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Abstract

Objective Multiple system atrophy (MSA) is a neurodegenerative disorder with progressive motor and autonomic dys-
function. There is a paucity of information on the early neurostructural changes in MSA, especially its subtypes, MSA-P
(patients with predominant parkinsonism) and MSA-C (patients with predominant cerebellar signs). This study investi-
gates the abnormalities of grey matter (GM) and white matter (WM) in early MSA and its subtypes using multi-modal
voxel-based analysis.

Materials and methods Twenty-six patients with MSA with duration of symptoms < 2.5 years (mean duration: 1.6 £0.9 years)
were assessed clinically and with 3T MRI. Voxel-based morphometry (VBM) and diffusion tensor imaging (DTI) were per-
formed to identify the structural changes in MSA and its subtypes. The GM changes and diffusion parameters of WM tracts were
correlated with the clinical scores. The results were compared with MRI of 25 age- and gender-matched healthy controls.
Results The early structural changes in MSA included GM loss of the cerebellum and subcallosal gyrus with widespread
involvement of supratentorial and infratentorial WM fibres. In MSA-C, GM loss was limited to the cerebellum with WM changes
predominantly affecting the infratentorial WM and association tracts. In contrast, MSA-P did not demonstrate any GM loss and
the WM involvement was mainly supratentorial. There was no significant correlation between structural changes and clinical
severity score.

Conclusion In early MSA, WM microstructure was more affected than GM. These changes were greater in MSA-C than in MSA-
P, suggesting variable deterioration in the subtypes of MSA.

Key Points

o Structural changes in early multiple system atrophy were evaluated using multi-modal neuroimaging.

» White matter was more affected than grey matter in early MSA.

* Clinical variables did not correlate with early structural changes.
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Abbreviations

CC Corpus callosum

DTI Diftusion tensor imaging

EMSA-SG European multiple system atrophy
study group

FA Fractional anisotropy

GM Grey matter

IC Internal capsule

ICP Inferior cerebellar peduncle

IFOF Inferior fronto-occipital fasciculus

MCP Middle cerebellar peduncle
MD Mean diffusivity

MRI Magnetic resonance imaging

MSA-C Cerebellar ataxia predominant
multiple system atrophy

MSA-P Parkinsonism predominant
multiple system atrophy

MSA Multiple system atrophy

NAMSA-SG North American multiple system
atrophy study group

SLF Superior longitudinal fasciculus

UMSARS Unified multiple system atrophy
rating scale

VBM Voxel-based morphometry

WM White matter

Introduction

Multiple system atrophy (MSA) is an adult-onset neurodegen-
erative disorder with a prevalence of 3.4-4.9 cases per a pop-
ulation of 100,000 and an estimated mean incidence of 0.6-0.7
cases per 100,000 person-years [1, 2]. During the course of its
natural history, patients with MSA may manifest varying com-
binations of cerebellar ataxia, parkinsonism, autonomic failure
and pyramidal involvement [3]. Based on the predominant mo-
tor symptomatology, MSA is classified into parkinsonism pre-
dominant MSA (MSA-P) and cerebellar ataxia predominant
MSA (MSA-C) [4]. Neuro-pathologically, MSA is character-
ized by widespread neuronal loss and gliosis affecting the cer-
ebellum, basal ganglia, pons, inferior olivary nuclei, and spinal
cord [5]. Routine clinical MRI in MSA shows abnormalities
such as volume loss and T2 hypo-intensity with marginal
hyper-intensity of the putamen, atrophic changes of the
brainstem, middle cerebellar peduncle (MCP), and the cerebel-
lum [6]. Recently, advanced neuroimaging techniques have
revealed loss of grey matter (GM) in the caudate, putamen,
cerebellum, thalamus, hippocampus, insula, amygdala,
parahippocampal gyrus, and fronto-temporal cortices, while
the white matter (WM) abnormalities have been observed in
the MCP, corticospinal tract, cerebellum, thalamic radiations,
internal capsule, pons, corpus callosum, superior longitudinal
fasciculus, and inferior cerebellar peduncle [7-21]. However,

these cohorts are demographically heterogeneous, consisting of
patients with varying duration of disease and clinical severity.
Hence, there is a lack of studies on the early structural changes
in MSA. In a previous study, Oishi et al. [13] studied the WM
changes in patients with MSA-C with short duration of disease
(less than 2 years) and described diffusion changes restricted to
the infra-tentorial regions. However, they did not perform
whole-brain analysis and therefore their results do not provide
information on the global WM changes in early MSA.
Although many structural imaging studies have been per-
formed on MSA, they have explored either GM or WM chang-
es and did not investigate the multi-tissue abnormalities simul-
taneously in a specific cohort of patients, especially in early
MSA [7-21]. Furthermore, information on the GM and WM
change in subtypes of early MSA is also lacking. Studying the
GM and WM changes and their distribution in early MSA may
not only provide a better understanding of the disease biology,
but also help identify robust biomarkers for early diagnosis of
the disease, especially since research on disease-modifying
agents in MSA are underway.

This study endeavours to identify the early neuro-structural
abnormalities in MSA using multi-modal analysis involving
voxel-based morphometry (VBM) and diffusion tensor imag-
ing (DTI]) in a large cohort of patients with MSA. For the
purpose of this study, early MSA was defined as duration of
disease < 2.5 years [~25% of the median survival based from
the European (EMSA-SG) and North American MSA study
groups (NAMSA-SG)] [22, 23].

Materials and methods

This study was conducted in the Department of Neurology and
Department of Neuroimaging and Interventional Radiology
(NIIR) at the National Institute of Mental Health and
Neurosciences (NIMHANS), India. The study was scientifically
and ethically approved by the institutional ethics committee and
all subjects provided informed consent to participate in the study.

Subjects

Thirty subjects diagnosed as probable MSA based on the 2™
consensus criteria for MSA [4], with duration of disease < 2.5
years from the onset of first motor symptom were recruited for
the study. Patients with presence of other comorbid neurological
disorders or contraindication for MRI were excluded. Twenty-
five age- and gender-matched subjects without any neurological
or psychiatric symptoms were recruited as controls.

Clinical details

The demographic and clinical details of patients were record-
ed systematically. Clinical evaluation was performed by
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experienced neurologists, and patients with MSA were
grouped into MSA-P and MSA-C based on the predominant
clinical symptomatology. The Unified Multiple System
Atrophy Rating Scale (UMSARS) part 2 and part 4 were used
as the measure of severity of the disease.

Magnetic resonance imaging of the brain

MRI scans were acquired using 3-Tesla (T) Philips Achieva
scanner (Philips Healthcare, Netherlands). Routine T2-
weighted and fluid-attenuated inversion recovery (FLAIR)
images were acquired followed by a high-resolution, three-
dimensional T1 turbo field echo sequence covering the whole
brain with repetition time (TR) = 8.1 milliseconds (ms), echo
time (TE) = 3.7 ms, flip angle = 8°, sense factor = 3.5, voxel
size =1 x 1 x 1 millimetre (mm), acquisition matrix = 256 x
256, and total scan time = 7 min 41 s with 160 sagittal slices.
DTI was performed by using single-shot spin-echo, echo-
planar sequences in axial sections with the following settings:
TR =8783 ms, TE = 62 ms, flip angle = 8°, sense factor = 3.5,
voxel size = 1.75 x 1.75 x 2 mm, acquisition matrix = 224 x
224 mm and 70 slices without any interslice gap. DTI was
performed along 15 directions with a b value = 1000 s/mm®
and NEX-2 with scan time of 5 min 35 sec. In addition, the
images without diffusion weighting were acquired corre-
sponding to b = 0 s/mm?.

Voxel-based morphometry in MSA

VBM was used to detect the GM abnormalities from the T1
images. Data analysis was performed using the VBMS tool-
box in SPM8 software (available from http://www.fil.ion.ucl.
ac.uk/spm/; Wellcome Trust Centre for Neuroimaging,
London, UK) using MATLAB R2013a. The raw T1-
weighted anatomical data in DICOM format were imported
to SPM8 and saved as SPM-compatible NIFTI format. The
images were spatially normalized by reorienting the T1-
weighted anatomical images of all subjects into the same ste-
reotactic space. These images were then segmented into GM,
WM, cerebrospinal fluid (CSF), and non-CSF components.
The segmented images subsequently underwent normaliza-
tion to the Montreal Neurological Institute (MNI) space and
modulation. The modulated images were smoothed using an
8-mm full-width half-maximum (FWHM) Gaussian kernel
prior to statistical analysis. A two-sample 7 test was performed
using age, duration of disease, and total intracranial volume
(TIV) as covariates to investigate the differences between the
two groups. Corrections for multiple comparisons were per-
formed using the theory of Gaussian random fields and
interpreted at a significance level of p < 0.05. The output from
the procedure was a statistical parametric map depicting re-
gions where GM concentrations varied significantly among
the two groups. The MNI coordinates of these GM areas were
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converted into Talairach coordinates using Ginger ALE
(http://www.brainmap.org/ale/) and their anatomical location
was obtained.

Diffusion tensor imaging in MSA

DTI was employed to detect WM changes. We used FSL 5.0.9
(available from https:/fsl.fmrib.ox.ac.uk/) for pre-processing
and for performing tract-based spatial statistics (TBSS). The
pre-processing steps included conversion to NIFTI format,
manual quality assessment to check for missing slices, visual
assessment to identify intensity artifacts, and brain extraction
using FSL’s ‘BET’ [24]. Eddy current and motion correction
was performed using FSL’s ‘eddycorrect’ tool that employs an
affine transformation between the baseline b = 0 image and
the gradient images. Based on the rotation parameter in the
affine transformation, the gradients were rotated using ‘fdt
rotate_bvecs’ to match the transformed images. To reduce the
Rician noise in the DWI images, a joint linear minimum mean
square error ((JLMMSE) filter with default estimation and fil-
tering radius was employed [25]. The diffusion tensor images
were then reconstructed using least square approximations
and manually checked to ensure that the tensors aligned with
the underlying anatomy and no gradient flip were required.
Finally, the scalar images of fractional anisotropy (FA) and
mean diffusivity (MD) were obtained from the tensors.

Tract-based spatial statistics on diffusion MRI images

To analyse the changes in the WM in MSA, we performed
TBSS on the FA and MD images derived from the diffusion
MRI images. For TBSS, non-linear registration and alignment
into one target image were performed. We chose one of the
healthy controls with median brain volume as our target im-
age. This target image was then affine-aligned into 1 x 1 x 1
mm MNI space. Using this transform, the FA images were
aligned to the target FA image in MNI space to create a group
mean FA image. The mean FA image was then used to obtain
the WM skeleton, which represents the central path of all WM
tracts and is common to the groups under consideration. A
threshold of 0.2 was set to define set of voxels for binary
skeleton mask and a distance map was formed to estimate
FA over the skeleton mask. Once a 4-D FA skeletonized im-
age was formed, voxel-wise statistics were performed with the
null hypothesis of no significant differences between the two
groups. A significance threshold of p = 0.05 was considered
after performing non-parametric permutations testing with
5000 permutations to correct for multiple comparisons. For
MD images, the wrap from non-linear registration of FA im-
ages was used to get MD images of all subjects aligned into
one space. These MD images were merged into a 4-D MD
image and then projected into mean FA skeleton image to get
a 4-D skeletonized MD image. The voxel-wise cross-subject
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statistics were performed on the raw t-stats image while using
randomized 5000 permutations for multiple comparisons
correction.

Clinical and neuroimaging correlations

Correlations were performed using the GM volume of atro-
phic areas (derived from VBM analysis), the mean FA, and
MD values of statistically significant areas (derived from DTI-
TBSS) with clinical scores such as scores of UMSARS-2,
UMSARS-4, and duration of disease to assess the clinical
correlates of neuro-anatomical correlates. The correlations
were assessed at an FWE (family-wise error)-corrected thresh-
old of p < 0.05, and only the significant ones were reported.

Results
Clinical

This study included 30 patients (13 women: 17 men) with
probable MSA and 25 age- and gender-matched healthy
controls. Based on the clinical symptoms and consensus
by the investigating neurologists, 9 subjects were classified
as MSA-P and 20 subjects were classified as MSA-C.
One patient had mixed cerebellar and parkinsonian symp-
toms and was excluded from the analysis since a consen-
sus could not be achieved. Furthermore, three MRI (one
MSA-P and two MSA-C) were excluded due to move-
ment artifacts. A total of 26 subjects and 25 control
MRIs were included in the final analysis. The mean age
at onset of symptom was 51.8 +5.9 years and the mean
duration of disease was 1.6 +0.9 years. The mean
UMSARS part 2 score of the overall cohort was 16.0
+8.2 and median UMSARS part 4 score was 2 (range
1-3). No significant difference was obtained in the clinical
parameters among MSA subtypes (Tables 1 and 2).

Voxel-based morphometry in MSA
MSA vs. controls

In the overall cohort, clusters of GM loss were detected in the
inferior semilunar lobule of the left cerebellum, left
subcallosal gyrus, declive and the uvula of the right cerebel-
lum (p<0.05, FWE-corrected). In MSA-C, GM loss was pres-
ent in the declive and pyramid of the right cerebellum, and
bilateral uvula (p<0.05, FWE-corrected. See Fig. 1). There
was no significance in the MSA-P subjects compared to HCs.

MSA-C vs. MSA-P

There was no significant difference in the GM loss among the
subtypes of MSA.

Correlation of clinical parameters and GM loss

No significant correlations were obtained when comparing the
GM loss in the overall MSA cohort and in each subtype with
duration of disease, UMSARS part 2, and UMSARS part 4
scores.

DTI-TBSS in MSA

MSA vs. controls The FA values were significantly reduced
in the bilateral cerebellar WM, medial lemniscus, MCP,
pontine fibres, midbrain, superior cerebellar peduncle
(SCP), cerebral peduncles, the anterior and posterior limb
of the internal capsule (IC), the superior longitudinal fas-
ciculus (SLF), corpus callosum (CC), and fronto-occipital
WM. (p < 0.05, few-corrected, Fig. 2). The MD values of
bilateral cerebellar WM, middle cerebellar peduncle
(MCP), pontine fibres, SCP, cerebral peduncles, posterior
limb of th IC, inferior longitudinal fasciculus (ILF), SLF,
inferior fronto-occipital fasciculus (IFOF), uncinate fascic-
ulus, anterior limb of the IC, anterior thalamic radiation,
CC, and frontal and occipital WM were significantly

Table 1 Demographic and

clinical score in patients with Demographic variable MSA MSA-C MSA-P Control p value

multiple system atrophy and (n=30) (n =20) n=9) (n=25)

controls
Age (mean +SD) 54.4 +£5.86 557454 53.8 +6.0 55.0 +6.8 0.74
Gender (M/F) 1.3:1 1:1 1.5:1 2.5:1 0.23
Mean AAO (years) 51.8+5.9 51+6.4 533447 - 0.33
Duration of disease (years) 1.6 £0.9 1.7 +£0.8 1.5+1.0 - 0.56
UMSARS part 2 score 16 £8.2 16.9 £9.6 16.8+7.7 - 0.92
UMSARS part 4 score 2 (1-3) 2 (1-3) 2 (1-3) - 1.0

AAOQO: age at onset, MSA: multiple system atrophy, MSA-C: multiple system atrophy-cerebellar phenotype,
MSA-P: multiple system atrophy- parkinsonian phenotype, SD: standard deviation, UMSARS: Unified

Multiple System Atrophy Rating Scale
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Table 2 Areas of significant grey

matter loss (p < 0.05, FWE- X Y V4 Peak pvalue  Brain area Grey matter area
corrected) in MSA using voxel- equivalent
based morphometry
Grey matter atrophy in MSA compared to healthy controls
-21.59 7245 3673  4.82 0.003 Left cerebellum Inferior semi-lunar lobule
—28.55 8.33 —11.63 4.72 0.003 Left cerebrum Subcallosal gyrus
31 -65.65 -21.69 4.6 0.003 Right cerebellum  Declive
24.07 —-69.68 2354 4.6l 0.003 Right cerebellum  Uvula
Grey matter atrophy in MSA-C compared to healthy controls
-20.32 —69.18 2694 528 0.0001 Left cerebellum Uvula
6.05 —70.72  -26.64  4.66 0.0002 Right cerebellum  Pyramid
—6.48 —58.6 -20.3 4.87 0.0002 Left cerebellum Fastigium
—6.57 —68.9 -15.87  4.72 0.0002 Left cerebellum Declive

MSA: multiple system atrophy, MSA-C: multiple system atrophy-cerebellar phenotype, MSA-P: multiple system
atrophy-parkinsonian phenotype, FWE: family-wise error. Comparison of MSA-P versus controls and MSA-C
versus MSA-P did not provide significant grey matter loss

increased (p < 0.05, FWE-corrected, Fig. 2). Reverse con-
trast did not show any significant difference.

MSA-C vs. controls Significantly reduced FA values were
noted in the MCP, ICP, corticospinal tract (CST), ante-
rior and posterior limbs of the IC, body of CC, and
cingulum in patients with MSA-C (p < 0.05, FWE-
corrected). Increase in MD values was observed in the
MCP, pontine crossing tract, CC, medial lemniscus, co-
rona radiata, external capsule in MSA-C (p < 0.05,
FWE-corrected).

Fig. 1 GM volume loss in MSA
(p < 0.05, FWE-corrected): (a)
MSA versus controls showing
loss of grey matter volume in the
inferior semilunar lobule of the
left cerebellum, left subcallosal
gyrus, declive, and the uvula of
the right cerebellum; (b) MSA-C
versus controls (p < 0.05, FWE-
corrected) showing grey matter
loss in the right declive and pyra-
mid of right cerebellum, and bi-
lateral uvula of cerebellum. No
significant areas of grey matter
loss were obtained between
MSA-P versus controls and
MSA-P versus MSA-C
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MSA-P vs. controls Significantly reduced FA values were ob-
tained in the anterior thalamic radiation, CST, and SLF in
MSA-P (p < 0.05, FWE-corrected). Higher MD values were
detected in the superior corona radiata and posterior limb of
the IC (p < 0.05, FWE-corrected).

MSA-C vs. MSA-P On comparison with MSA-P, patients
with MSA-C had reduced FA of the bilateral cerebellar
WM, MCP, pontine fibres, SCP, midbrain, cerebral pe-
duncles, the anterior and posterior limbs of the IC, left
IFOF, uncinate fasciculus, left SLF, and frontal WM (p
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Fig. 2 WM diffusion changes in MSA (p < 0.05, FWE-corrected). (a)
MSA versus controls. Decreased FA in bilateral cerebellar WM, medial
lemniscus, middle cerebellar peduncle, pontine fibres, midbrain, superior
cerebellar peduncle, cerebral peduncles, anterior and posterior limb of
internal capsule, superior longitudinal fasciculus, corpus callosum and
fronto-occipital WM. Increased MD in bilateral cerebellar WM, middle
cerebellar peduncle, pontine fibres, superior cerebellar peduncle, cerebral
peduncles, posterior limb of the internal capsule, inferior longitudinal
fasciculus, superior longitudinal fasciculus, inferior fronto-occipital fas-
ciculus, uncinate fasciculus, anterior limb of internal capsule, anterior
thalamic radiation, corpus callosum, and frontal and occipital WM.
Reverse contrast did not show any significant difference. (b) MSA-C
versus controls. Reduced FA values were noted in middle cerebellar pe-
duncle, inferior cerebellar peduncle, corticospinal tract, anterior and pos-
terior limbs of the internal capsule, corpus callosum, and cingulum.

< 0.05, FWE-corrected). MD was increased in the bilat-
eral cerebellar WM, MCP, pontine fibres, and SCP in
MSA-C (p < 0.05, FWE-corrected). There was no sig-
nificant difference in FA and MD values of any tracts in
MSA-P compared to MSA-C (see Fig. 2).

Correlation of clinical parameters and DTl changes No sig-
nificant correlations (after correction for multiple com-
parisons) were obtained when comparing the FA and
MD changes in the overall MSA cohort and in the sub-
types with duration of disease, UMSARS part 2, and
UMSARS part 4 score.

Increased MD values were noted in the middle cerebellar peduncle, pon-
tine crossing tract, corpus callosum, medial lemniscus, corona radiata,
and external capsule. (¢) MSA-P versus controls. Reduced FA values
were noted in the anterior thalamic radiation, corticospinal tract and su-
perior longitudinal fasciculus. Increase in MD values were detected in the
superior corona radiata and internal capsule. (d) MSA-C versus MSA-P.
Decreased FA was noted in the bilateral cerebellar WM, middle cerebellar
peduncle, pontine fibres, superior cerebellar peduncle, midbrain, cerebral
peduncles, anterior and posterior limbs of the internal capsule, inferior
fronto-occipital fasciculus, uncinate fasciculus, superior longitudinal fas-
ciculus and frontal WM in MSA-C. MD was increased in the bilateral
cerebellar WM, middle cerebellar peduncle, pontine fibres, and superior
cerebellar peduncle in MSA-C. There was no significant difference in FA
and MD values of any tracts in MSA-P compared to MSA-C

Discussion

This study performed multimodal analysis to identify the early
structural changes in MSA. Our results demonstrate wide-
spread WM involvement in comparison to GM loss in early
MSA. On comparing the subtypes of MSA, MSA-C was de-
tected to have more GM and WM involvement in comparison
to MSA-P. No significant clinic-radiological correlations were
obtained in this study.

Previous studies have reported GM volume loss in both
supratentorial and infratentorial regions such as the cerebel-
lum, pons, basal ganglia, thalamus, parts of the limbic system,
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and fronto-temporal cortices in their cohorts. However, these
cohorts have evaluated subjects with more advanced disease
having longer mean duration of disease [7-21]. This study, in
contrast, evaluated subjects with early MSA and identified
cerebellar GM to be involved early in the disease process
without the involvement of any other regions. In a study by
Oishi et al. [13] on patients with pre-diagnostic and early
MSA-C, GM changes were absent. A cursory analysis sug-
gests that GM changes are a late feature in MSA.

In contrast to the GM changes, we demonstrate that WM
changes are more confluent and involve both the
supratentorial and infratentorial WM projections, commissur-
al and association fibres, even in early MSA. Such widespread
WM involvement is also reported in studies with longer dura-
tion of disease [7-21]. WM changes in early MSA-C was
reported by Oishi et al. [13]. They demonstrated FA changes
in the infratentorial structures such as the ventral pons, MCP,
and ICP in MSA with progressive worsening of FA values in
the advanced disease. However, being a region of interest
(ROI) analysis, they did not report any supratentorial changes.
No other advanced structural imaging studies have been per-
formed in early MSA-P. However, a qualitative assessment of
clinical MRI images in pre-diagnostic MSA-P by Mestre et al.
revealed involvement of the putamen, cerebellum, MCP, and
pons [26]. The structural changes obtained in this study en-
dorse earlier findings and also establish original evidence sug-
gesting widespread WM microstructural deficits in compari-
son to the limited GM atrophy in early MSA. Recent studies
have hypothesized MSA to be an oligodendroglial
synucleinopathy with "prion-like" propagation of misfolded
a-synuclein from neurons to oligodendroglia and cell to cell
[27] and therefore more likely to affect the WM more severely
than GM. The widespread WM changes in early MSA com-
pared to GM loss obtained in this study supports this
hypothesis.

In this study, the comparison of early structural changes in
MSA-C and MSA-P revealed GM volume loss and WM in-
volvement to be more in MSA-C. When compared to controls,
MSA-P had WM involvement of association tracts without
any infratentorial involvement. On the other hand, patients
with MSA-C demonstrated widespread WM changes both in
supratentorial and infratentorial regions on comparison to con-
trols. Comparison of MSA-C and MSA-P demonstrated struc-
tural changes in MSA-C to involve the WM of the cerebellum,
hindbrain structures, and few association tracts. Our findings
are supported by clinical neuroimaging studies which have
demonstrated MSA-C to have more brain abnormalities, such
as cerebellar and pontine involvement, compared to MSA-P
[28]. However, in contrast, studies have not observed signifi-
cant DTI changes (in FA and MD values) to differentiate sub-
types of MSA [15, 19, 21]. The comparative structural chang-
es in MSA subtypes, despite a similar duration of disease and
age at onset, probably suggest a difference in the rate of
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disease progression between MSA-C and MSA-P, at least in
the early stages of the disease. However, previous studies have
reported the natural history of MSA-C and MSA-P to be sim-
ilar and therefore our observation must be interpreted with
caution, especially since the sample size of MSA-P in our
cohort was low [22, 23].

Interestingly, no significant correlations were observed be-
tween structural changes and clinical parameters such as duration
of disease and scores of UMSARS part 2 and part 4 in MSA and
its subgroups. Previous ROI-based DTTI studies have consistently
reported the clinical severity scores to be associated with WM
changes of the cerebellum, MCP, and corticospinal tracts [29,
30]. In contrast, the correlation of clinical scores and GM atrophy
were variable in different studies [8—13]. The absence of associ-
ation between the clinical and neuroimaging changes may be
related to the lesser severity and shorter duration of symptoms
in our cohort of patients.

This study has a few strengths and limitations. Being a
relatively uncommon disease, the sample size in previous
studies was limited and consisted of patients with varying
durations of illness. In this study, we recruited a larger, overall
cohort size of subjects with early MSA. The median cohort
size in the previous studies was 15.5 patients which further
decreased to 14 subjects in MSA-C and 12.5 subjects in MSA-
P when the subtypes were examined separately. The largest
sample size of MSA-C was 32 subjects and MSA-P was 16
[31-38], (Supplementary Table 1). Despite being comparable,
the sample size of subtypes of MSA, specifically MSA-P, in
this study was small. Hence, the results are to be interpreted
with caution. To get a better understanding of the changes in
early MSA, we have recruited and evaluated a comparatively
larger number of patients with shorter duration of disease. By
utilizing VBM and DTI-TBSS concurrently in the same co-
hort of subjects, we have provided information on the extent
and distribution of GM and WM changes and their differential
involvement in early MSA.

Although we have met the principal objective that we set
during the conceptualization of this study, some possible
drawbacks should be taken into account. Consequent to the
absence of large studies on the natural history of MSA from
the Indian subcontinent, early MSA was defined based on the
median survival data from the natural history of MSA studies
from European and American cohorts despite the differences
in the demographic profile of patients in our cohort. In addi-
tion, there is also a need to validate our findings in larger
cohorts.

In summary, this study demonstrates the early structural
changes in MSA and its subtypes. Our results show that
WM involvement is comparatively more than GM loss in
early MSA and involves the projection, association, and com-
missural fibre tracts. Among the subtypes of MSA, MSA-C
seems to have more florid WM and GM changes compared to
MSA-P, probably suggesting a faster progression of the
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disease. However, larger studies on patients with different
stages of MSA are required to confirm these findings.
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