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ABSTRACT: Background: Multiple system atrophy
(MSA) clinically manifests with either predominant
nigrostriatal or cerebellopontine degeneration. This corre-
sponds to two different phenotypes, one with predomi-
nant Parkinson’s symptoms (MSA-P [multiple system
atrophy-parkinsonian subtype]) and one with predomi-
nant cerebellar deficits (MSA-C [multiple system atrophy-
cerebellar subtype]). Both nigrostriatal and cerebellar
degeneration can lead to impaired dexterity, which is a
frequent cause of disability in MSA.

Objective: The aim was to disentangle the contribution
of nigrostriatal and cerebellar degeneration to impaired
dexterity in both subtypes of MSA.

Methods: We thus investigated nigrostriatal and cere-
bellopontine integrity using diffusion microstructure imaging
in 47 patients with MSA-P and 17 patients with MSA-C
compared to 31 healthy controls (HC). Dexterity was
assessed using the 9-Hole Peg Board (9HPB) performance.
Results: Nigrostriatal degeneration, represented by the
loss of cells and neurites, leading to a larger free-fluid
compartment, was present in MSA-P and MSA-C when
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compared to HCs. Whereas no intergroup differences were
observed between the MSAs in the substantia nigra,
MSA-P showed more pronounced putaminal degeneration
than MSA-C. In contrast, a cerebellopontine axonal degen-
eration was observed in MSA-P and MSA-C, with stronger
effects in MSA-C. Interestingly, the degeneration of cere-
bellopontine fibers is associated with impaired dexterity in
both subtypes, whereas no association was observed with
nigrostriatal degeneration.

Conclusion: Cerebellar dysfunction contributes to
impaired dexterity not only in MSA-C but also in MSA-P
and may be a promising biomarker for disease staging. In
contrast, no significant association was observed with
nigrostriatal dysfunction. © 2023 The Authors. Movement
Disorders published by Wiley Periodicals LLC on behalf of
International Parkinson and Movement Disorder Society.
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Multiple system atrophy (MSA) is an atypical
Parkinson’s syndrome that manifests with hypokinetic-
rigid symptoms, cerebellar dysfunction, and autonomic
failure, with two clinical subtypes presenting with
either a predominant Parkinson’s (MSA-P [multiple
system atrophy-parkinsonian subtype]) or cerebellar
(MSA-C [multiple system atrophy-cerebellar subtype])
syndrome.

In MSA, pronounced neuronal cellular degeneration
is present in the putamen and substantia nigra (SN),
whereas widespread gliosis is observed with an accentu-
ation in the olivary nucleus, cerebellum, and SN.? Path-
ological hallmarks are glial cytoplasmic inclusions,
containing aggregations of o-synuclein, that are
observed with a nigrostriatal and olivopontocerebellar
emphasis.”™

Whereas widespread neurodegeneration is observed
in both MSA subtypes, a nigrostriatal accentuation is
associated with the MSA-P subtype, and a more pro-
nounced degeneration in the olivary nucleus and in the
cerebellar cortex, dentate nucleus, and interconnecting
white matter (WM) (ie, the middle cerebellar peduncle
[MCP] and pontine crossing tracts [PCT]) is associated
with MSA-C.> MSA-P and MSA-C are thought to com-
prise a continuum of the same entity, and frequently an
overlapping symptomatology is observed." Whereas
MSA-P is about two to four times more common than
MSA-C in Europe, a greater proportion of MSA-C is
found in Japan.* Patients with MSA-P initially present
with rigidity followed by tremor, bradykinesia, and
postural instability. In contrast, patients with MSA-C
first develop dysarthria and ataxia. Autonomic deficits
are observed early in the course of both subtypes, some-
times already as initial clinical manifestation.” With dis-
ease progression, these deficits lead to impairment in
almost all areas of daily activity with a substantial
reduction in quality of life.® Impaired dexterity is often
present in both MSA subtypes and contributes to the
loss of independency in activities of daily living, such as
cutting food or dressing.” Furthermore, it is directly
associated with impaired quality of life in other disor-
ders like neuropathies.® However, the underlying cause
of the reduced dexterity is unclear as cerebellar, extra-
pyramidal motor, and pyramidal tract changes may
contribute and all structures are affected in MSA.”'°

A great challenge is posed by the clinical weighting of
individual deficits as well as by the differentiated attri-
bution of regionally accentuated neurodegeneration
patterns. Here, the microstructure is of particular inter-
est, because changes at this level precede the macro-
structural alteration, as already demonstrated in other
neurodegenerative disorders such as Parkinson’s disease
(PD).!1-13

Diffusion-based magnetic resonance imaging (dMRI)
is a promising technique to study microstructural alter-
ations of the brain in vivo and noninvasively. The

r CEREBELLAR DEGENERATION AND DEXTERITY IN MSA

microstructural composition can be approximated by
mesoscopically distinguishing between different ana-
tomical compartments based on their diffusion proper-
ties.'* The basis for this is that the movement of “free”
water molecules is random and unrestricted, whereas
water molecules in neuronal processes or the extracellu-
lar matrix are aligned by organelles and membranes.
Biophysically motivated diffusion microstructure imag-
ing (DMI)"® offers more specific measures of tissue
integrity than classical diffusion tensor imaging and is
more suited to detect pathological conditions than neu-
rite orientation dispersion and density imaging
(NODDI).'* For this, DMI relies on the standard
model'*'® which comprises three compartments that
differ in their diffusion properties defined by membrane
boundaries: the free water/CSF fraction (V-CSF)
accounting for the cerebrospinal fluid and perivascular
spaces; the intra-axonal volume fraction (V-intra) with
one-dimensional diffusion within tight membrane bor-
ders; and the extra-axonal volume fraction (V-extra)
corresponding to the extra-axonal cellular compart-
ment and the extracellular matrix, characterized by
restricted diffusion. This approach thus allows for dis-
entangling the microstructure from the effects of macro-
scopic tissue geometry such as fiber crossings. DMI has
been applied in recent studies and detects degenerating
neuronal somata and loss in the extracellular matrix by
a decrease in the parameter “V-extra,” whereas
degenerating dendrites and myelinated axons are
detected through a decrease in “V-intra.” Moreover, an
increase in free interstitial fluid (resulting from the loss
of both axons and cell bodies or inflammation) leads to
an elevated “V-CSF.”!72°

This study employed DMI to' elucidate microstruc-
tural correlates of the distinct clinical phenotypes of
MSA-P and MSA-C and to” disentangle the contribu-
tion of nigrostriatal and cerebellopontine degeneration
to impaired dexterity in MSA-P and MSA-C.

Patients and Methods

Study Participants and Clinical Outcomes

This retrospective analysis included DMI data from
(1) 64 consecutive patients with MSA (47 MSA-P,
17 MSA-C) who received routine MRI in a 5-year
period between February 2018 and February 2023 for
the differential diagnosis of a Parkinson’s syndrome
and (2) 31 healthy controls (HC). The study was
approved by the Institutional Review Board (Ethics
Committee—University of Freiburg, EK 400/20) and
carried out in accordance with the Declaration of Hel-
sinki and its later amendments. Due to the retrospective
nature of this study, the need for written informed con-
sent was waived. The study protocol is summarized in
Figure 1.
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N=31 healthy controls

N=64 patients with clinically established or probable multiple system atrophy
N=47 Parkinson-subtype (MSA-P)
N=17 cerebellar subtype (MSA-C)

\4

A Region-based group comparisons of the microstructure of the
putamen, substantia nigra, middle cerebellar peduncle and
pontine crossing tract
N=31 HC vs. N=47 MSA-P vs. N=17 MSA-C

» B | Association of nigrostriatal and cerebellar microstructure with
9-hole Peg Board performance

N=33 patients with MSA-P with 9-hole Peg Board

N=10 patients with MSA-C with 9-hole Peg Board

FIG. 1. Study protocol and group allocation of patients. MSA-P, multiple system atrophy-parkinsonian subtype; MSA-C, multiple system atrophy-

cerebellar subtype; HC, healthy controls.

Inclusion criteria were the diagnosis of a clinically
established or highly probable MSA and dMRI,
acquired between February 2018 and February 2023.
Corrupted image data served as exclusion criteria. Clin-
ical diagnoses were retrospectively validated by experts
in movement disorders (M.R. and W.H.]., board-
certified neurologists; NS, >8 years of neurology train-
ing) based on current diagnostic criteria.! All available
medical records were used for consensus diagnosis on a
case-by-case basis. Imaging data indicative of MSA
were available in the form of '*fluorodeoxyglucose-
positron emission tomography (FDG-PET) data in all
patients.”’ Additionally, findings from DaTSCAN,
residual urine measurements, orthostatic tests, and, in a
subset, the results of a levodopa challenge were also
taken into account. Results from neuropsychological
screening  examinations were also  considered.
According to current consensus criteria, the classifica-
tion of patients into their respective subtypes (MSA-P
or MSA-C) was based on the predominant motor syn-
drome. In patients with a predominant hypokinetic-
rigid syndrome, MSA-P was diagnosed. In patients with
predominant cerebellar deficits such as ataxia, the diag-
nosis of MSA-C was made.

Dexterity was assessed in 33 patients with MSA-P
and 10 patients with MSA-C in a standardized manner
using the 9-Hole Peg Board (9HPB) performance (once
per hand), resembled by the mean time to solve the
9HPB between both sides.”” The age- and sex-adjusted
norm values were adapted from Oxford et al. The mean
value was calculated by averaging the norm values
from the left and the right hands. Patients were classi-
fied as pathological when their performance in the
9HPB was at least two standard deviations above
the age- and sex-specific norm (Table 2).%°

Subjects in the HC group had no known neurological
medical condition, no neurological deficits on clinical
examination, and no family history of neurodegenera-
tive disorders.

Brain MRI Acquisition

MRI was performed wusing a 3-T scanner
(MAGNETOM Prisma, Siemens Healthcare, Erlangen,
Germany) with a 64-channel head and neck coil.
T1-weighted (T1w) images were acquired using three-
dimensional (3D) magnetization-prepared 180° radio-
frequency pulses and rapid gradient-echo (MP-RAGE)
sequence (repetition time: 2500 ms, echo time: 2.82 ms,
flip angle: 7°, TI= 1100 ms, GRAPPA factor =2,
1.0 mm® isotropic voxels, 192 contiguous sagittal
slices). The DMI sequence was acquired using the fol-
lowing parameters: axial orientation, 42 slices; voxel
size, 1.5 x 1.5 x3 mm>; repetition time = 2800 ms;
echo time = 88 ms; bandwidth, 1778 Hz; flip angle,
90°; simultaneous multiband acceleration factor, 2;
GRAPPA factor, 2, 58 diffusion-encoding gradient
directions, 15 nondiffusion-weighted images, 2 x 58
images with b-factors 1000 and 2000 s/mm?; acquisi-
tion time, 6 minutes, 22 seconds.

Calculation of DMI Parameters

Data processing was implemented within our in-
house postprocessing platform NORA (www.nora-
imaging.org) and performed as previously described.'®
In short, preprocessing of diffusion-weighted images
included a denoising step®* followed by correction of
the Gibbs-ringing artifacts>> and upsampling to an iso-
tropic resolution of 1.5 mm?>. Microstructural diffusion
metrics were estimated using a Bayesian approach'’
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that determines the three components of a WM-based
tissue''®: (1) the free-fluid/CSF fraction (V-CSF) in
which molecules randomly move at the distance of their
diffusion length (in the range of a tenth of a microme-
ter); (2) the volume fraction within neuronal processes
(ie, axons and dendrites; V-intra) with almost one-
dimensional molecule diffusion due to tight membrane
borders; and (3) the volume fraction outside of axons
or dendrites (V-extra), characterized by an intermediate
constraint to molecule diffusion representing the cellu-
lar compartment and the extracellular matrix. Although
primarily developed for WM, multicompartment dMRI
metrics have been employed to investigate gray matter
(GM) also.'”?*® T1w imaging datasets were spatially
normalized using CAT12 (http://www.neuro.uni-jena.
de/cat/), and dMRI images were coregistered to the
T1w images. Validity of coregistration between dMRI
and T1w images was manually confirmed. Further
quality control was performed by visually inspecting
each individual DMI map.

Region-of-Interest-Based Analysis

To investigate the microstructure in pathognomonic
localizations in MSA, a region-of-interest (ROI) based
approach was employed. MSA mainly affects the puta-
men, SN, dentate nucleus, and cerebellar cortex.”? We
assessed the microstructure in gray and WM regions in
both the cerebellopontine and the nigrostriatal systems.
Regarding the cerebellar cortex, there is a high risk of
partial volume effects with CSF in the readout, whereas
the dentate nucleus is a rather small structure that one
might speculate about substantial partial volume effects
even in healthy subjects.”” We thus chose to assess the
interconnecting WM tracts MCP and PCT?® in addition
to the dentate nucleus’” while omitting the cerebellar
cortex. For the nigrostriatal system, we assessed the
SN,?” the putamen, and the nigrostriatal tract. We
chose expert reader manual segmentations for the puta-
men to exclude the parameter extraction of adjacent
structures, as automated atlas-based approaches were
impaired due to severe MSA-related atrophy. From our
point of view, this is crucial because pronounced
macroatrophy,®” especially of the putamen, can lead to
incorrect segmentation of the ROIs using approaches
such as probabilistic atlases or FreeSurfer and, thus lim-
iting the assessment of the microstructural changes. The
nigrostriatal tract was defined in a global tractography
approach—details are provided in Data S1 (Fig S1).
The atlas-derived ROIs and the one for the nigrostriatal
tract were not altered and diffeomorphically warped
from Montreal Neurological Institute (MNI) space to
the individual patient’s space. DMI metrics for the cere-
bellopontine and nigrostriatal ROIs were extracted
from brain parenchyma voxels only, so as to address
partial volume effects due to atrophy as well.>”*’ For
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this purpose, DMI metrics were read only from voxels
with gray or WM tissue probability value >0.6, as
obtained using CAT12. Similarly, as widespread
microstructural alteration in MSA is known,’' we
investigated two control ROIs in the gray (superior
temporal gyrus’®’) and WM (superior parie-

tal WM?>%).

Statistical Analysis

Statistical analyses were performed using R (version
4.1.0, https://www.R-project.org/). Data are presented
as the mean and standard deviation for continuous var-
iables, and as absolute frequencies and percentages for
categorical variables. The Shapiro-Wilk test was used
to assess normal distribution of data. We compared the
demographic and clinical characteristics of patient and
control groups using analysis of variance followed by
Tukey’s honest significance test or y* test when appli-
cable. Between-group differences of DMI parameters
were assessed using age- and sex-adjusted analysis of
covariance, followed by Tukey’s honest significance
test. We estimated the effect sizes for pairwise com-
parisons using Cohen’s d. Partial Spearman’s correla-
tions controlling for age and sex (R package ppcor)>?
were used to test the strength of the relationship
between the time to solve 9HPB and DMI parameters
in the respective ROIs. Because all analyses were
exploratory in nature, P-values were not corrected
for multiple comparisons. The significance threshold
was set to P < 0.05.

Code Availability

The R code used in our analysis is available from the
corresponding author on reasonable request.

Results

Participants

There were no group differences in terms of sex
between HCs and patients with MSA-P (4%, P = 0.178)
or MSA-C (P = 0.320), whereas patients with MSA-P
and MSA-C differed in terms of sex (P = 0.016). No
differences were observed in terms of age between the
HCs and patients with MSA-P (P = 0.255) or MSA-C
(P = 0.365), whereas patients with MSA-C were youn-
ger than those with MSA-P (P = 0.020). Demographic
and clinical data are presented in Table 1. Performance
in 9HPB was below the respective cutoff in 31 of
33 patients with MSA-P and 8 of 10 patients with
MSA-C, indicating impaired dexterity. For more
detailed information and reference values, see

Table 2.28
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TABLE 1  Demographics and clinical characteristics of the MSA patient group
Controls (N = 31)

MSA-P (N = 47) MSA-C (N = 17)

Sex
Female 17 (54.8%)
Male 14 (45.2%)

Age at imaging (y)
Mean (SD) 63.6 (9.25)
Disease duration at imaging (y)

Mean (SD)

Time to solve 9-Hole Peg Board (s)

Mean (SD)

34 (72.3%)*
13 (27.7%)

6 (35.3%)%
11 (64.7%)

65.8 (8.40) 64.5 (7.02)
3.87 (2.09) 3.09 (1.85)
405 (16.0) 37.1 9.8)

Note: Time to solve the 9-Hole Peg Board was available in n = 10 patients with MSA-C and n = 33 patients with MSA-P. *Indicates a significant intergroup difference

(P = 0.023), whereas all other intergroup comparisons were not statistically significant (P > 0.05).
Abbreviations: MSA, multiple system atrophy; MSA-P, multiple system atrophy-parkinsonian subtype; MSA-C, multiple system atrophy-cerebellar dysfunction subtype; SD,

standard deviation.

ROI-Based Group Comparison of DMI
Parameters in the Nigrostriatal and
Cerebellopontine Systems

DMI parameters were compared between patients
with MSA-P and MSA-C and HCs after extraction
from the putamen based on expert segmentation and
from the SN, nigrostriatal tract, dentate nucleus, MCP,
and PCT via atlas-derived ROIs.?®?° Here, the
putaminal free-fluid fraction was larger in patients with
MSA-P than in HCs (P < 0.001, t = 8.53, d = —1.95)
and those with MSA-C (P<0.001, #=4.09,
d=—1.21) as well as larger in patients with MSA-C
than in HCs (P =0.024, t =2.66, d = —1.05). This
was corroborated by a decrease in the extra-neurite cel-
lular compartment that was lower in patients with
MSA-P than in HCs (P < 0.001, t = -7.45, d = 1.71),
or in those with MSA-C (P =0.010, = —4.41,
d =1.15), with no significant differences between
MSA-C patients and HCs (P=0.135, t=-1.93,

d =0.71). No alterations were observed in the intra-
axonal and dendritic compartment (Fig. 2). This pattern
is consistent with a neurodegenerative loss of cells."”

Nigral free-fluid fraction was significantly larger in
MSA-P (V-CSF, P < 0.001, ¢t = 6.22, Cohen’s d = —1.47)
and MSA-C patients (P <0.001, ¢ =3.85, d = —-1.42)
compared to HCs, with no difference between the MSA
subtypes. Correspondingly, a decrease in V-extra was
observed in patients with MSA-P compared to those with
MSA-C (P=0.035, t=-2.525, d=10.38) and HCs
(P =0.002, t = —3.60, d = 0.71), but no difference was
observed between patients with MSA-C and HCs. Addi-
tionally, no significant group differences in the intra-
axonal and dendritic compartment were observed
(Fig. 2). As in the case of the putamen, these changes are
consistent with a neurodegenerative loss of cells.

In the nigrostriatal tract, we observed a larger free-
fluid fraction in patients with MSA-P than in HCs
(P<0.001, ¢t =135.52, d=—1.26) and at trend level
MSA-C (P =0.055, +=2.34, d=-0.48), with no

TABLE 2 Age-adjusted 9-Hole Peg Board reference values and frequency of impaired petformance in MSA-P and MSA-C

MSA-P impaired in MSA-C impaired in

Age (y) Reference male (s) Reference female (s) 9HPB performance 9HPB performance
45—49 2043 18+ 2 1/1

50-54 2042 19 +£3 1/2 1/1

55-59 20+ 3 19 +2 4/4 2/2

60—64 2143 20+ 2 7/7 1/2

65-69 22+3 21+ 3 9/10 3/3

70-74 23 4+ 4 21 +3 5/5 171

>74 25+ 4 2343 4/4 0/1

Total —31/33 8/10

Abbreviations: MSA-P, multiple system atrophy-parkinsonian subtype; MSA-C, multiple system atrophy-cerebellar dysfunction subtype; 9HPB, 9-Hole Peg Board.
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FIG. 2. Group comparisons of microstructural compartments (V-extra, V-CSF, and V-intra) in the putamen, substantia nigra, nigrostriatal tract, dentate
nucleus, middle cerebellar peduncle (MCP), and pontine crossing tract (PCT) between HC (healthy control), MSA-P (multiple system atrophy-
parkinsonian subtype) and MSA-C (multiple system atrophy-cerebellar subtype) groups. Dots represent individual subject values, and boxplots show
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significant difference between patients with MSA-C and
HCs (P=0.112, t=2.02, d=—-0.77). The extra-
neurite cellular compartment (V-extra) was larger in
patients with MSA-C than in those with MSA-P
(P <0.001, t = —4.01, d = 0.75) and HCs (P = 0.015,
t=2.84, d = —0.66), and no differences were found
between patients with MSA-P and HCs (P = 0.374,
t =—1.34, d = —0.16). These changes were accompa-
nied by a decrease in the intra-axonal and dendritic
compartment (V-intra) that was smaller in patients with
MSA-C than in those with MSA-P (P = 0.032,
t=2.55, d=-0.45) and HCs (P <0.001, ¢ = —3.83,
d=1.13), and no differences were found between
patients with MSA-P and HGCs (P=0.192,
t=—1.75d = 0.57).

We observed a distinct pattern of microstructural
alterations within the cerebellopontine WM regions. In
detail, the free-fluid fraction in the MCP was larger
in MSA-P patients than in HCs (P <0.001, = 3.92,
d=—-1.05) but lower than in the MSA-C group
(P=0.035, t=-2.52, d =0.61) as well as larger in
MSA-C patients than in HCs (P <0.001, = 5.49,
d = —1.93). The cellular compartment was larger in
patients with MSA-P compared to HCs (P < 0.001,
t =6.14, d = —1.60) but smaller than in patients with
MSA-C (P <0.001, ¢t=-7.05, d=1.61) as well as
larger in patients with MSA-C than in HCs (P < 0.001,
t=11.60,d = —4.17).

In contrast to the GM structures SN and putamen
(with no significant volume shifts in V-intra), MCP
V-intra was smaller in patients with MSA-P compared
to HCs (P <0.001, t=—-6.21, d =1.66) but larger
than in patients with MSA-C (P <0.001, = 6.23,
d = —1.41) as well as smaller in MSA-C patients com-
pared to HCs (P <0.001, t=—10.86, d =3.97). In
analogy to MCP, the free-fluid fraction in PCT was
larger in patients with MSA-P than in HCs (P = 0.004,
t=23.29, d=-0.75) but not different from that in
patients with MSA-C (P = 0.451) as well as larger
in patients with MSA-C than in HCs (P = 0.001,
t=3.72, d =—1.33). The cellular compartment was
larger in patients with MSA-P compared to HCs
(P <0.001, t =4.72, d = —1.25) but smaller than in
MSA-C (P <0.001, t=-6.98, d=1.41) as well as
larger in patients with MSA-C than in HCs (P < 0.001,
t=10.42, d = —3.37). Similar to MCP, in PCT the
intra-axonal volume fraction was reduced in patients
with MSA-P compared to HCs (P < 0.001, ¢ = —5.21,
d =1.39) but larger than in patients with MSA-C
(P <0.001, t=6.23, d = —1.37) as well as smaller in
patients with MSA-C compared to HCs (P < 0.001,
t=—10.08, d = 3.56). This is consistent with the loss
of cerebellopontine axonal fibers (Fig. 2).

We observed a larger free-fluid (V-CSF) fraction in
the dentate nucleus in patients with MSA-C than
in those with MSA-P (P = 0.005, ¢ = —3.21, d = 0.73)

and HCs (P <0.001, t=5.36, d=—1.82), and in
patients with MSA-P compared with HCs (P = 0.013,
t =2.90, d = —0.84). Similarly, the extra-neurite cellu-
lar compartment (V-extra) was larger in patients with
MSA-C than in those with MSA-P (P <0.001,
t=-4.58, d=1.42) and HGCs (P <0.001, #=7.25,
d = —2.24) and larger in patients with MSA-P than
HCs (P = 0.001, ¢ = 3.63, d = —0.84). These changes
were accompanied by a decrease in the intra-axonal
and dendritic compartment (V-intra) that was smaller
in patients with MSA-C than in those with MSA-P
(P <0.001, #=5.50, d = —1.47) and HCs (P < 0.001,
t = —8.85,d = 3.16) as well as in patients with MSA-P
compared with HCs (P < 0.001, ¢t = —4.55,d = 1.11).

Regarding the control regions, no statistical group
differences were observed in either compartment in the
superior temporal GM (P > 0.05). However, free-fluid
fraction (V-CSF) in the superior parietal WM was
larger in patients with MSA-P than in HCs (P = 0.062,
t=2.29,d= —0.54) at trend level, with no differences
between patients with MSA-P and MSA-C (P = 0.848)
and those with MSA-C and HCs (P = 0.423). Extra-
neurite and cellular compartment (V-extra) was lower
in patients with MSA-C than in HCs (P =0.017,
t=2.78, d =—0.84), with no intergroup differences
between patients with MSA-C and MSA-P (P = 0.178)
as well as those with MSA-P and HCs (P = 0.367).
Additionally, we observed a smaller intra-axonal and
dendritic compartment (V-intra) in patients with
MSA-C (P =0.005, ¢t = —3.20, d = 1.01) and MSA-P
(P=0.034, t = —2.52, d = 0.58) compared with HCs,
with no differences between MSA-C and MSA-P
(P = 0.411) (Fig. S2).

As revealed in the ROI-based analyses and shown in
Figure 2, GM alterations of V-CSF and V-extra repre-
sent the same process, only with opposite directions of
effect. This was reflected by a negative Pearson’s corre-
lation coefficient between V-CSF and V-extra in puta-
men (R = —0.82, P < 0.001). However, in WM, a shift
was observed from the intra- to the extra-axonal and
free-fluid compartments. Again, this was reflected by a
negative Pearson’s correlation coefficient between
V-intra and V-CSF (R = —0.84, P <0.001). Though
established in assessing GM microstructure, the stan-
dard model rather relies on WM mesostructure.'*'¢ As
the parameter V-CSF is most stable in GM," all ana-
lyses were confined to V-CSF in GM and V-intra in
WM structures.

Analysis of the Association between
Nigrostriatal and Cerebellar Microstructures
and Dexterity in MSA-P and MSA-C
Time to solve 9HPB was pathologic in 31 of 33

patients with MSA-P and in 8 of 10 patients with
MSA-C and did not differ between both subtypes
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(P = 0.520).%° In MSA-P, time to solve 9HPB was not
associated with either putaminal (p = —0.204,
P =0.270) or nigral free fluid (p = 0.230, P = 0.213),
and no association between the axonal volume fraction
and nigrostriatal tract was observed (p = —0.28,
P =0.125). However, an association was observed
between the time to solve 9HPB and the axonal volume
fraction of MCP (p = —0.404, P =0.024) and PCT
(p=—0.517, P = 0.003) as well as the free-fluid com-
partment in the dentate nucleus (p = 0.42, P = 0.018).
A similar pattern was found in MSA-C where no asso-
ciation between time to solve 9HPB and putaminal
(p=-0.011, P=0.980) or nigral (p= —0.341,
P = 0.408) axonal volume fraction was observed, con-
trasted by an association between the time to solve
9HPB and the axonal volume fraction of MCP
(p=-0.733, P=0.038) and PCT (p= —0.745,
P =0.034). However, no association was observed
between the free-fluid fraction of the dentate nucleus
(p=0.55, P=0.157) (Fig. S3). The associations
observed in the two subgroups of MSA persisted when
they were combined into a complete MSA group
(Table 3). The full set of correlations between
nigrostriatal and cerebellopontine ROI-derived DMI
metrics and dexterity is provided in Table 3.

Of note, no associations between dexterity and the
control ROIs in the gray and WM were found (Fig. S2).

Discussion

DMI revealed nigrostriatal and cerebellar neu-
rodegeneration in MSA with a distinct accentuation for
the two subtypes. In the nigrostriatal GM regions (ie,
the SN and putamen), an increase in the interstitial free
fluid (V-CSF) was accompanied by cellular degenera-
tion, as reflected by a decrease in V-extra. In contrast,
axonal degeneration was detected in the cere-
bellopontine WM tracts (ie, PCT and MCP) by a
decrease in V-intra. Axonal degeneration with reduced
V-intra and increased V-CSF was found in the
nigrostriatal tract, and also in the dentate nucleus, we
observed a strong decrease in the axonal compartment
with a concomitant increase in the free fluid. Regarding
the Parkinson subtype, a strong putaminal accentuation
was observed, whereas in MSA-C, a cerebellar pattern
was predominant. Moreover, cerebellopotine (but not
nigrostriatal) degeneration was associated with
impaired dexterity in both subtypes.

Microstructural dMRI techniques have previously
been employed to investigate putaminal degeneration in
MSA-P. Using the bicompartmental free water imaging
approach, elevated nigral free fluid was observed in
MSA compared to HCs.>* Extending this, a recent
NODDI-based study observed putaminal increases in
the cellular compartment (Vic) and free fluid (Viso)

r CEREBELLAR DEGENERATION AND DEXTERITY IN MSA

with simultaneous decreases in the orientation disper-
sion index (ODI).** In contradiction to this latter work,
we observed a significant increase in putaminal free
fluid paralleled by a significant decrease in the somata
fraction, analogous to SN. This effect persisted in both
subtypes but was more pronounced in MSA-P than in
MSA-C.

Regarding the SN, several studies employed advanced
dMRI techniques and observed elevated nigral free fluid
with (7 = 31 MSA-P*') and without (z = 21 MSA-P*°)
alterations in the intracellular volume fraction. In line
with these findings, we observed more nigral free fluid
in patients with MSA-P when compared to HCs,
though we furthermore found a decrease in the somata-
associated fraction (V-extra). Similarly, elevated nigral
free fluid was observed in patients with MSA-C. How-
ever, the cellular fraction was slightly reduced when
compared to that in patients with MSA-P with only a
small effect size, contrasting with the large effects
observed in the putamen. These findings of GM neu-
rodegeneration are corroborated by the axonal degener-
ation we noted in the interconnecting nigrostriatal
tract.

In the WM tracts MCP and PCT, we found evidence
of axonal degeneration through a reduction in the axo-
nal compartment that was more pronounced in MSA-C
than MSA-P. This was accompanied by a strong
increase in the free interstitial fluid. With respect to the
increased free fluid, partial neuroinflammation is con-
ceivable as well, because this has also been described in
MSA alongside neurodegeneration,”® and both neu-
roinflammation'® and neurodegeneration'” can lead to
increased interstitial fluid. The similar pattern of param-
eter alterations in the GM area of the dentate nucleus
can be attributed to the fact that the efferent axons in
the dentate nucleus hilus constitute a substantial propor-
tion of the ROL>” We have thus rather indirectly dem-
onstrated the degeneration of this GM region. However,
the validity of these alterations in DMI parameters is
supported both by the accentuation in the MSA-C
cohort and by the strong association with dexterity.

Our findings regarding the WM regions nigrostriatal
tract, MCP, and PCT are in line with a previous study
that observed a reduction in cellular and myelin volume
fraction, accompanied by elevated free fluid in MSA-
P.*>! However, in contrast to this study, we observed a
relative increase in V-extra. This can be explained by
two mechanisms: (1) V-extra in the WM contains the
extracellular matrix, which indicates gliosis as observed
in both MSA subtypes®; or (2) only a relative increase
in this fraction is present due to a drastic decrease in
the axonal fraction as the formerly largest volume frac-
tion in HCs in these tracts. Moreover, the observed
microstructural alterations (with different accentuations
in MSA-P and MSA-C) reflect known macrostructural
atrophy of the putamen or cerebellum.*°
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TABLE 3 Partial Spearman’s correlations between DMI metrics and 9-Hole Peg Board performance of nigrostriatal and cerebellopontine regions

MSA-C MSA-P and MSA-C combined
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the other study examined a combined group of individ-
uals with atypical Parkinson’s syndromes, comprising
33 patients with progressive supranuclear palsy and
23 with MSA.*

The retrospective nature of our study displays a limi-
tation because it led to incomplete datasets limiting the
possibility for assessing the association between individ-
ual symptoms and distinct neurodegenerative alter-
ations. Nevertheless, we assume that the observations
are sufficiently supported by the available data points
on the 9HPB (present in 70% of the MSA-P and 59%
of the MSA-C), as a concise pattern of association with
cerebellar neurodegeneration was evident across both
groups. Further, postmortem diagnoses were lacking. In
addition, because the diagnosis of MSA poses a major
challenge in clinical routine practice with a diagnostic
accuracy of 60%,* patients with disorders other than
MSA might have been erroneously included in this
study. However, diagnoses were carefully validated by
three experts in movement disorders based on the cur-
rent diagnostic consensus criteria,’ and ['*F]FDG-
PET?! was available in all patients, supportive of the
respective clinical diagnosis. In contrast, our study
has major strengths. First, the case numbers for both
subgroups are relatively large. Second, in contrast to
previous studies, the association between cerebral
microstructure and clinical parameters was assessed
using partial correlations, controlling for age and
sex, given the impact of these on cerebral
microstructure.**

In summary, our analysis of a large and clinically rep-
resentative cohort of patients with MSA-P and MSA-C
revealed a common neurodegenerative pattern in both
subtypes with putaminal-accentuated degeneration in
MSA-P, whereas cerebellar-accentuated degeneration
was associated with MSA-C. Furthermore, we observed
an association between dexterity and cerebellar but not
nigrostriatal degeneration in both MSA-C and MSA-P.
This indicates that cerebellar dysfunction is functionally
relevant and disabling in patients with MSA-P also.
Nigrostriatal and cerebellar integrity are promising bio-
markers for possible disease-modifying studies and indi-
vidualized therapies. ®
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