequencies might have a greater impact on image quality than motion during the encoding of high

frequencies. Due to these limitations and the limited cohort size in this study, simulating motion in



QSM would be an alternative approach which could provide (synthetic) uncorrected, corrected

and ground-truth data. However, implementing realistic models is challenging.

A final point worth discussing is that rating motion qualitatively, e.g. small versus large, depends
on study-specific definitions, which might differ considerably across studies. Developing a
generalized, k-space-weighted motion metric was beyond the scope of the study but warrants a

future investigation.

Conclusion

Subject motion impairs in vivo QSM by degrading the effective image resolution and introducing
destructive signal interferences that impair the reconstruction. Prospective motion correction
maximized the capabilities of ultra-high resolution QSM, enabling superb detail of subcortical
structures, cortex and vasculature with up to 0.33 mm isotropic voxel size, and may lead to more

reproducible QSM measurements in the presence of motion.
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Appendix A: Segmentation and co-registration

To quantify regional susceptibility distributions, ROl segmentation was performed on subject #3’s
bias field corrected (using SPM12 (55)), T1-weighted MPRAGE dataset. Subcortical GM ROls
were segmented with FSL FIRST (56). Whole-brain GM, WM and CSF segments calculated with
SPM were subsequently thresholded at probability = 0.9, binarized, and intersected separately
with the manually traced prefrontal ROIs to generate tissue-specific masks. Masks were finally

eroded by one voxel in 3D for GM and WM ROls, by three voxels for caudate and CSF, and by



five voxels for all other ROIs; noting erosion strength was empirically optimized to prevent edge
effects. Supporting Information Fig. S2 shows ROl masks overlaid onto subject #3’'s MPRAGE

image.

The anatomical MPRAGE dataset from subject #3 was then co-registered to subject #3’s average
GRE magnitude template using ANTs v2.1 (34) (‘antsRegistrationSyN.sh’ performing rigid, affine,
and deformable SyN registration). The GRE magnitude template was constructed iteratively
applying the nonlinear ‘antsMultivariate TemplateConstruction.sh’ routine to subject #3's four GRE
magnitude images. GRE scans from subject #1, #2, and #4 were subsequently co-registered to
this template using ‘antsRegistrationSyN.sh’. The composition of inverse transformations was
applied to each ROI followed by nearest-neighbor interpolation to create ROI masks in each data
space. This approach enabled extraction of regional susceptibility values in each individual QSM
space (excluding potential numerical bias due to spatial interpolation).
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Figure 1: Proposed processing pipeline for QSM at ultra-high field. First, channel-wise magnitude
images were combined with a standard root-sum-of-squares method to create a brain mask.
Subsequently, the combined field map was inferred from magnitude-weighted, HARPERELLA-
processed channel phases. Locally sourced inductions were subsequently revealed by SMV
filtering with spatially varying spherical kernels. Finally, #;-norm based regularized QSM
inversions were performed using the non-linear, morphology-enabled, dipole inversion (nMEDI)
method.

QSM, quantitative susceptibility mapping; SMV, spherical mean value.
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Figure 2: Intra-subject comparison (subject #3) of (a, ¢) motion-corrected and (b, d) uncorrected
QSM, (a, b) without and (c, d) with intentional motion. For small-scale motion, corrected and
uncorrected QSM showed no apparent motion artifacts. For large-scale motion, uncorrected
maps were degraded; this effect was reduced with motion correction leading to minor residual
artifacts.

QSM, quantitative susceptibility mapping.
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Figure 3: Intra-subject comparison (subject #3) of (a, c) motion-corrected and (b, d) uncorrected
QSM-based venograms, (a, b) without and (c, d) with intentional motion. For small-scale motion,
corrected and uncorrected QSM showed no apparent motion artifacts. Without correction, large-
scale motion degraded vessel depiction considerably; this effect was largely prevented by
motion correction leading to minor residual artifacts.

QSM, quantitative susceptibility mapping.
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Figure 4: Intra-subject evaluation of regional QSM distributions using KS tests. Condition 1: PMC
on, unintentional motion (On/UnMo) vs. PMC on, intentional motion (On/InMo); Condition 2:
PMC off, unintentional motion (Off/UnMo) vs. PMC off, intentional motion (Off/InMo). Statistical
significance denoted as * Pgonferroni <0.01, ** Pgonferroni <1*10°, and *** Pgonferroni <1*1072,
Systematically lower KS test statistics were obtained for motion-corrected data.

QSM, Quantitative Susceptibility Mapping; KS, Kolmogorov-Smirnov; PMC, Prospective Motion
Correction; GM, gray mattern; WM, white matter.
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Figure 5: Inter-subject comparison of (a, ¢, e, g) motion-corrected and (b, d, f, h) uncorrected
QSM. Smaller motion did not visibly degrade QSM reconstructions, whereas larger, uncorrected
motion corrupted QSM. With motion correction, QSM degradation was successfully reduced in
two of four subjects. For the remaining two subjects, image quality was similar with PMC on and
PMC off.

PMC, Prospective Motion Correction; QSM, Quantitative Susceptibility Mapping.
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6: Inter-subject comparison of (a, ¢, e, g) motion-corrected and (b, d, f, h) uncorrected QSM-
based venograms. Larger, uncorrected motion corrupted the venograms. Smaller motion (on
the order of the voxel dimension) also blurred vessels — particularly across prefrontal areas
(shown here). Sharper and more detailed venograms were obtained in both motion regimes with
motion correction in three of four subjects. For subject #3, image quality was similar with PMC
on and PMC off.

PMC, Prospective Motion Correction; QSM, Quantitative Susceptibility Mapping.
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Figure 7: Individual KS test results comparing regional QSM distributions from motion-corrected
vs. uncorrected data. Statistical significance denoted as * Pgonferroni <0.01, ** Pgonferroni <1*10¢,
and il PBonferroni <1*1O_12-
PMC, Prospective Motion Correction; QSM, Quantitative Susceptibility Mapping; KS,
Kolmogorov-Smirnov; GM, gray matter; WM, white matter.



Figure 8: Magnified views of motion-corrected QSM at 0.33 mm isotropic voxel size: (a-d) axial
views of corpus striatum/thalamus, (e-j) axial views of midbrain regions, and (k-m) coronal views
of basal ganglia/thalamus (coronal). Arrows highlight the habenula (green), mammillothalamic
tracts (yellow), anterior thalamic nuclei (blue), and substantia nigra nigrosome 1 (pink).

QSM, Quantitative Susceptibility Mapping.
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Figure 9: Magnified axial views of motion-corrected QSM at 0.33 mm isotropic voxel size across

the cortex. Arrows highlight hypointense (yellow) and hyperintense (red) regions between gray
matter and adjacent white matter.

QSM, Quantitative Susceptibility Mapping.



Figure 10: (a) Axial, (b) coronal, and (c) sagittal views of motion-corrected, QSM-based

venogram at 0.33 mm isotropic voxel size. Hyperintense veins are enhanced by maximum
intensity projection over 45 slices.

QSM, Quantitative Susceptibility Mapping.
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Supporting Information

Supporting Information Figure S1: lllustration of the intermediate steps for QSM-based
venogram estimation. The field map — computed as shown in Fig. 1 — was high-pass filtered to
suppress low spatial frequencies, and was subsequently inverted with the nMEDI approach.
After upsampling along the head-foot direction to improve vessel continuity, maximum QSM
projections were computed, which revealed the hyperintense venous vasculature.

QSM, Quantitative Susceptibility Mapping.

Supporting Information Figure S2: Regions of interest for regional susceptibility extraction
overlaid onto an anatomical image: (a) axial, (b) coronal, and (c) sagittal views. ROls: Globus
pallidus (blue); caudate (orange); putamen (pink); thalamus (dark green); hippocampus (yellow);
prefrontal gray matter (blue-gray); prefrontal white matter (light green); CSF (violet).
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Supporting Information Figure S3: Intra-subject comparison (subject #3) of (a, ¢) motion
corrected and (b, d) uncorrected magnitude images (after skull stripping) during (a, b)

unintentional, small scale and (c, d) intentional, large-scale motion after brain extraction.

in a.u.
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Supporting Information Figure S4: Intra-subject comparison (subject #3) of (a, ¢) motion
corrected and (b, d) uncorrected field maps (unwrapped phase images) during (a, b)

in rad

unintentional, small scale and (c, d) intentional, large-scale motion after brain extraction.
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Supporting Information Figure S5: Intra-subject comparison (subject #3) of (a, ¢) motion
corrected and (b, d) uncorrected local fields (SMV filtered) during (a, b) unintentional, small scale
and (c, d) intentional, large-scale motion after brain extraction.

SMV, Spherical Mean Value.



Supporting Information Figure S6: Magnified sagittal views of (a, b) the temporal lobe and (c, d)
occipital lobe plus cerebellum for motion-corrected QSM at 0.33 mm isotropic voxel size. Red
arrows highlight hyperintense regions between gray matter and adjacent white matter. Yellow
arrows show hippocampus.

QSM, Quantitative susceptibility mapping.



Subject | Intentional Motion | PMC | Total Translation in [mm] | Total Rotation in [degrees]
1 No On 0.49 + 0.63 0.11+0.18
1 No Off | 0.36+0.26 0.12 + 0.09
2 No On 0.43+0.12 0.21 +0.06
2 No Off 1.19+£0.20 0.43 + 0.08
3 No On 2.19+1.02 0.89 + 0.42
3 No Off 1.06 £ 0.22 0.45+ 0.10
3 Yes On 3.97 £ 2.03 1.31 +0.81
3 Yes Off 1.93+2.13 0.59 + 0.83
4 No On 1.47 £ 0.86 0.50 + 0.29
4 No Ooff |4.19+159 0.68 + 0.33

Supporting Information Table S1: Summary of motion quantification across subjects and scan types. Total translation and rotation
denoting observed 3D movement during the whole scan are reported as mean + standard deviation.
PMC Prospective Motion Correction



Subject | Intentional | PMC | Pallidum Caudate Putamen Thalamus Hippocampus | Prefrontal GM | Prefrontal WM
Motion

1| No On 0.098 + 0.045 | 0.026 £ 0.031 | 0.022 + 0.045 | 0.005 £ 0.033 | -0.004 + 0.044 | 0.002 £ 0.059 | -0.001 + 0.035
1| No Off 0.088 + 0.043 | 0.024 + 0.032 | 0.019 + 0.047 | 0.004 £ 0.032 | -0.002 + 0.043 | -0.001 + 0.057 | 0.001 + 0.034
1| Yes On 0.093 +0.042 | 0.029 £ 0.031 | 0.022 £ 0.047 | 0.007 £ 0.033 | -0.004 + 0.041 | 0.000 + 0.056 | 0.002 +0.034
1| Yes Off 0.094 + 0.040 | 0.028 + 0.035 | 0.016 + 0.048 | 0.008 + 0.035 | -0.000 + 0.045 | -0.002 £ 0.064 | 0.001 + 0.042
2 | No On 0.107 + 0.067 | 0.032 £ 0.044 | 0.008 £ 0.041 | 0.004 £ 0.039 | 0.004 +0.031 | -0.002 + 0.043 | 0.003 + 0.033
2| No Off 0.105 + 0.064 | 0.032 + 0.041 | 0.010 + 0.043 | -0.001 + 0.041 | -0.002 + 0.034 | -0.000 + 0.044 | 0.001 + 0.032
3 | No On 0.119 + 0.051 | 0.053 £ 0.027 | 0.024 £ 0.050 | 0.030 + 0.046 | 0.012 +0.033 | 0.016 £ 0.054 | 0.021 + 0.049
3 | No Off 0.117 + 0.050 | 0.053 + 0.026 | 0.026 + 0.049 | 0.030 £ 0.046 | 0.010+0.031 | 0.017 £0.053 | 0.021 +0.048
4 | No On 0.089 + 0.043 | 0.030 £ 0.034 | 0.005 + 0.041 | 0.005 + 0.030 | 0.012 +0.028 | -0.002 + 0.060 | 0.005 + 0.035
4 | No Off 0.095 + 0.054 | 0.038 + 0.035 | 0.013 +£0.042 | 0.012 + 0.033 | 0.010+0.028 | 0.006 +0.058 | 0.010 +0.039

Supporting Information Table S2: Regional susceptibility values for all subjects summarized as mean + standard deviation

PMC Prospective Motion Correction




PMC On vs. Off (regional
mean QSM) PMC On vs. Off (whole-brain QSM distributions, KS
test statistic)

Subject | P-value | signed rank
1 0.81 12 0.003
2 0.38 20 0.008
3 0.16 23 0.007
4 0.03 1 0.019

Supporting Information Table S3: Statistics for motion-corrected versus uncorrected data (by subject).
KS, Kolmogorov-Smirnov; QSM, Quantitative Susceptibility Mapping



