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ARTICLE INFO ABSTRACT

Keywords: Advanced diffusion imaging which accounts for complex tissue properties, such as crossing fibers and extra-
Fixel-based analysis cellular fluid, may detect longitudinal changes in widespread pathology in atypical Parkinsonian syndromes. We
Free-water

implemented fixel-based analysis, Neurite Orientation and Density Imaging (NODDI), and free-water imaging in

;(;?Egzdcl)?elntation and Density Parkinson’s disease (PD), multiple system atrophy (MSAp), progressive supranuclear palsy (PSP), and controls
Parkinsonism longitudinally over one year. Further, we used these three advanced diffusion imaging techniques to investigate

longitudinal progression-related effects in key white matter tracts and gray matter regions in PD and two
common atypical Parkinsonian disorders. Fixel-based analysis and free-water imaging revealed longitudinal
declines in a greater number of descending sensorimotor tracts in MSAp and PSP compared to PD. In contrast,
only the primary motor descending sensorimotor tract had progressive decline over one year, measured by fiber
density (FD), in PD compared to that in controls. PSP was characterized by longitudinal impairment in multiple
transcallosal tracts (primary motor, dorsal and ventral premotor, pre-supplementary motor, and supplementary
motor area) as measured by FD, whereas there were no transcallosal tracts with longitudinal FD impairment in
MSAp and PD. In addition, free-water (FW) and FW-corrected fractional anisotropy (FAt) in gray matter regions
showed longitudinal changes over one year in regions that have previously shown cross-sectional impairment in
MSAp (putamen) and PSP (substantia nigra, putamen, subthalamic nucleus, red nucleus, and pedunculopontine
nucleus). NODDI did not detect any longitudinal white matter tract progression effects and there were few effects
in gray matter regions across Parkinsonian disorders. All three imaging methods were associated with change in
clinical disease severity across all three Parkinsonian syndromes. These results identify novel extra-nigral and

Abbreviations: FAt, free-water corrected fractional anisotropy; FC, fiber bundle cross-section; FD, fiber density; FDC, fiber-density and cross-section; FW, free-
water; log-FC, log transformed fiber cross-section; MDS-UPDRS-I1], Part III of Unified Parkinson’s Disease Rating Scale; MoCA, Montreal Cognitive Assessment; MSAp,
parkinsonian variant of multiple system atrophy; NODDI, Neurite Orientation and Density Imaging; ODI, orientation dispersion index; PD, Parkinson’s disease; PSP,
progressive supranuclear palsy; PSPRS, Progressive Supranuclear Palsy Rating Scale; SMATT, sensorimotor area tract template; TCATT, transcallosal tractography
template; UMSARS, The Unified Multiple Systems Atrophy Rating Scale; Vic, intracellular volume fraction; Viso, isotropic volume fraction.
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extra-striatal longitudinal progression effects in atypical Parkinsonian disorders through the application of
multiple diffusion methods that are related to clinical disease progression. Moreover, the findings suggest that
fixel-based analysis and free-water imaging are both particularly sensitive to these longitudinal changes in

atypical Parkinsonian disorders.

1. Introduction

Parkinson’s disease (PD), multiple system atrophy (MSAp), and
progressive supranuclear palsy (PSP) are difficult to differentiate clini-
cally especially in the early stages of the disease. This difficulty is
thought to be due to overlapping motor symptoms, however, atypical
Parkinsonian disorders have differing underlying pathologies and
progress devastatingly fast, with symptoms often not responding to
current available treatments. Further, all three of these Parkinsonian
disorders have nigrostriatal degeneration, (Dickson, 2012) however,
MSAp and PSP have widespread pathologies characterized by distinct
white and gray matter neurodegeneration throughout the basal ganglia,
midbrain, thalamus, cerebellum, corpus callosum, and sensorimotor
cortical regions (Ahmed et al., Feb 2008; Cykowski et al., Aug 2015;
Wenning et al., Mar 1997; Halliday et al., Oct 2005). In line with this,
previous work using advanced diffusion imaging has revealed that cross-
sectionally there is increased extracellular fluid in the substantia nigra in
PD compared with controls, and also that nigral free-water increases
longitudinally over time in de novo and early-stage PD (Planetta et al.,
Feb 2016; Mitchell et al., 2019; Burciu et al., 2017; Ofori et al., 2017).
Further, this finding was the only difference detected between PD and
controls using free-water imaging and NODDI, two multi-
compartmental diffusion imaging methods (Planetta et al., Feb 2016;
Mitchell et al., 2019). In comparison, these two advanced multi-
compartmental diffusion imaging methods detected distinct differ-
ences throughout the basal ganglia, midbrain, cerebellum, and corpus
collosum when applied cross-sectionally in both MSAp and PSP when
compared to controls (Planetta et al., Feb 2016; Mitchell et al., 2019).
Moreover, current literature suggests that extra-nigral and extra-striatal
brain regions are important to differentiate MSAp and PSP and may also
be important to track longitudinal progression in these atypical
Parkinsonian syndromes. Further, biomarkers for tracking disease pro-
gression over a relatively short period of time in Parkinsonian disorders
are urgently needed to improve clinical trial methodologies and out-
comes. While advanced diffusion imaging techniques that account for
complex tissue properties are promising for better understanding the
disease-specific neurodegeneration that occurs over time in atypical
Parkinsonian syndromes, there are very few studies in PD and especially
atypical Parkinsonian disorders that have applied these advanced
methods longitudinally. This current multi-site cohort study is the first
to longitudinally study PD, MSAp, and PSP using three of the most
recognized advanced diffusion imaging methods.

Fixel-based analysis is a novel diffusion MRI technique that combines
voxel-based analysis with tract-based analysis to address the problem of
crossing fibers within a voxel, which can result in misleading outcomes
in voxels with a high number of crossing fibers (Raffelt et al., 2017).
Fixel-based analysis computes microscopic fiber density (FD) and
macroscopic fiber bundle morphology as fiber bundle cross-section (FC),
and a combined metric of FD and FC (FDC) (Raffelt et al., 2017; Raffelt
et al., 2012). This method has yet to be studied widely because it re-
quires high b-values (e.g., 3000 s/mm?) which are uncommon in typical
diffusion imaging (Raffelt et al., 2017; Raffelt et al., 2012). Cross-
sectional studies of PD applying fixel-based analysis have shown
altered FD in the corpus callosum and corticospinal tract compared to
control subjects (Li et al., 2020). Longitudinal studies of PD applying
fixel-based analysis have revealed longitudinal reduction in FDC in the
corpus callosum, however, there was not a healthy control group fol-
lowed to determine if the observations were beyond that of normal aging
(Rau et al., 2019). In atypical Parkinsonian syndromes, cross-sectional

fixel-based analysis revealed more descending sensorimotor tract
involvement in MSAp and PSP compared with PD, and that there was
greater corpus callosum impairment in PSP (Nguyen et al., 2021).
Furthermore, fixel-based analysis has yet to be applied longitudinally in
atypical Parkinsonian disorders and we hypothesize that this technique
could capture the wide-spread pathology and longitudinal white matter
changes with high sensitivity.

NODDI is a multi-compartment diffusion MRI technique that probes
the microstructure of neurites (i.e., axons and dendrites) by modeling
three-compartments of the brain tissue (Zhang et al., 2012). This anal-
ysis requires a multi-shell diffusion scan with multiple b-values (Zhang
et al.,, 2012). The three compartments modeled are intracellular,
extracellular, and CSF. Isotropic volume fraction (Viso) represents the
volume fraction of CSF, intracellular volume fraction (Vic) represents
the volume fraction of the space bounded by neurites, and orientation
dispersion index (ODI) quantifies the degree of dispersion of the neu-
rites. Thus, the two intracellular compartment metrics (ODI, Vic) are
corrected for the effect of extracellular fluid. NODDI has been applied
cross-sectionally and shown to differentiate the atypical Parkinsonian
disorders, MSAp and PSP, from PD (Mitchell et al., 2019). Further, all
Parkinsonian syndromes show increased Viso in the substantia nigra
compared with controls, whereas MSAp and PSP had widespread
involvement of the basal ganglia, midbrain, cerebellum, and corpus
callosum cross-sectionally (Mitchell et al., 2019). Select regions that
were specific to MSAp were decreased ODI in the putamen and
decreased Vic in the middle cerebellar peduncle (Zhang et al., 2012).
Regions that were specific to PSP were increased ODI in the superior
cerebellar peduncle and decreased ODI in the subthalamic nucleus and
pedunculopontine nucleus. Here, changes in ODI could reflect several
mechanisms impacting neurites including axonal disorganization, glio-
sis, dendritic thinning, and other factors (Zhang et al., 2012; Nazeri
et al., 2015). NODDI has not been applied longitudinally to atypical
Parkinsonian disorders.

Free-water imaging is a two-compartment diffusion imaging tech-
nique that has been applied to track progression in PD in the substantia
nigra over one year, (Burciu et al., 2017; Ofori et al., 2015) and to
distinguish PD from atypical Parkinsonian disorders (Planetta et al., Feb
2016; Mitchell et al., 2019). In FW imaging, tissue is modeled as con-
taining an extracellular compartment and an intracellular tissue
compartment, producing two metrics: FW and FW-corrected fractional
anisotropy (FAt). FW is the volume fraction of the extracellular
compartment and FAt is the fractional anisotropy of the intracellular
compartment. Compared to traditional FA, FAt is corrected for the
confounding effects of FW (Pasternak et al., Sep 2009). Free-water im-
aging models an extracellular compartment (i.e., free-water [FW]), and
an intracellular tissue compartment (i.e., free-water corrected fractional
anisotropy [FAt]) (Pasternak et al., Sep 2009). The advantage behind
this type of image post-processing is that it is derived from conventional
single-shell diffusion imaging scans. Cross-sectionally, all Parkinsonian
syndromes have increased FW in the substantia nigra compared with
controls, whereas MSAp and PSP had changes in FW and FAt throughout
the basal ganglia, midbrain, cerebellum, and corpus callosum (Planetta
etal., Feb 2016; Mitchell et al., 2019). Increased FAt in the putamen was
shown to differentiate MSAp, whereas decreased FAt in the superior
cerebellar peduncle and increased FAt in the subthalamic nucleus and
pedunculopontine nucleus was shown to differentiate PSP (Planetta
et al., Feb 2016; Mitchell et al., 2019). Here, reduced FAt in white matter
indicates axonal disorganization and degeneration, and increased FAt in
gray matter can indicate gliosis or a loss of cell bodies that is related to a



T. Mitchell et al.

reduction in the isotropy of diffusion (Pasternak et al., Sep 2009; Budde
et al., Aug 2011). Free-water imaging has not yet been studied longi-
tudinally in atypical Parkinsonian disorders.

The advanced diffusion imaging modalities implemented here have
previously detected cross-sectional impairment in atypical Parkinsonian
syndromes and have been suggested to offer promising avenues to detect
widespread extra-nigral and extra-striatal pathological changes that
occur longitudinally in atypical Parkinsonian disorders. Collectively the
modalities better account for complex tissue properties such as crossing
fibers in the case of fixel-based analysis, (Raffelt et al., 2017) and
extracellular fluid in the case of NODDI and free-water imaging (Zhang
et al., 2012; Pasternak et al., Sep 2009). We therefore study these three
modalities in tracking longitudinal progression of microstructural
changes across white matter tracts and gray matter regions in PD, MSAp,
and PSP over a 1-year follow-up.

2. Material and methods
2.1. Participants

37 participants with PD, 17 with PSP, 11 with MSAp, and 21 age- and
sex-matched healthy controls completed baseline and 1-year assess-
ments (Table 1). Participants were referred and diagnosed by movement
disorder neurologists at the University of Florida, Northwestern Uni-
versity, Rush University, and University of Chicago, based on current
diagnostic criteria for PD, MSAp, and PSP (Hoglinger et al., Jun 2017;
Gilman et al., 2008; Hughes et al., Mar 1992). The PSP group included
14 PSP patients with the Richardson Syndrome sub-type and three with
PSP Parkinsonian variant sub-type. Clinical PSP subtype was determined
using established criteria (Hoglinger et al., Jun 2017). Patients were
followed and their diagnoses were confirmed as clinically probable at
least 2 years after initial diagnosis. Healthy controls were free from
neurological disease and had no family history of Parkinsonian disor-
ders. All procedures were approved by the Institutional Review Board at
all sites, and written informed consent was obtained from all subjects in
accordance with the Declaration of Helsinki.

There was loss to follow-up across all groups, however, it was higher
in the atypical Parkinsonian disorder groups. This was impacted largely
by rapid disease progression and mortality rates in the MSAp and PSP
groups combined with scheduling restrictions related to the covid-19
pandemic. The attrition rates were as follows: the attrition rate in

Table 1
Patient Demographics at Baseline.
Control PD MSAp PSP
N 21 37 11 17
Site 1/2 11/10 17/20 4/7 10/7
Age, years 68.2 65.4 (7.8) 64.77 68.8
(4.8) (7.52) (4.8)
Sex, M/F 10/11 20/17 9/2 8/9
Disease Duration, years - 4.5 (2.8) 3.1 (3.3) 2.8 (2.7)
Hoehn and Yahr stage (I/11/ - 8/29/1/ 0/5/1/2/ 0/6/2/7/
1I1/IV/V) 0/0 4 2
MDS-UPDRS 111, total 4.6 (2.4) 29.4 61.4 43.2
(13.4) (23.6) (12.4)
UPDRS posture & gait 0.5 (0.8) 2.0 (1.3) 9.9 (6.5) 9.2(3.9)
UPDRS rigidity 1.0 (1.3) 5.6 (3.3) 12.2 (4.8) 5.2 (4.2)
UPDRS bradykinesia 2.5(1.5) 13.0 (7.5) 27.3(7.7) 22.2
(6.5)
UPDRS tremor 0.6 (1.1) 7.9 (5.5) 8.4 (5.6) 2.2(1.9)
UMSARS, parts I and II 2.3(1.9) 17.1 (5.8) 46.0 41.9
(16.1) (13.3)
PSPRS, total 2501.8 11.7 (4.5) 34.1 34.8
(14.9) (12.0)
MoCA 27.3 27.4 (2.6) 25.4 (4.1) 24.1
(2.0) (3.3)

All variables are presented as mean (standard deviation) except sex and Hoehn
and Yahr which are represented as proportions.

Neurolmage: Clinical 34 (2022) 103022

controls was 12.5% (baseline n = 24), in PD was 14% (baseline n = 43),
in MSAp was 52.2% (baseline n = 23), and in PSP was 39.3% (baseline n
= 28). Only patients with complete baseline and 1-year data are pre-
sented in the analyses.

All clinical and imaging assessments, administered at baseline and 1-
year follow-up, were carried out at the University of Florida and
Northwestern University. All participants underwent overnight with-
drawal from any dopaminergic medication prior to baseline and follow-
up clinical assessments. Overnight withdrawal was done to focus on
clinical disease progression to minimize impact of medication changes
over 1 year. Motor impairment was assessed using Part III of the Unified
Parkinson’s disease Rating Scale (MDS-UPDRS-III) (Goetz et al., 2007).
Sub-scores for posture and gait (items 9-13), rigidity (item 3), brady-
kinesia (items 4-8, 13), and tremor (items 15-18) were derived from the
MDS-UPDRS-III. The Unified Multiple Systems Atrophy Rating Scale
(UMSARS) and the Progressive Supranuclear Palsy Rating Scale (PSPRS)
were also used to assess MSAp and PSP specific disease severity (Wen-
ning et al., 2004; Golbe and Ohman-Strickland, Jun 2007). Cognitive
function was assessed with the Montreal Cognitive Assessment (MoCA)
(Nasreddine et al., 2005). Disease duration was defined as the time since
the current diagnosis.

2.2. Imaging and diffusion data acquisition

Data was acquired at the University of Florida McKnight Brain
Institute (3 T Siemens Prisma) and Northwestern University Center for
Translational Imaging (3 T Siemens Prisma Fit) using a 64-channel head
coil. Identical software and pulse sequences were used at each site and
quality assurance data published previously indicated signal integrity
was stable across sites (Mitchell et al., 2019). T1-weighted images
(repetition time: 2000 ms, echo time: 2.99 ms, flip angle: 8°, TI = 1010
ms, GRAPPA factor = 2, 0.8 mm isotropic voxels, bandwidth: 240 Hz/
pixel) were acquired with a three-dimensional (3D) magnetization-
prepared 180°radio-frequency pulses and rapid gradient-echo (MP-
RAGE) sequence in 208 contiguous sagittal slices. Multi-shell diffusion
MRI images (repetition time: 3200 ms, echo time: 70 ms, flip angle: 90°,
field of view: 256 x 256 mm, resolution: 2 mm isotropic, 64 diffusion
gradient directions, b-values: 5 x 0, 64 x 1000, 64 x 2000, and 64 x
3000 s/mm?, 69 axial slices, bandwidth: 2442 Hz/pixel, total acquisi-
tion time: 10 min 52 s) were acquired for fixel-based analysis and
NODDI using a simultaneous multi-slice acquisition (acceleration factor
= 3). Single-shell diffusion MRI images (repetition time: 6400 ms, echo
time: 58 ms, flip angle: 90°, field of view: 256 x 256 mm, resolution: 2
mm isotropic, 64 diffusion gradient directions, b-values: 5 x 0, and 64 x
1000 s/mm?, 69 axial slices, bandwidth: 2442 Hz/pixel, total acquisi-
tion time: 7 min 41 s) were acquired for free-water imaging. One PSP
patient was only included in the free-water imaging analysis since there
was a data transfer error for the multi-shell acquisition data.

2.3. Diffusion data processing

Fixel-based analysis was performed using MRtrix3 software (Raffelt
et al., 2017). Diffusion data were denoised and corrected for suscepti-
bility and motion artifacts (Smith et al., 2004; Andersson and Sotir-
opoulos, 2016; Veraart et al., 2016). Fiber orientation distribution
(FOD) was estimated using multi-shell multi-tissue constrained spherical
deconvolution (Jeurissen et al., Dec 2014). Bias field correction and
intensity normalization were then performed globally across all subjects
(Raffelt et al., 2017). Next, study-specific group-averaged FOD template
was created from baseline data, (Rau et al., 2019; Zarkali et al., 2021;
Zarkali et al., Feb 2022) and each individual FOD image was warped to
this study-specific template using a diffeomorphic non-linear trans-
formation (Raffelt et al., 2011). Apparent FD maps were computed
through segmenting each fixel of the FOD images and log transformed
fiber cross-section (log-FC) maps were calculated from the distortion
required when warping the FOD image to the template (Raffelt et al.,
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2017; Raffelt et al., 2012). A combined measure that factors the effects
of both fiber density and cross-section (FDC) was also calculated.

NODDI and free-water data processing were performed identically to
the previously published cross-sectional part of this study (Mitchell
et al., 2019). NODDI maps (Viso, Vic, and ODI) were derived from the
pre-processed motion and eddy-current corrected volumes using the
NODDI toolbox in MATLAB (Zhang et al., 2012). FW and FAt maps were
computed using custom-written MATLAB (R2013a, The Mathworks,
Natick, MA, USA) code, as described in previous work (Burciu et al.,
2017; Pasternak et al., Sep 2009; Ofori et al., 2015; Archer et al., 2018;
Archer et al., Sep 2019). NODDI (Viso, Vic, and ODI) and free-water (FW
and FAt) maps were non-linearly transformed into standard MNI space
using the Advanced Normalization Tools (ANTs) and in-house templates
(Archer et al., 2018; Avants et al., Feb 2008).

White matter tracts were applied to all three diffusion imaging
methods. Seventeen white matter tracts from the transcallosal tractog-
raphy template (TCATT), (Archer et al., 2019) sensorimotor area tract
template (SMATT), (Archer et al., 2018) the cerebellar probabilistic
white matter atlas, (van Baarsen et al., 2016) and subthalamo-pallidal,
nigrostriatal, and corticostriatal tracts (Archer et al., Sep 2019) were
used in a tract-of-interest analysis based on their implication in
Parkinsonism. Six frontal area tracts were used from the TCATT, the
primary motor cortex, dorsal premotor cortex, ventral premotor cortex,
supplemental motor area, pre-supplemental motor area, and somato-
sensory cortex (Archer et al., 2019). The SMATT includes descending
sensorimotor tracts from these same six frontal cortical regions (Archer
et al., 2018). The superior and middle cerebellar peduncle tracts from
the cerebellar atlas were included (van Baarsen et al., 2016). For the
fixel-based analysis the MNI-space tracts of interest were non-linearly
transformed to the study-specific population template space by
applying a warp obtained from registering the FMRIB FA template to the
study-specific population FA template (Smith et al., 2004).

We also examined thirteen gray matter regions from the Parkinson’s
disease region of interest template validated in previous work by our
group (Archer et al., Sep 2019). These gray matter regions were used for
NODDI and free-water imaging, and not used for fixel-based analysis
since this method is focused on white matter. The gray matter regions
included: anterior substantia nigra, posterior substantia nigra, putamen,
caudate nucleus, globus pallidus, subthalamic nucleus, red nucleus,
thalamus, pedunculopontine nucleus, dentate nucleus, cerebellar lobule
V, cerebellar lobule VI, and cerebellar vermis (Archer et al., Sep 2019).
All white-matter tracts and gray-matter regions were used to obtain
mean diffusion measures bilaterally (Planetta et al., Feb 2016; Archer
et al., Sep 2019).

2.4. Statistical analyses

All statistical analyses were performed in IBM SPSS version 21.0.
Longitudinal change for clinical variables was assessed for each group
using paired t-tests or Wilcoxon Signed rank tests in the case of non-
parametric variables as determined by a significant Levene’s test.
Group differences in the 1-year change in clinical variables was assessed
using one-way analysis of variance (ANOVA) or Welch’s ANOVA for
non-parametric variables.

The mean change from baseline to 1-year in fixel-based (FD, log-FC,
FDC), NODDI (Viso, ODI, Vic) and free-water (FW, and FAt) maps within
each white matter tract was compared between groups using a multi-
variate ANOVA, with sex, age, site, and baseline value as covariates. The
same MANCOVA model was used to assess mean change in the gray
matter region-of-interest analysis for NODDI and free-water maps. Sig-
nificant group effects were corrected for multiple comparisons using the
False Discovery Rate (FDR) method (Prpg < 0.05) and followed by FDR-
corrected pairwise comparisons (Prpg < 0.05), performed separately for
each diffusion imaging variable. Multiple linear regression was used to
determine the association of 1-year change in diffusion measures with
clinical disease progression. The regions for fixel-based, free-water, and
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NODDI with significant change were entered into a backwards stepwise
multiple linear regression to predict 1-year change in MDS-UPDRS-III
and MDS-UPDRS-III bradykinesia sub-score across Parkinsonism groups.

2.5. Data availability

The data in this study are openly available in the Parkinson’s disease
biomarker program (https://pdbp.ninds.nih.gov).

3. Results
3.1. Participants and clinical assessments

The interval between baseline and 1-year assessments was 373 days
for controls, 376 days for PD, was 376 for MSAp, and 378 for PSP. There
was no difference in age (F3go = 1.714, P = 0.251), sex distribution
(X§,82 =4.095, P = 0.251), or disease duration (Fo 62 = 2.696, P = 0.075)
between groups at baseline (Table 1). PD patients had a longitudinal
increase in Hoehn and Yahr stage (236 = -2.673, P < 0.01), MDS-UPDRS-
III total score (236 = -2.536, P < 0.05), and the posture and gait sub-score
(236 = -3.302, P < 0.01) over one year (Supplemental Table 1). In MSAp,
there was an increase in MDS-UPDRS-III total score (236 = -2.092, P <
0.05) and posture and gait sub-score (236 = -2.043, P < 0.05) over one
year. In PSP, there was a longitudinal increase in Hoehn and Yahr stage
(216 = -3.134, P < 0.01), MDS-UPDRS-III total score (216 = -3.530, P <
0.001), posture and gait sub-score (216 = -3.423, P < 0.01), and bra-
dykinesia sub-score (t; = -5.156, P < 0.001) over one year.

Across Parkinsonian disorders, there were significant group differ-
ences for the 1-year change in MDS-UPDRS-III total score (F2 62 = 3.528,
P < 0.05), the bradykinesia sub-score (Fz 62 = 3.308, P < 0.05), posture
and gait sub-score (Fg62 = 10.983, P < 0.001), and Hoehn and Yahr
stage (Welch’s Fy 62 = 5.404, P < 0.05). In particular, PSP had a greater
increase in MDS-UPDRS-III total score (P < 0.05) and bradykinesia sub-
score (P < 0.05) over one year compared to PD, and a greater 1-year
increased in the posture and gait sub-score (P < 0.01) and Hoehn and
Yahr stage (P < 0.05) compared to both PD and MSAp.

3.2. Progression effects in white matter tracts

All diffusion imaging tract-based means at baseline and 1-year are
reported in the Supplemental material for fixel-based analysis (Supple-
mental Table 2), NODDI (Supplemental Table 3), and free-water imag-
ing (Supplemental Table 4). There was no significant effect of the site
covariate in any tract of interest for any of the diffusion imaging mea-
sures (Pgpr > 0.05).

3.2.1. Fixel-based analysis

There was a significant between-group difference in longitudinal FD
1-year change in several TCATT, SMATT, and subcortical tracts (Pgpg <
0.05) (Table 2). FD decreased more over one year in PD compared with
healthy controls in the primary motor SMATT (P™* < 0.05) and the
corticostriatal tract (P™* < 0.05) (Fig. 1A). In MSAp, FD declined in the
primary motor SMATT (P™ < 0.05), pre-supplementary motor area
SMATT (P™ < 0.05), somatosensory SMATT (P™* < 0.05), and the
corticostriatal tract (P™* < 0.05) relative to controls, as well as the dorsal
premotor SMATT (P < 0.05) and supplementary motor area SMATT
(P™* < 0.05) relative to controls and PD (Fig. 1B). In PSP, FD declined
more in the primary motor TCATT (P < 0.01) and somatosensory TCATT
(P™* < 0.05) relative to controls, increased more in the dorsal and
ventral premotor area TCATT (P < 0.05) relative to controls and PD, as
well as in pre-supplementary motor area TCATT (P™* < 0.01) relative to
controls, PD, and MSAp (Fig. 1C). In addition, PSP had a greater decline
in FD in the primary motor (P < 0.01), dorsal and ventral premotor
SMATT (P™* < 0.05), supplementary motor area SMATT (P™* < 0.05),
and the corticostriatal tract (P™® < 0.01) compared with controls, and a
greater decline in FD in the subthalamic nucleus to globus pallidus tract
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Table 2
Fixel-Based Analysis in White Matter Tracts.

Tract of P-value FDR P-value F Partial Eta
Interest corrected uncorrected Squared
Fibre Density (FD)
M1 TCATT 0.022¢ 0.007 4350  0.145
PMd TCATT 0.020¢ 0.007 4.400  0.146
PMv TCATT 0.020%¢ 0.006 4.487  0.149
preSMA 0.020%%" 0.004 4923  0.161
TCATT
SMA TCATT 0.088 0.078 2.362  0.084
S1 TCATT 0.033¢ 0.021 3.435 0.118
M1 SMATT 0.020™"¢ 0.005 4556  0.151
PMd SMATT 0.032"¢ 0.019 3.531  0.121
PMv SMATT 0.046° 0.035 3.013  0.105
preSMA 0.032" 0.018 3.540  0.121
SMATT
SMA SMATT 0.021%¢ 0.010 4.061 0.137
S1 SMATT 0.046" 0.033 3.074  0.107
Nigrostriatal 0.087 0.072 2.420  0.086
Corticostriatal 0.020">¢ 0.004 4.791  0.157
STN to GP 0.021°f 0.010 4,058  0.137
MCP 0.167 0.157 1.787  0.065
Scp 0.210 0.210 1.544  0.057
Fibre Cross-section (log FC)
M1 TCATT 0.300 0.105 2.116  0.076
PMd TCATT 0.193 0.034 3.034  0.106
PMv TCATT 0.300 0.159 1.777  0.065
preSMA 0.300 0.107 2.101  0.076
TCATT
SMA TCATT 0.193 0.026 3.247  0.112
S1 TCATT 0.377 0.355 1.098  0.041
M1 SMATT 0.300 0.194 1.608  0.059
PMd SMATT 0.307 0.231 1.463  0.054
PMv SMATT 0.667 0.667 0.524  0.020
preSMA 0.307 0.267 1.343  0.050
SMATT
SMA SMATT 0.300 0.194 1.608  0.059
S1 SMATT 0.307 0.271 1.329  0.049
Nigrostriatal 0.300 0.081 2.331  0.083
Corticostriatal 0.300 0.168 1.730 0.063
STN to GP 0.300 0.144 1.857  0.067
MCP 0.307 0.270 1.334  0.049
SCP 0.193 0.024 3.333  0.115
Fibre Density and Cross-section (FDC)
M1 TCATT 0.140 0.114 2.046  0.074
PMd TCATT 0.075 0.009 4160 0.139
PMv TCATT 0.075 0.020 3.469  0.119
preSMA 0.104 0.043 2.855  0.100
TCATT
SMA TCATT 0.088 0.031 3.119 0.108
S1 TCATT 0.419 0.394 1.008  0.038
M1 SMATT 0.140 0.115 2.045  0.074
PMd SMATT 0.121 0.078 2.356  0.084
PMv SMATT 0.440 0.440 0.911  0.034
preSMA 0.106 0.050 2.728  0.096
SMATT
SMA SMATT 0.121 0.076 2.385  0.085
S1 SMATT 0.149 0.131 1.933  0.070
Nigrostriatal 0.075 0.011 3.937 0.133
Corticostriatal 0.140 0.113 2.058 0.074
STN to GP 0.075 0.015 3.730  0.127
MCP 0.075 0.022 3.377 0.116
SCP 0.121 0.073 2.412  0.086

ANOVA results for main effect of group with age, sex, and site covariates.
Bold type indicates statistically significant values. Superscripts indicate signifi-
cant post-hoc comparisons (P < 0.05, FDR-corrected).
TCATT: trans callosal tractography template, SMATT: sensorimotor area tract
template, M1: Primary motor cortex, PMd: dorsal Premotor area, PMv: ventral
Premotor area, SMA: supplementary motor area, S1: Primary sensory cortex,
STN: subthalamic nucleus, GP: globus pallidus, MCP: middle cerebellar
peduncle, SCP: superior cerebellar peduncle.

2 PD vs. Controls.

> MSAp vs. Controls.

¢ MSAp vs. PD.

4 PSP vs. Controls.

¢ PSP vs. PD.
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f MSAp vs. PSP.

(P™* < 0.05) compared with PD and MSAp. There were no differences
between groups in any log-FC or FDC measures (P™* > 0.05).

3.2.2. Neurite Orientation dispersion and density imaging (NODDI)

There were no differences in longitudinal 1-year change in Viso, Vic,
or ODI between groups in any of the white matter tracts (Pgpg > 0.05)
(Table 3).

3.2.3. Free-water imaging

There were significant differences between groups in longitudinal 1-
year change in FW in several TCATT, SMATT, and subcortical tracts for
MSAp and PSP (Table 4). There were no differences in longitudinal
progression effects in PD compared with healthy controls (Fig. 1D).
MSAp had a greater increase in FW in the dorsal premotor (Pgpg < 0.05),
pre-supplementary motor (P™* < 0.05), and supplementary motor area
TCATT (P™ < 0.05), as well as the dorsal premotor (P™* < 0.05), pre-
supplementary motor (P™ < 0.05), and supplementary motor area
SMATT (P™* < 0.05) tracts compared with healthy controls and PD
(Fig. 1E). PSP had greater increase in FW in the dorsal premotor area
TCATT (P™* < 0.05), supplementary motor area TCATT (P™* < 0.05) and
supplementary motor area SMATT (P™* < 0.05) relative to controls and
PD (Fig. 1F). In addition, PSP had greater FW increase in the pre-
supplementary motor TCATT (P™* < 0.05) and the pre-supplementary
motor SMATT (P™® < 0.05) tracts relative to controls. Subcortically,
PSP had a greater increase in FW in the nigrostriatal tract (P™* < 0.05)
and subthalamic nucleus to globus pallidus tract (P™* < 0.05) relative to
healthy controls, PD, and MSAp. There were no differences in FAt
change between groups in any white matter tracts (P™* > 0.05).

3.3. Progression effects in gray matter regions

All diffusion imaging region-based means at baseline and one year
are reported in the Supplemental material for NODDI (Supplemental
Table 5), and free-water imaging (Supplemental Table 6). There was no
significant effect of the site covariate in any region of interest for any of
the diffusion imaging measures (Prpr > 0.05).

3.3.1. Neurite orientation dispersion and density imaging (NODDI)

In gray matter regions, there was a significant difference in longi-
tudinal 1-year change in Viso in the anterior substantia nigra and red
nucleus, as well as 1-year change in Vic in the caudate nucleus and
globus pallidus for PSP and MSAp (Prpr < 0.01) (Table 5). In PSP, the
anterior substantia nigra (P™* < 0.01) and red nucleus (P™* < 0.01) had
greater 1-year change in Viso compared with controls, PD, and MSAp
(Fig. 2A). Vic in the globus pallidus (P™® < 0.05) increased more over
one year in PSP and MSAp relative to controls and PD (Fig. 2B). Vic also
increased more over one year in the caudate nucleus (P™* < 0.05) in PSP
relative to controls and PD. There were no differences in ODI change
between groups (P™* > 0.05).

3.3.2. Free-water imaging

1-year change in FW in gray matter regions differed between groups
in the putamen, caudate, subthalamic nucleus, red nucleus, and
pedunculopontine nucleus (Table 6). In MSAp, FW increased more in the
putamen (Pppr < 0.01) compared with controls, PD, and PSP (Fig. 2C).
In PSP, FW increased more in the red nucleus (P™* < 0.05) compared
with controls and PD, as well as the subthalamic nucleus (P™* < 0.001)
and pedunculopontine nucleus (P™* < 0.01) compared to controls, PD,
and MSAp. There was greater FAt change for MSAp in the putamen (P™}
< 0.05) compared to controls, PD, and PSP (Fig. 2D). PSP had greater 1-
year FAt change in the anterior and posterior substantia nigra (P™ <
0.01), and subthalamic nucleus (P < 0.01) compared to controls, PD,
and MSAp, and in the putamen (P™ < 0.05), red nucleus (P™* < 0.01)
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Table 3
NODDI Imaging in White Matter Tracts.
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Table 4
Free-Water Imaging in White Matter Tracts.

Tract of Interest P-value FDR P-value F Partial Eta Tract of Interest P-value FDR P-value F Partial Eta
corrected uncorrected Squared corrected uncorrected Squared

Isotropic Volume Free-water (FW)

Fraction (Viso) M1 TCATT 0.121 0.089 2.253 0.080
M1 TCATT 0.397 0.123 1.984 0.072 PMd TCATT 0.028"¢d¢ 0.013 3.812 0.128
PMd TCATT 0.397 0.079 2.351 0.084 PMv TCATT 0.116 0.073 2.411 0.085
PMv TCATT 0.397 0.123 1.989 0.072 preSMA TCATT 0.028"<4 0.011 3.937 0.132
preSMA TCATT 0.397 0.185 1.649 0.060 SMA TCATT 0.028"¢%¢ 0.005 4.598 0.150
SMA TCATT 0.397 0.088 2.261 0.081 S1 TCATT 0.116 0.075 2.393 0.084
S1 TCATT 0.439 0.303 1.233 0.046 M1 SMATT 0.121 0.114 2.047 0.073
M1 SMATT 0.439 0.310 1.214 0.045 PMd SMATT 0.028"¢ 0.011 3.942 0.132
PMd SMATT 0.540 0.422 0.948 0.036 PMv SMATT 0.121 0.107 2.103 0.075
PMv SMATT 0.397 0.210 1.542 0.057 preSMA SMATT 0.028"4 0.012 3.909 0.131
preSMA SMATT 0.397 0.195 1.605 0.059 SMA SMATT 0.028"¢%¢ 0.002 5.235 0.168
SMA SMATT 0.540 0.445 0.900 0.034 S1 SMATT 0.121 0.103 2.133 0.076
S1 SMATT 0.817 0.817 0.311 0.012 Nigrostriatal 0.028%5f 0.009 4.124 0.137
Nigrostriatal 0.817 0.775 0.370  0.014 Corticostriatal 0.116 0.075 2.388  0.084
Corticostriatal 0.400 0.235 1.449 0.053 STN to GP 0.028%%f 0.010 4.072 0.135
STN to GP 0.397 0.188 1.635 0.060 MCP 0.121 0.099 2.165 0.077
MCP 0.561 0.495 0.805 0.030 SCP 0.172 0.172 1.707 0.062
SCP 0.397 0.028 3.203 0.111 Free-water corrected
Orientation Fractional

Dispersion Index Anisotropy (FAt)

(ODI) M1 TCATT 0.654 0.087 2.271 0.080
M1 TCATT 0.272 0.080 2.337 0.083 PMd TCATT 0.654 0.172 1.711 0.062
PMd TCATT 0.272 0.033 3.063 0.107 PMv TCATT 0.654 0.407 0.979 0.036
PMv TCATT 0.811 0.763 0.386 0.015 preSMA TCATT 0.654 0.220 1.503 0.055
preSMA TCATT 0.272 0.073 2.411 0.086 SMA TCATT 0.654 0.028 3.198 0.110
SMA TCATT 0.051 0.003 5.135 0.167 S1 TCATT 0.654 0.260 1.363 0.050
S1 TCATT 0.287 0.152 1.810 0.066 M1 SMATT 0.654 0.477 0.838 0.031
M1 SMATT 0.276 0.130 1.941 0.070 PMd SMATT 0.710 0.710 0.462 0.017
PMd SMATT 0.276 0.123 1.987 0.072 PMv SMATT 0.654 0.443 0.904 0.034
PMv SMATT 0.545 0.449 0.892 0.034 preSMA SMATT 0.654 0.579 0.660 0.025
preSMA SMATT 0.272 0.048 2.754 0.097 SMA SMATT 0.654 0.316 1.198 0.044
SMA SMATT 0.356 0.230 1.466 0.054 S1 SMATT 0.654 0.315 1.200 0.044
S1 SMATT 0.545 0.449 0.892 0.034 Nigrostriatal 0.654 0.036 3.001 0.103
Nigrostriatal 0.276 0.106 2.107  0.076 Corticostriatal 0.654 0.521 0.759  0.028
Corticostriatal 0.545 0.399 0.997 0.037 STN to GP 0.654 0.072 2.421 0.085
STN to GP 0.756 0.667 0.524 0.020 MCP 0.654 0.233 1.456 0.053
MCP 0.923 0.923 0.160 0.006 SCP 0.654 0.125 1.974 0.071
scp 0.311 0.183 1.658  0.061 - - - -
Intracellular Volume ANOVA results for main effect of group with age, sex, and site covariates.

Fraction (Vic) Bold type indicates statistically significant values. Superscripts indicate signifi-
M1 TCATT 0.868 0.842 0.277  0.011 cant post-hoc comparisons (P < 0.05, FDR-corrected).
PMd TCATT 0.868 0.524 0.753  0.029 TCATT: trans callosal tractography template, SMATT: sensorimotor area tract
PMv TCATT 0.868 0.349 1.114  0.042 template, M1: Primary motor cortex, PMd: dorsal Premotor area, PMv: ventral
preSMA TCATT 0.868 0.449 0.892  0.034 Premotor area, SMA: supplementary motor area, S1: Primary sensory cortex,
SMA TCATT 0.868 0.733 0.429  0.016 STN: subthalamic nucleus, GP: globus pallidus, MCP: middle cerebellar
S1 TCATT 0.868 0.755 0.397 0.015 . .

peduncle, SCP: superior cerebellar peduncle.

M1 SMATT 0.868 0.868 0.240 0.009 app vs. Controls
PMd SMATT 0.868 0.855 0.259 0.010 b : :
PMv SMATT 0.868 0.156 1789 0.065 MSAp vs. Controls.
preSMA SMATT 0.868 0.744 0.413  0.016 dMSAP vs. PD.
SMA SMATT 0.868 0.685 0.498 0.019 PSP vs. Controls.
S1 SMATT 0.868 0.576 0.665 0.025 €PSP vs. PD.
Nigrostriatal 0.868 0.606 0.616  0.023 MSAp vs. PSP.
Corticostriatal 0.868 0.692 0.487 0.019
STN to GP 0.868 0.770 0.376 0.014
MCP 0.868 0.193 1615  0.059 and pedunculopontine nucleus (P™* < 0.05) compared to controls and
SCP 0.868 0.297 1.251 0.046 PD.

ANOVA results for main effect of group with age, sex, and site covariates.

Bold type indicates statistically significant values. Superscripts indicate signifi-
cant post-hoc comparisons (P < 0.05, FDR-corrected).

TCATT: trans callosal tractography template, SMATT: sensorimotor area tract
template, M1: Primary motor cortex, PMd: dorsal Premotor area, PMv: ventral
Premotor area, SMA: supplementary motor area, S1: Primary sensory cortex,
STN: subthalamic nucleus, GP: globus pallidus, MCP: middle cerebellar
peduncle, SCP: superior cerebellar peduncle.

2PD vs. Controls.

PMSAp vs. Controls.

°MSAp vs. PD.

94pSp vs. Controls.

°PSP vs. PD.

fMSAp vs. PSP.

3.4. Changes in diffusion measures associated with clinical disease
progression

The fixel-based, free-water, and NODDI regions with significant
change were entered into a backwards stepwise multiple regression to
determine their association with change in MDS-UPDRS-III total score
and bradykinesia sub-score over one year, across all Parkinsonian
groups Fixel-based analysis variables did not significantly predict
change in MDS-UPDRS-III total score (Rlzwg =12.9%, P =0.083), but did
predict change in bradykinesia sub-score, with the final model including
the somatosensory SMATT tract FD (Ri“ = 14.2%, P < 0.01). For
NODDI, the anterior substantia nigra Viso was the only variable
included in the final models for predicting MDS-UPDRS-III total score
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Fig. 1. Significant White Matter Tracts Fixel-Based Analysis and Free-Water Imaging. 1-year change in Fiber Density (FD) relative to control subjects for (A) PD,
(B) MSAp, and (C) PSP. 1-year change in free-water (FW) relative to control subjects for (D) PD, (E) MSAp, and (F) PSP. *indicates significant post-hoc tests (Pppr <
0.05). TCATT: Trans callosal tractography template, SMATT: sensorimotor area tract template, BG: basal ganglia tracts, CB: cerebellar tracts, M1: primary motor
cortex, PMd: dorsal premotor area, PMv: ventral premotor area, SMA: supplementary motor area, S1: primary sensory cortex, STN: subthalamic nucleus, GP: globus

pallidus, MCP: middle cerebellar peduncle, SCP: superior cerebellar peduncle.

(Ri“ = 7.4%, P < 0.05) and bradykinesia sub-score (Ri“ =7.6%, P <
0.05). Free-water variables significantly predicted change in MDS-
UPDRS-III total score, with the final model including pre-
supplementary motor area SMATT FW, supplementary motor area
SMATT FW, Nigrostriatal FW, Putamen FAt, and pedunculopontine
nucleus FW (Ri“ = 27.8%, P < 0.001). In addition, free-water variables
also predicted change in MDS-UPDRS-III bradykinesia sub-score, with
the final model including pedunculopontine nucleus FW and putamen
FAt (R%% = 17.0%, P < 0.01).

4. Discussion

This multi-site cohort study applied multiple advanced diffusion
imaging methods to investigate longitudinal 1-year changes in wide-
spread white matter tracts and gray matter regions in PD and atypical
Parkinsonian syndromes in a multi-site cohort. Fixel-based analysis and
free-water imaging revealed longitudinal declines in a greater number of
descending sensorimotor tracts in MSAp and PSP compared to PD. In
contrast, only the primary motor descending sensorimotor tract had
progressive decline in FD over one year in PD. All Parkinsonian syn-
dromes had reduced FD longitudinally over one year in the cortico-
striatal tract when compared to controls. Second, fixel-based analysis
revealed significant longitudinal changes in multiple transcallosal tracts
(primary motor, dorsal and ventral premotor, pre-supplementary motor,
and supplementary motor area) in PSP compared with that in MSAp and
PD. Third, in gray matter regions, FW and FAt showed longitudinal
changes over one year in the same regions demonstrating impairment in
previous cross-sectional studies in MSAp (putamen) and PSP (substantia

nigra, putamen, subthalamic nucleus, red nucleus, and pedunculo-
pontine nucleus). Finally, across all three Parkinsonian disorders, the
three diffusion methods were associated with change in clinical disease
severity. These results identify nigrostriatal regions with progression
effects and emphasize the importance of extra-striatal and extra-nigral
regions in tracking disease progression in atypical Parkinsonian
syndromes.

PSP is an atypical Parkinsonism with early clinical signs of posture
and gait disturbances that is characterized by pathology in the sub-
stantia nigra, globus pallidus, subthalamic nucleus, pons, and cere-
bellum (Dickson, 2012; Ahmed et al., Feb 2008; Halliday et al., Oct
2005). There is also pathology within the primary motor and supple-
mentary motor cortical areas and in corticocortical projections (Halliday
et al., Oct 2005). The fixel-based analysis findings are in line with this
pathology and showed that sensorimotor corticospinal tracts had pro-
gressive reductions in FD over one year in PSP and a greater number of
transcallosal tracts had progression effects compared with PD and
MSAp. These results extend previous cross-sectional fixel-based analysis
that revealed the corpus callosum had reduced FD in PSP compared to
both PD and MSAp (Nguyen et al., 2021). Consistent with these cross-
sectional findings, in the current study there was longitudinal reduc-
tion in FD in the primary motor and somatosensory transcallosal tracts.
In comparison, FD increased longitudinally in the dorsal and ventral
premotor and pre-supplementary motor area transcallosal tracts.
Increased FD in these specific tracts was unexpected and contradictory
to the aforementioned cross-sectional study where the entire corpus
callosum was affected broadly. Moreover, these findings support that
the primary motor and somatosensory corpus callosum are promising
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Table 5
NODDI Imaging in Gray Matter Regions.

Region of P-value FDR P-value F Partial Eta
Interest corrected uncorrected Squared
Isotropic Volume Fraction (Viso)

aSN 0.020%f 0.003 5171  0.168
pSN 0.107 0.028 3.187 0.110
PUT 0.107 0.039 2.924 0.102
CN 0.117 0.063 2.530 0.090
GP 0.147 0.101 2.145 0.077
STN 0.644 0.594 0.636 0.024
RN <0.001%<f 0.000 6.640  0.206
THA 0.592 0.501 0.794 0.030
PPN 0.107 0.041 2.881 0.101
DN 0.111 0.051 2.708 0.095
VER 0.685 0.685 0.498 0.019
LBV 0.157 0.121 2.001 0.072
LB VI 0.147 0.102 2.143 0.077
Orientation Dispersion Index (ODI)

asSN 0.541 0.096 2.187 0.079
pSN 0.816 0.634 0.573 0.022
PUT 0.894 0.888 0.211 0.008
CN 0.816 0.547 0.713 0.027
GP 0.541 0.059 2.582 0.091
STN 0.894 0.894 0.203 0.008
RN 0.816 0.635 0.573 0.022
THA 0.541 0.208 1.553 0.057
PPN 0.816 0.690 0.490 0.019
DN 0.541 0.193 1.613 0.059
VER 0.816 0.516 0.768 0.029
LBV 0.541 0.129 1.948 0.071
LB VI 0.816 0.399 0.998 0.037
Intracellular Volume Fraction (Vic)

asSN 0.179 0.069 2.466 0.088
PSN 0.835 0.642 0.561 0.021
PUT 0.169 0.039 2.919 0.102
CN 0.026%¢ 0.004 4.860 0.159
GP 0.026" <4< 0.002 5.430  0.175
STN 0.960 0.932 0.146 0.006
RN 0.457 0.281 1.298 0.048
THA 0.960 0.932 0.146 0.006
PPN 0.282 0.130 1.938 0.070
DN 0.960 0.960 0.100 0.004
VER 0.299 0.161 1.763 0.064
LBV 0.458 0.317 1.197 0.045
LB VI 0.179 0.066 2.500 0.089

ANOVA results for main effect of group with age, sex, and site covariates.
Bold type indicates statistically significant values. Superscripts indicate signifi-
cant post-hoc comparisons (P < 0.05, FDR-corrected).

aSN: anterior substantia nigra, pSN: posterior substantia nigra, PUT: putamen,
CN: caudate nucleus, GP: globus pallidus, STN: subthalamic nucleus, RN: red
nucleus, THA: thalamus, PPN: pedunculopontine nucleus, DN: dentate nucleus,
LB V: cerebellar lobule V, LB VI: cerebellar lobule VI, VER: the cerebellar vermis.
2PD vs. Controls.

PMSAp vs. Controls.

“MSAp vs. PD.

94pSp vs. Controls.

¢PSP vs. PD.

fMSAp vs. PSP.

sites to track longitudinal progression of FD in PSP. Free-water imaging
also revealed pre-supplementary, and supplementary motor area
sensorimotor and transcallosal tracts had increased FW over one year in
PSP. Further, FW and FAt increased over one year in other disease
relevant regions, including the substantia nigra, putamen, subthalamic
nucleus, red nucleus, and pedunculopontine nucleus. Here, increased
FAt in gray matter can indicate gliosis and it is also possible a loss of cell
bodies could lead to a reduction in the isotropy of diffusion (Budde et al.,
Aug 2011). NODDI has previously shown widespread PSP-related pa-
thology across the basal ganglia, midbrain, pons, cerebellum, and
cortical regions in cross-sectional studies (Planetta et al., Feb 2016;
Mitchell et al., 2019; Mak et al., 2021). In the current study, progression
effects in PSP were observed in limited regions with NODDI in the
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anterior substantia nigra, basal ganglia, and midbrain. In contrast, fixel-
based analysis and free-water imaging detected widespread longitudinal
progression effects over one year in several transcallosal tracts as well as
key disease-relevant gray matter regions in PSP.

Cross-sectional diffusion imaging studies highlight the superior
cerebellar peduncle as an important structure affected in PSP (Planetta
et al., Feb 2016; Mitchell et al., 2019; Tsuboi et al., 2003). This structure
also has shown progression effects with single-tensor diffusion MRI and
volumetric MRI (Dutt et al., 2016; Zhang et al., 2016). In the current
study, there was cross-sectional impairment of the superior cerebellar
peduncle in PSP with all three diffusion methods, but there were no
progression effects. This suggests that this structure degenerated earlier
in the disease. The midbrain longitudinal changes detected by NODDI
and free-water in the current study are in line with volumetric MRI
findings that show midbrain atrophy is a marker of progression in PSP
(Whitwell et al., 2019). This volumetric MRI marker has shown to
outperform PET imaging of tau deposition as a longitudinal marker and
the current results corroborate the midbrain as an important site of
progression in PSP (Whitwell et al., 2019).

MSAp is characterized by pathology frequently in the nigrostriatal
and olivopontocerebellar systems, the putamen, caudate, globus pal-
lidus, substantia nigra, cerebellum, and sometimes in the thalamus,
corticospinal tracts, and anterior cingulate cortex (Cykowski et al., Aug
2015; Wenning et al., Mar 1997). Our findings are consistent with pa-
thology and reveal longitudinal decline in FD in several corticospinal
sensorimotor tracts in MSAp. FD in the corticospinal tract has been
shown to be impaired in MSAp compared to PD in cross-sectional studies
(Nguyen et al., 2021). Free-water imaging also revealed dorsal pre-
motor, pre-supplementary, and supplementary motor area sensorimotor
and transcallosal tracts had increased FW over one year. Further, FW
and FAt increased over one year in the putamen, which is a region
known to be implicated in MSAp (Planetta et al., Feb 2016; Mitchell
et al., 2019; Barbagallo et al., 2016; Baudrexel et al., 2014; Ito et al., Jul
2007; Kollensperger et al., 2007; Tsukamoto et al., 2012). NODDI
revealed there was longitudinal increased in Vic in the globus pallidus
which was previously found to be affected cross-sectionally compared to
controls (Mitchell et al., 2019). Cross-sectional diffusion imaging also
reveals the importance of the middle cerebellar peduncle in dis-
tinguishing MSAp from PD and PSP (Planetta et al., Feb 2016; Mitchell
et al., 2019; Nicoletti et al., Oct 2006; Sako et al., 2016). The middle
cerebellar peduncle had no progression effects in MSAp in the current
cohort, even though there were cross-sectional effects detected by all
three diffusion methods. This could suggest it undergoes degeneration
earlier or these methods cannot detect longitudinal changes in
peduncles.

PD is primarily defined by nigrostriatal pathology (Braak et al., 2003;
Fearnley and Lees, Oct 1991). Our results demonstrated that in PD there
was reduced FD in the primary motor sensorimotor tract. This is not
surprising since there is reduced functional activity in the primary motor
cortex in PD (Burciu and Vaillancourt, Nov 2018). In contrast to our
results, a previous fixel-based analysis demonstrated longitudinal
changes in FD and log-FC in the corpus callosum in PD (Rau et al., 2019).
Notably, their cohort had a longer disease duration (6.8 years) compared
with our study (4.5 years). In addition, atypical Parkinsonian disorders
had more impairment in transcallosal tracts in the current cohort. Thus,
it is likely that corpus callosum neurodegeneration is associated with
even more advanced and severe Parkinsonism. We did not detect pro-
gression effects in the substantia nigra with any diffusion method which
has been previously found in the posterior substantia nigra in early PD
and anterior substantia nigra in moderate- to late-stage PD (Mitchell
et al., 2021). In the current cohort, we did find elevated FW and Viso in
the posterior substantia nigra of PD cross-sectionally compared with
controls, and thus it is most likely that extracellular fluid had already
increased to a plateau and the 1-year time frame used here was not
sufficient for the more advanced disease stage of this PD cohort (4.5
years). Prior studies have consistently found that early-stage PD has
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Fig. 2. Significant Gray Matter Regions for NODDI and Free-water Imaging. 1-year change in NODDI variables, (A) isotropic volume fraction (Viso) and (B)
intracellular volume fraction (Vic) for MSAp (purple) and progressive supranuclear palsy (pink) relative to healthy controls subjects. 1-year change in free-water
Imaging variables, (C) Free-water (FW) and (D) FW corrected fractional anisotropy (FAt) for MSAp (purple) and progressive supranuclear palsy (pink) relative to
healthy controls subjects. *indicates significant post-hoc tests (Prpr < 0.05). aSN: anterior substantia nigra, pSN: posterior substantia nigra, PUT: putamen, CN:
caudate nucleus, GP: globus pallidus, STN: subthalamic nucleus, RN: red nucleus, PPN: pedunculopontine nucleus. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

increased nigral FW longitudinally (Burciu et al., 2017; Ofori et al.,
2015). Furthermore, there was reduced FD over one year in the corti-
costriatal tract in the current study in PD, MSAp, and PSP. These findings
are consistent with longitudinal task-based functional MRI that showed
reduced signal over one year in the putamen and primary motor cortex
for PD, MSAp, and PSP, with atypical Parkinsonian disorders addition-
ally reducing signal in the supplementary motor area and superior cer-
ebellum (Burciu et al.,, 2016). Overall, there were significantly less
progression effects observed in PD compared with atypical Parkinsonian
disorders, and PD related effects were restricted to primary motor
cortical regions and striatum.

All three diffusion methods were associated with change in clinical
disease severity across all three Parkinsonian syndromes highlighting
key regions associated with motor progression. In fixel-based analysis, 1-
year change in somatosensory SMATT FD significantly predicted 1-year
change in MDS-UPDRS-III bradykinesia sub-score. With NODDI, Viso in
the anterior substantia nigra predicted 1-year change in MDS-UPDRS-III
total score and bradykinesia sub-score. These results support previous
work demonstrating baseline FW in the substantia nigra predicted 1-
year change in bradykinesia score, (Ofori et al., 2015) which has been
replicated in a new cohort (Arpin, xxxx). With free-water imaging, pre-
supplementary motor area SMATT FW, supplementary motor area

SMATT FW, nigrostriatal FW, as well as putamen FAt, and pedunculo-
pontine nucleus FW predicted 1-year change in MDS-UPDRS-III total
score. In addition, pedunculopontine FW and putamen FAt also pre-
dicted 1-year change in MDS-UPDRS-III bradykinesia sub-score. The
pedunculopontine nucleus has consistently shown to have increased FW
in PSP, and the putamen has consistently shown increased FAt in MSAp
(Planetta et al., Feb 2016; Mitchell et al., 2019). In the current study, FW
in the pedunculopontine nucleus increased in PSP, and FAt in the pu-
tamen increased in MSAp longitudinally. Together, these results provide
strong evidence that free-water imaging of the pedunculopontine nu-
cleus and putamen is associated with more advanced forms of Parkin-
sonism. These set of findings provide a novel link between changes in
each neuroimaging biomarker and clinical progression of motor symp-
toms. A limitation of this study is the low sample size in MSAp, although
the findings were robust in this sample. In addition, it is possible that the
large attrition rates in MSAp and PSP may present some bias in the
clinical profile of the cohort who completed the follow up. Those that
were lost to follow up tended to have higher disease severity, and rapid
disease progression with substantial mortality rates.

NODDI imaging based on the current multi-shell scan did not detect
any white matter tract progression effects and revealed few effects in
gray matter regions across different Parkinsonian syndromes. Further,
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Table 6
Free-water Imaging in Gray Matter Regions.
Region of Interest ~ P-value FDR P-value F Partial
corrected uncorrected Eta
Squared
Free-water (FW) Subheadings can
be merged across
columns, in bold”

aSN 0.230 0.106 2.109 0.075
PSN 0.944 0.944 0.127 0.005
PUT 0.007>¢! 0.001 5.841  0.183
CN 0.073 0.028 3.206 0.110
GP 0.570 0.307 1.222 0.045
STN <0.001%%! <0.001 20.190  0.437
RN 0.026"¢ 0.008 4276  0.141
THA 0.592 0.364 1.077 0.040
PPN 0.009%" 0.002 5.223 0.167
DN 0.944 0.814 0.315 0.012
VER 0.703 0.487 0.819 0.031
LBV 0.768 0.591 0.642 0.024
LB VI 0.944 0.885 0.216 0.008
Free-water

corrected

Fractional

Anisotropy

(FAt)
aSN 0.009%%" 0.002 5.333 0.170
PSN 0.010%¢ 0.003 5.180  0.166
PUT <0.001>¢4ef 0.000 8.713 0.251
CN 0.067 0.036 2.980 0.103
GP 0.424 0.359 1.090 0.040
STN 0.009"" 0.002 5217  0.167
RN 0.026"¢ 0.010 4.047 0.135
THA 0.142 0.099 2.160 0.077
PPN 0.037%¢ 0.017 3.608 0.122
DN 0.434 0.401 0.993 0.037
VER 0.081 0.050 2.724 0.095
LBV 0.142 0.109 2.088 0.074
LB VI 0.483 0.483 0.827 0.031

ANOVA results for main effect of group with age, sex, and site covariates.
Bold type indicates statistically significant values. Superscripts indicate signifi-
cant post-hoc comparisons (P < 0.05, FDR-corrected).
aSN: anterior substantia nigra, pSN: posterior substantia nigra, PUT: putamen,
CN: caudate nucleus, GP: globus pallidus, STN: subthalamic nucleus, RN: red
nucleus, THA: thalamus, PPN: pedunculopontine nucleus, DN: dentate nucleus,
LB V: cerebellar lobule V, LB VI: cerebellar lobule VI, VER: the cerebellar vermis.

2 PD vs. Controls.

> MSAp vs. Controls.

¢ MSAp vs. PD.

4 PSP vs. Controls.

¢ PSP vs. PD.

f MSAp vs. PSP.

the relationship between neurite density measured by Vic in NODDI and
FD in Fixel based analysis has not been well established. The present
study shows poor overlap between the two measures. A previous study
that conducted NODDI and Fixel based analysis in a rat model of trau-
matic brain injury also showed a lack of agreement between the mo-
dalities.(Chary et al., 2021). It is possible that alternate multi-shell scan
parameters would have better outcomes for the NODDI analysis.

5. Conclusions

In summary, fixel-based analysis based on a multi-shell scan and
free-water imaging based on a single-shell scan were particularly sen-
sitive to widespread longitudinal changes in atypical Parkinsonism. The
present results identify novel extra-nigral and extra-striatal longitudinal
progression effects in atypical Parkinsonism when applying multiple
diffusion methods that are associated with clinical disease progression.
Fixel-based analysis and free-water imaging are particularly sensitive to
these longitudinal changes in atypical Parkinsonism. These findings are
critical for future applications of neuroimaging biomarkers for tracking
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progression in Parkinsonian disorders, especially atypical Parkinsonian
disorders that rely on rapid and early identification for early interven-
tion and clinical trial participation.
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