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A B S T R A C T : Background: Sporadic degenerative ataxia
patients fall into 2 major groups: multiple system atrophy with
predominant cerebellar ataxia (MSA-C) and sporadic adultonset ataxia (SAOA). Both groups have cerebellar volume
loss, but little is known about the differential involvement of
gray and white matter in MSA-C when compared with SAOA.
Objectives: The objective of this study was to identify
structural differences of brain gray and white matter
between both patient groups.
Methods: We used magnetic resonance imaging to acquire
T1-weighted images and diffusion tensor images from
12 MSA-C patients, 31 SAOA patients, and 55 healthy controls. Magnetic resonance imaging data were analyzed with
voxel-based-morphometry, tract-based spatial statistics, and
tractography-based regional diffusion tensor images analysis.
Results: Whole-brain and cerebellar-focused voxel-basedmorphometry analysis showed gray matter volume loss in
both patient groups when compared with healthy controls,
speciﬁcally in the cerebellar areas subserving sensorimotor
functions. When compared with controls, the SAOA and
MSA-C patients showed white matter loss in the cerebellum,

whereas brainstem white matter was reduced only in the
MSA-C patients. The tract-based spatial statistics revealed
reduced fractional anisotropy within the pons and cerebellum
in the MSA-C patients both in comparison with the SAOA
patients and healthy controls. In addition, tractographybased regional analysis showed reduced fractional anisotropy along the corticospinal tracts in MSA-C, but not SAOA.
Conclusion: Although in our cohort extent and distribution of gray and white matter loss were similar between
the MSA-C and SAOA patients, magnetic resonance
imaging data showed prominent microstructural white
matter involvement in the MSA-C patients that was not
present in the SAOA patients. Our ﬁndings highlight
the signiﬁcance of microstructural white matter changes
in the differentiation between both conditions. © 2020
The Authors. Movement Disorders published by Wiley
Periodicals, Inc. on behalf of International Parkinson and
Movement Disorder Society.
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Progressive ataxia frequently starts in adults without
a familial background. These patients may suffer from
an acquired ataxia, such as alcoholic cerebellar degeneration or paraneoplastic cerebellar degeneration.
Others have a genetic cause despite negative family history.1-3 In the majority of these patients, however, a
genetic or acquired cause of ataxia cannot be identiﬁed
suggesting a sporadic degenerative ataxia.
Sporadic degenerative ataxia patients fall into 2 major
groups. In 1 group, the underlying brain disease is multiple
system atrophy (MSA). MSA is characterized by widespread degeneration of the cerebellum, brainstem, basal
ganglia, and spinal cord. Some of these patients have
prominent degeneration of cerebellum and brainstem and
typically present with sporadic ataxia (MSA with predominant cerebellar ataxia [MSA-C]), whereas those with
prominent basal ganglia degeneration suffer from parkinsonism (MSA with predominant parkinsonism). The
deﬁnitive diagnosis of MSA requires demonstration of oligodendroglial inclusions at autopsy,4,5 but a probable
diagnosis can be made with high predictive accuracy on
clinical grounds alone. The essential diagnostic feature of
MSA is severe autonomic failure deﬁned by orthostatic
blood pressure drop of at least 30 mmHg systolic after
standing from a recumbent position or urinary incontinence.6 The second group of sporadic ataxia is clinically
distinguished from MSA-C by the lasting absence of severe
autonomic failure. These patients have been designated as
idiopathic late-onset cerebellar ataxia or sporadic adult
onset ataxia (SAOA) of unknown etiology.7,8 The few
SAOA cases that have come to autopsy had degeneration
restricted to the cerebellar cortex and inferior olives,9,10
but it is not clear whether SAOA is a disease entity or
rather a group of different conditions presenting with a
uniform clinical syndrome of progressive cerebellar ataxia.
Compared with MSA, SAOA takes a more benign
course.11,12 In the ﬁrst years after ataxia onset, a distinction between MSA-C and SAOA is often not possible, as
severe autonomic failure deﬁning MSA-C may only manifest several years after ataxia onset.
Atrophy of the cerebellum and brainstem are common
features of MSA-C and SAOA.13-22 In addition, microstructural alterations of the white matter have been reported in

previous studies in MSA-C patients.21-24 We used multimodal imaging approach to assess structural alteration of the
brain in a deeply phenotyped cohort of MSA-C and SAOA
patients to identify magnetic resonance imaging (MRI)
parameters that might help to differentiate both conditions.

Methods
Participants
All patients were participants of the SPORTAX study, a
prospective natural history study that longitudinally
assessed the disease course of sporadic ataxia in elderly
patients (Sporadic Degenerative Ataxia With Adult Onset:
Natural History Study (SPORTAX-NHS)).11 The SPORTAX inclusion criteria are as follows: (1) progressive ataxia,
(2) ataxia onset after the age of 40 years, (3) informative
and negative family history (no similar disorders in ﬁrstdegree and second-degree relatives; parents older than
50 years, or, if not alive, age at death of more than 50 years;
no consanguinity of parents), and (4) no established
acquired cause of ataxia (for details see Supporting Information Table 1). Participants were classiﬁed as MSA-C if
they fulﬁlled the criteria for clinically probable MSA-C as
deﬁned in the second consensus statement by Gilman and
colleagues.6 In particular, all MSA-C patients presented
with autonomic failure (Supporting Information Table 1
and Supporting Information Table 3). Participants not fulﬁlling the criteria for clinically probable MSA-C were classiﬁed as SAOA. The SPORTAX assessment protocol
includes the Uniﬁed Multiple System Atrophy Rating
Scale,25 the Scale for the Assessment and Rating of Ataxia
(SARA),26 and the Inventory of Non-Ataxia Signs
(INAS).27 Detailed group characteristics are given in
Table 1 and Supporting Information Table 3.
At 2 SPORTAX study sites (Bonn and Magdeburg), a
MRI was acquired on all participants who gave consent
and were able and willing to undergo MRI. To compare
patient groups with healthy controls, we used MRI scans
of healthy controls who participated in parallel studies
using the identical MRI protocol. MRI scans of 12 MSAC patients, 31 SAOA patients, and 55 healthy controls
were included in the analysis (for details, see Supporting
Information Table 2).

TABLE 1. Demographic characteristics of the study population

Group

Number (Site
BN/Site MD)

Mean Age at Scan
(Min–Max, SD)

Male
(Percentage)

Mean Age of
Onset (SD)

Mean Disease
Duration in
Years (SD)

Mean SARA
Sum Score (SD)

Mean INAS
Score (SD)

Mean UMSARS
II Score (SD)

SAOA
MSA-C
HC

31 (6/25)
12 (9/3)
55 (18/37)

64.2 (43–80, 10.6)
62.8 (46–74, 7.7)
64.7 (46–78, 8.0)

18 (58.1)
7 (58.3)
21 (38.2)

57.1 (10.6)
58.5 (7.3)
NA

7.1 (5.5)a
4.0 (1.7)a
NA

13.2 (1.4)a
17.0 (3.7)a
NA

1.68 (1.3)a
4.33 (1.6)a
NA

13.2 (6.1)a
22.5 (8.2)a
NA

BN, Bonn; MD, Magdeburg; Min = minimum; Max = maximum; SD, standard deviation; SARA, Scale for the Assessment and Rating of Ataxia; INAS, Inventory of
Non-Ataxia Signs; UMSARS, Uniﬁed Multiple System Atrophy Rating Scale; SAOA, sporadic adult-onset ataxia; MSA-C, multiple system atrophy with predominant cerebellar ataxia; HC, healthy control; NA, not available.
a
Signiﬁcant difference between SAOA and MSA-C patients, P < 0.01.
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The study was approved by the local ethics committees. All participants provided written informed consent. This study is registered with ClinicalTrials.gov
(NCT02701036).

Imaging Acquisition and Preprocessing
MRIs were acquired at both sites using a Siemens 3T
scanner (Trio Tim in Bonn and Verio in Magdeburg,
both Siemens Medical Systems, Erlangen, Germany).
Both sites were equipped with the same gradient system
and head coils (32 channel head coil) and used the same
software release and MRI protocols.
Isotropic structural T1 images were acquired using a
magnetization-prepared rapid gradient echo sequence
with the following parameters: repetition time (TR) = 2500
ms, echo time (TE) = 4.37 ms, inversion time (TI) = 1100
ms, ﬂip angle = 7 , receiver bandwith 140 Hz/Px, ﬁeld of
view = 256 mm × 256 mm × 192 mm with a voxel size of
1 mm isotropic, partial Fourier factor 7/8, and parallel
imaging acceleration factor 2 (24 integrated reference
lines) along the primary phase endcoding direction (anterior – posterior). Diffusion-weighted images were acquired
using a twice-refocused single-shot echo planar imaging
sequence with the following parameters: TR = 12100 ms,
TE = 88 ms, ﬁeld of view = 240 mm x 240 mm, 72 axial
slices, with a voxel size of 2 mm isotropic, 1 scan without
diffusion weighting (b0), and 30 diffusion-encoding directions with a b-value of 1000s/mm2.
To reduce the sources of variance between scanners, several steps were taken before starting the study to harmonize the imaging methods across the participating sites.
Both sites used SIEMENS scanners, and the imaging
sequences were identical. The scans were acquired following the guidelines of the Imaging Network of the German
Center for Neurodegeneration. For quality assurance and
assessment, several steps were taken. The German Center
for Neurodegeneration imaging network qualiﬁed each
MRI site with a traveling head measurement prior to the
start of the study and then provided every site with
detailed standard operating procedures for the implementation of each protocol. All radiographers who operated
MRIs in the study underwent centralized training to implement the standard operating procedures (ie, participants’
positioning in the MRI scanner, sequence preparation
steps, image angulation, participant instruction, and testing). A small MRI phantom built and designed by the
American College of Radiology was used to monitor the
performance of the MRI systems on a weekly basis. In
addition, all scans had to pass a semiautomated check for
conformity and scan quality during the data collection.
We included a bias ﬁeld correction using the Advanced
Normalization Tools software (http://stnava.github.io/
ANTs). Spatially normalized T1 data were compared
voxel-wise by using a conventional voxel-based morphometry (VBM) tool28 for whole-brain analysis and the
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spatially unbiased infratentorial template (SUIT) with the
corresponding toolbox for the cerebellar-focused analysis.29 Both tools are included in the MATLAB-based statistical parametric mapping toolbox (MathWorks, Natick,
Massachusetts, USA, https://www.ﬁl.ion.ucl.ac.uk/spm/
software/spm12). For SUIT-based analysis, all automatically generated cerebellar masks were visually inspected
and, where necessary, manually corrected using FSLView
as a part of the University of Oxford Centre for Functional
MRI of the Brain, UK, (FMRIB) Software Library.30
For spatial normalization in both pipelines, we used the
Diffeomorphic Anatomical Registration using the exponentiated lie algebra algorithm with default settings
including the multiplication by the determinate of the
Jacobian matrix of deformation ﬁelds (modulation) to preserve local tissue volume during normalization.29,31 For
whole-brain VBM, gray and white matter probability segments were smoothed with a 8-mm Gaussian smoothing
kernel (full-width at half-maximum (FWHM) = 8 mm),
whereas for the SUIT pipeline cerebellar gray and white
matter segments were smoothed using a 4-mm Gaussian
kernel (FWHM = 4 mm).
Diffusion data were analyzed by using tract-based spatial
statistics (TBSS)32 for whole-brain analysis, as included in
the FMRIB Software Library.30 For tract-based regional
analysis, we performed automated ﬁber-tract quantiﬁcation (https://github.com/yeatmanlab/AFQ).33 Diffusion
data were preprocessed. First, all 30 within-subject
diffusion-weighted images were aligned to the b0 scan.
Afﬁne transformations were calculated using the Advanced
Normalization Tools software. Second, two preprocessing
pipelines were used in this study: for the TBSS analysis, preprocessing included eddy current correction and tensor
ﬁtting as provided within the FMRIB’s diffusion toolbox
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT). For regional
analysis, preprocessing also included eddy current correction
and tensor-ﬁtting steps, as included in the Vistasoft
mrDiffusion software distribution (https://github.com/
vistalab/vistasoft/, Stanford University, CA, USA). For TBSS
analysis, we computed a study-wise space using the
Advanced Normalization Tools software routines. Subsequently, all coregistered fractional anisotropy (FA) datasets
were skeletonized. Skeletonized FA data were used for the
statistical analysis. For FA analysis in speciﬁc ﬁber tracts, we
used the ﬁber-tract quantiﬁcation method (details about the
tracking procedure for automated ﬁber-tract quantiﬁcation
are described in Yeatman and colleagues33). Their method
can be brieﬂy summarized as follows: ﬁrst, the fanning out
ends of tracts are cut; next, the medial, white matter associated part of each tract is subdivided into 100 equidistant
nodes along the tract trajectory; and ﬁnally, for every node, a
weighted mean FA value is calculated, resulting in a tract diffusion proﬁle. The variation of FA along the tracts is the
result of anatomical and geometric characteristics of each
particular tract, for example, curvature, branching, or crossing ﬁbers.33 The tracking was performed in subject space.
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Therefore, spatial normalization was not required. Measurements were carried out following the automated ﬁber-tract
quantiﬁcation toolbox33 in the forceps major and minor of
the corpus callosum, cingulum, uncinate and arcuate fasciculus, and inferior and superior longitudinal fasciculi as well as
the inferior fronto-occipital fasciculus, the thalamic radiation, and the corticospinal tract. In addition to the FA, we
delineated the values of radial diffusivity (RD) and axial diffusivity (AD) along the aforementioned ﬁber tracts.

Statistical Analysis
To examine the structural difference between groups,
we set up a general linear model including scanner, age,
and gender as well as total intracranial volume as nuisance covariates to account for their effects on brain
structure. As the groups differed with respect to site at
which the scan was performed, year of scan, and, for the
diffusion tensor imaging (DTI) analysis, angulation of
the scan, we also included these parameters as covariates
of no interest. In addition, we performed analyses within
the patient group including disease duration and SARA
as additional covariates in the respective statistical
models testing for group differences and performed analyses testing the correlation of disease duration and
SARA with the gray and white matter alteration (VBM)
and alterations in FA, RD, and AD (TBSS, tract-based

regional analyses). INAS was not included because
nonataxia signs characterized the MSA-C group leading
to a (nonorthogonal) alignment of the parameters group
(MSA-C vs. SAOA) and INAS. For the whole-brain and
cerebellar voxel-wise analyses, we applied 2-sample
t tests for each group comparison and gray and white
matter segments were compared separately. We only
included voxels in each analysis with tissue class probabilities greater than 20%. Statistical cut-offs included
family-wise error correction (FWE) for multiple comparisons. We considered voxels with a PFWE <0.01 as signiﬁcant. Only clusters with an extend threshold of 10 were
accepted. Effect sizes were calculated using Cohen’s
d. For the TBSS analysis, the threshold-free cluster
enhancement method was applied with default settings.
The statistical cut-off was set to PFWE <0.01.
For tract-based regional FA, AD, and RD analysis, we
carried out an analysis of covariance with the same
covariates that were included in the whole-brain analysis
models for each of the 100 nodes along each tract.
Bonferroni correction was applied to correct for multiple
comparisons. Group differences with a Bonferronicorrected P value of P < 0.001 were considered signiﬁcant.
For each analysis, we only accepted results that have
been corrected for multiple comparisons at the most
stringent signiﬁcance level.

FIG. 1. Cerebellar focused voxel-based morphometry analysis in multiple system atrophy with predominant cerebellar ataxia and sporadic adult-onset ataxia
compared with healthy controls (PFWE < 0.01). (A) Gray matter atrophy projected onto a cerebellar ﬂatmap in multiple system atrophy with predominant cerebellar ataxia. (B) Gray matter atrophy in sporadic adult-onset ataxia. (C) White matter atrophy projected on 7 sagittal and 1 axial slice in multiple system atrophy with predominant cerebellar ataxia. (D) White matter atrophy in sporadic adult-onset ataxia. [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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Results
Demographic and clinical data of the study population are given in Table 1 and Supporting Information
Table 3. MSA-C patients, SAOA patients, and healthy
controls did not differ with respect to age and sex distribution. When compared with the SAOA patients, disease duration in the MSA-C patients was shorter
(P < 0.01), and the SARA and INAS count were higher
(P < 0.01). Urinary dysfunction and orthostatic dysregulation (P < 0.01) as well as hyperreﬂexia (P < 0.05)
and rigidity (P < 0.01) were signiﬁcantly more frequent
in the MSA-C patients when compared with the SAOA
patients.
Whole-brain VBM did not reveal differences in gray
or white matter volume between the MSA-C and SAOA
patients, but the cerebellar gray and white matter of
both patient groups were reduced when compared with
healthy controls (Supporting Information Fig. 1). Furthermore, brainstem white matter in the MSA-C
patients was reduced when compared with the healthy
controls (Supporting Information Fig. 1).
The cerebellar VBM analysis using the SUIT toolbox
returned gray matter volume reductions of both patient
groups relative to healthy controls. Gray matter volume
loss in patients was primarily found in the cerebellar
areas subserving sensorimotor functions (Fig. 1).34 The
distribution of cerebellar gray matter volume loss was
almost comparable in the SAOA and MSA-C patients,
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each in comparison with healthy controls. There was
no signiﬁcant difference between the SAOA and MSAC patients. Cerebellar white matter was likewise
reduced in both patient groups when compared with
healthy controls. The MSA-C patients showed pronounced white matter loss in the cerebellum, the middle
cerebellar peduncles, and the brainstem in comparison
with healthy controls, whereas the SAOA patients in
comparison with healthy controls only showed white
matter loss in the cerebellar regions and middle cerebellar peduncles, but not the brainstem. The difference
between the MSA-C and SAOA patients did not reach
statistical signiﬁcance.
When including disease duration and SARA as additional covariates in the statistical models, we did not
ﬁnd any signiﬁcant difference between the MSA-C and
SAOA patients, neither in the whole brain nor in the
cerebellar VBM.
The effect sizes of the peak voxel in the whole-brain and
cerebellar-focused gray and white matter VBM, for the
comparison of MSA-C patients as well as for the comparison of SAOA patients with healthy controls were >1 (for
details, see Supporting Information Table 5).
TBSS revealed reduced FA in the MSA-C patients
both in comparison with the SAOA patients and
healthy controls. Relative to healthy controls, the FA in
the MSA-C patients was reduced in the pontine regions,
the middle cerebellar peduncles, and the central portion
of cerebellar white matter. Thus, major parts of the

FIG. 2. Tract-based spatial statistics of fractional anisotropy in multiple system atrophy with predominant cerebellar ataxia compared with sporadic
adult-onset ataxia and healthy controls. Reductions in multiple system atrophy with predominant cerebellar ataxia compared to sporadic adult-onset
ataxia are shown in green, and reductions compared with healthy controls in blue (PFWE < 0.01). Data are presented on 9 sagittal and 3 axial slices. The
cerebellar subregions are colored for anatomical reference: anterior cerebellum in red, superior posterior cerebellum in orange, the inferior posterior cerebellum in yellow, and the vermis in bright yellow. [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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FIG. 3. Tractography-based regional analysis of fractional anisotropy along the corticospinal tract. Mean fractional anisotropy is given for multiple system atrophy with predominant cerebellar ataxia (MSA-C; blue), sporadic adult-onset ataxia (SAOA; green), and healthy controls (HC, gray). Sections of
the corticospinal tract with signiﬁcantly reduced fractional anisotropy in MSA-C compared with healthy controls are marked with a red line, and those
with reduced fractional anisotropy compared with SAOA with an orange line (P < 0.001, Bonferroni). [Color ﬁgure can be viewed at
wileyonlinelibrary.com]

anterior and posterior cerebellum (including white matter branching into the lobules I–IV bilaterally, V and VI
right-sided, crus I, crus II, and lobule VIIb, VIIIb, and
X bilaterally) were affected (Fig. 2). The comparison of
MSA-C and SAOA patients revealed a similar, but less
extended, pattern of FA reduction in the MSA-C
patients (Fig. 2), involving the superior posterior part
of the cerebellum including white matter branching into
crus II bilaterally and lobule VIIb on the right side. The
comparison of the SAOA patients with healthy controls
did not reveal FA reduction in SAOA patients. However, there was a patchy pattern of increased FA in the
SAOA patients around the left thalamus (Supporting
Information Fig. 2). When adding disease duration or
SARA sum score as an additional covariate in the statistical model, the distribution of decreased FA in the
MSA-C patients in comparison with healthy controls
was slightly less expanded, but the overall pattern
remained unchanged (Supporting Information Fig. 2b
and 2c).
We delineated the FA along the medial white matter–
associated portion of the forceps major and minor of
the corpus callosum and along the cingulum, uncinate,
arcuate, inferior, and superior longitudinal and inferior
fronto-occipital fasciculi, the thalamic radiation, and
the corticospinal tracts across both hemispheres. Of
note, the automated tracking method failed in only
29 times of 1764 total tracking attempts. The variation
of the FA along the trajectories was consistent with previous reported tract characteristics for all tracts.33 In
the MSA-C group, the FA was reduced along the
corticospinal tracts bilaterally both in comparison with
healthy controls and SAOA patients (Fig. 3). However,
the distribution of abnormalities was more widespread
for the comparison with healthy controls than with the
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SAOA patients. In the right arcuate tract of the SAOA
patients, the FA was reduced over a short distance representing less than 10% of the tract length (Supporting
Information Fig. 3). No other signiﬁcant group differences were detected.
In the delineation of AD and RD along the aforementioned white matter tracts, we did not ﬁnd consistent
patterns of alterations. There was a trend of increased
RD in patients in comparison with healthy controls,
but signiﬁcant group differences were only observed
in short distances representing less than 10% of
the respective tracts. In detail, RD was increased in
the MSA-C patients in both corticospinal tracts and the
superior longitudinal fasciculus and the forceps minor
of the corpus callosum in the SAOA patients, each in
the comparison of the respective patient group with the
group of healthy controls. AD was increased in both
corticospinal tracts and the left inferior longitudinal fasciculus in the MSA-C patients and in the SAOA
patients in the forceps minor of the corpus callosum
and the left inferior fronto-occipital fasciculus. No signiﬁcant differences between both patient groups were
observed (Supporting Information Fig. 3).
There was no signiﬁcant difference in the FA values
along the corticospinal tract between MSA-C patients
with or without pyramidal signs (for details, see
Supporting Information Fig. 3d).

Discussion
This comparative MRI study provides a detailed
analysis of brain volume changes and white matter
microstructural alterations in MSA-C and SAOA. The
gray matter volume loss detected by VBM had a similar

D T I

extent in both patient groups, which primarily involved
the sensorimotor regions of the cerebellar cortex. In
MSA-C, there was additional white matter volume loss
in the cerebellum and brainstem. In SAOA, however,
cerebellar white matter volume was only slightly
reduced, and the brainstem was relatively preserved.
DTI revealed widespread microstructural alterations of
white matter in the MSA-C patients affecting the cerebellum, brainstem, and corticospinal tracts that were
mostly absent in the SAOA patients.
A strength of our study is the multimodal approach
that thoroughly assessed the structural integrity of
brain gray and white matter tissue with different stateof-the-art MRI methods. This approach provides a
more comprehensive view of brain morphology than
that of previous studies focusing on either structural
volume or DTI changes alone.7,13,15,17,19,23,35-40
Previous volumetric and VBM studies in MSA-C have
consistently shown cerebellar and brainstem volume
loss.13,15,17,19,20,35-37,40 In SAOA, volume loss has been
reported as being most prominent in the cerebellum,
although some studies also detected involvement of the
cerebellar peduncles and brainstem. A volumetric MRI
study directly comparing MSA-C and SAOA found that
the pattern of cerebellar atrophy was similar in both
groups, but the brainstem volume was smaller in MSAC than in SAOA.15 The results of our study are consistent with these ﬁndings. In addition, they indicate that
the loss of brainstem volume in MSA-C is mainly the
result of the loss of white matter. We also found that in
both patient groups, gray matter atrophy was most
prominent in the sensorimotor regions of the cerebellum. Some of the previous volumetric and VBM studies
reported gray matter loss in the basal ganglia and cortical regions in MSA-C patients.13,19 We could not replicate those ﬁndings. This might be because of our small
sample size and the very stringent signiﬁcance level we
applied to reduce the likelihood of false positive results.
Previous DTI studies in MSA-C reported abnormal
diffusion parameters in the brainstem, most notably the
pons, middle cerebellar peduncles, and cerebellar white
matter.22 In addition, supratentorial white matter, notably the corticospinal tract, internal capsule, corpus callosum, corona radiata, and cingulum were also
affected.16,17,21-23,41 In an early DTI study of 3 SAOA
patients, an increase of the apparent diffusion coefﬁcient, interpreted as a loss of white matter integrity,
was found in the cerebellum and brainstem.42 Another
study directly comparing MSA-C and SAOA found
markedly reduced FA values in afferent cerebellar tracts
in MSA-C that allowed a fairly good discrimination
from SAOA.18 The results of our study conﬁrm the
presence of widespread white matter abnormalities in
MSA-C, as indicated by reduced FA, affecting not only
brainstem and cerebellar ﬁber tracts but also the
corticospinal tracts. In contrast, there were only
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negligible FA abnormalities in SAOA. FA is a widely
used diffusion parameter to describe microstructural
alterations of white matter in the brain. The additional
analysis of AD and RD did not show any consistent
and extended alterations that one could consider as relevant, although RD showed a strong trend toward an
increase in MSA-C patients (for details, see Supporting
Information Fig. 3c).
The principal ﬁnding of this study is the prominent
white matter involvement in MSA-C that distinguished
MSA-C from SAOA. This corresponds well to the
results of a postmortem study showing that cerebellar
white matter degeneration in MSA was more pronounced than that of the cerebellar cortex.43 Imaging
and autopsy evidence of major white matter pathology
in MSA is consistent with characterization of this disease as a primary oligodendrogliopathy.44
When compared with SAOA, MSA-C has a more
severe phenotype and faster disease progression.11 This
is also reﬂected by the characteristics of the patient
groups of this study. SARA and INAS scores of the
MSA-C patients were higher than those of the SAOA
patients, although the disease duration of the MSA
patients was shorter. Including ataxia severity as a
covariate in the analysis did not change the results in
the group comparison, and we did not ﬁnd any positive
or negative correlation of SARA with gray or white
matter volume or FA on the high signiﬁcance level
corrected for multiple comparisons. Because the
observed group differences between MSA-C and SAOA
were not inﬂuenced by ataxia severity, they rather
reﬂect substantial differences in the brain pathology of
MSA-C patients in comparison with SAOA patients.
The MSA-C patients showed a higher prevalence of
clinical pyramidal tract signs than the SAOA patients.
Correspondingly, an affection of the corticospinal tracts
was observed in the MSA-C patients, but not in the
SAOA patients.11,16 A direct comparison of MSA-C
patients with and without pyramidal tract signs did not
reveal differences. Because of the very small subgroups,
this analysis should be considered with caution. Nevertheless, these results underline the signiﬁcance of
disease-speciﬁc white matter alterations in MSA-C that
are not present in SAOA.
As part of the prospective SPORTAX natural history
study, all patients underwent an extensive clinical characterization including careful consideration of inclusion/exclusion criteria and diagnostic categories.11
Nevertheless, this study, as all others in the ﬁeld of sporadic degenerative ataxia, has to contend with the problem that some patients initially diagnosed as SAOA
may develop severe autonomic failure at later time
points requiring a change of the clinical diagnosis to
MSA-C.6,11 As the disease duration was considerably
longer in the SAOA when compared with the MSA-C
group, we are conﬁdent that the number of such future
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“converters” in the SAOA group was low; however,
within this ongoing prospective study the postmortem
diagnostic conﬁrmation was not available. Additional
limitations of our study are the relatively small number
of study subjects, lack of follow-up, and the uneven distribution of patients between the 2 study sites. To
account for these limitations and reduce the likelihood
of false positive results, we included additional
covariates in the statistical analysis and reported only
results with highly stringent statistical thresholds. By
doing so, we may have underestimated effects and
group differences.
In the multimodal imaging of our deeply phenotyped
cohort, we did not ﬁnd any differences in gray and
white matter volumes between the MSA-C and SAOA
patients, but a clear contrast of microstructural white
matter alterations between the MSA-C and SAOA
patients. The MSA-C patients showed alteration in the
microstructure of the brainstem and cerebellar white
matter as well as the corticospinal tract. Our results
suggest that DTI abnormalities may aid the early diagnostic distinction between these 2 conditions, which
remains a clinical challenge.45 To this end, longitudinal
studies of larger cohorts are required. In this respect,
longitudinal DTI studies of SAOA patients that convert
to MSA-C would be particularly informative.
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