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Abstract

The clinical differential diagnosis between the Parkinson variant of multiple system
atrophy (MSA-P) and Parkinson’s disease (PD) is difficult in early stages. To iden-
tify objective markers for differential diagnosis, we combined the novel tract-based
spatial statistics (TBSS) and region of interest (ROIl) analyses for the first time to
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investigate three groups (15 MSA-P, 20 PD patients and 20 controls) with diffusion
tensor imaging data. By TBSS, we performed pairwise comparisons of fractional an-
isotropy (FA), mean diffusivity, radial diffusivity (RD) and axial diffusivity maps. The
clusters with significant differences between MSA-P and PD were used as ROlIs for
further analyses. FA/RD values in bilateral corticospinal tract (CST) and left anterior
thalamic radiation (ATR) in MSA-P were significantly different from PD or controls,
and significantly correlated with clinical data. These findings indicated that the ab-
normalities of left ATR and bilateral CST were specific for MSA-P relative to PD or
controls, and seemed to be promising for differential diagnosis. Furthermore, it may
be useful for severity assessment of MSA-P.

Keywords: diffusion tensor imaging, multiple system atrophy, Parkinson's disease,

region of interest, tract-based spatial statistic

Abbreviations:
ADC  apparent diffusion coefficients

ATR anterior thalamic radiation

CST corticospinal tract

DTI diffusion tensor image

DWI diffusion weighted image

FA fractional anisotropy

IFOF  inferior fronto-occipital fasciculus

MCP  middle cerebellar peduncle
MD mean diffusivity
MSA  multiple system atrophy

PD Parkinson's disease
ROI region of interest
SLF superior longitudinal fasciculus

TBSS  tract-based spatial statistic analysis
UPDRS Unified Parkinson’s Disease Rating Scale

Introduction

Multiple system atrophy (MSA) is a neurodegenerative disease that
can be divided into two clinical subtypes according to whether MSA
has predominant cerebellar symptoms (MSA-C) or predominant par-
kinsonian symptoms (MSA-P) (Gilman et al., 2008). MSA-P has similar
symptoms and signs to Parkinson’s disease (PD), especially in the early
stages. Early differentiation between MSA-P and PD has important
prognostic and therapeutic implications. During the past decade, sev-
eral tools have been developed to address this issue. In conventional
magnetic resonance imaging (MRI), the typical radiographic changes
such as “slit-like” marginal hyperintensity of the putamen and "hot-
cross bun” sign in pontine images, usually appear at the advanced
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stage of this disease. Thus, many researchers have recently focused
on other non-invasive technologies, such as diffusion weighted im-
age (DWI) and diffusion tensor image (DTI).

Studies comparing DWI changes found higher apparent diffusion
coefficients (ADC) or lower fractional anisotropy (FA) values in re-
gions associated with clinical symptoms, such as pons, cerebellum,
middle cerebellar peduncle (MCP) and putamen in MSA-P than in PD
or controls (Schocke et al., 2004; Nicoletti et al., 2006; Ito et al., 2007;
Kollensperger et al., 2007). In theory, DTI can provide more precise
details on tissue microstructure than DWI (Mori and Barker, 1999).
DTl exploits the random diffusion motion of water molecules in vivo
(Moseley, 2002), and reveals important information about the status
of neuronal fiber tracts that is not evident on conventional MRI. Sev-
eral measures can be extracted from DTl analyses, including FA, mean
diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD). FA is
considered a valid measure of white matter structural integrity, sensi-
tive to anomalies in axonal density, diameter, myelination and coher-
ence of directional alignment of fibers within white matter tracts (Pier-
paoli and Basser, 1996; Le Bihan et al., 2001), while MD represents a
directionally independent measure of the average diffusivity that re-
flects the degree of myelination, interstitial space and axonal den-
sity (Norris, 2001). AD measures diffusion parallel to the white matter
tracts. RD appears to reflect diffusion perpendicular to white matter
tracts. It is recommended to use multiple diffusion tensor measures to
better characterize the tissue microstructure (Alexander et al., 2007).

Previous DTI studies have used conventional MRI to set region of
interest (ROI) in intracranial structures that are vulnerable in MSA or
PD and related to the clinical symptoms, then obtained quantitative
data for further analyses. They have demonstrated significant reduc-
tion of FA values in MCP, pontine and cerebellar white matter, and
putamen in MSA-P compared with PD (Ito et al., 2007; Nilsson et al.,
2007; Nair et al., 2013).

The novel tract-based spatial statistics (TBSS) method which com-
bines the strength of both voxel-based and tractography-based
analyses has received more attention recently (Smith et al., 2006). It
does not require smoothing and allows for higher spatial compara-
bility. Furthermore, it is available for the alignment and registration
of major fiber bundles between different subjects, so as to achieve
more accurate group comparisons. This approach is appropriate for
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DTI group analyses focusing on deep white matter fiber tracts (Smith
et al., 2004; Woolrich et al., 2009). In recent studies, TBSS has been
shown to improve sensitivity for detecting white matter diffusion
changes, even with relatively small sample size (n<30) (Focke et al.,
2008; Yeh et al., 2009).

However, TBSS has rarely been performed in patients with MSA.
One study reported significantly different ADC values in the vicinity
of the putamen between PD and MSA-P patients via TBSS algorithm
(Cnyrim et al., 1997). Hence, it is hypothesized that the combined use
of TBSS and ROI is more accurate for characterizing differences be-
tween MSA-P and PD.

After detecting specific micro-structural white matter alterations
using the TBSS method, we performed a more detailed investigation
of the alteration using the ROl method. Correlation between diffusion
indices and clinical data was tested by ROl methods.

Experimental Procedures
Subjects

DTI scans were initially acquired from 18 patients with MSA-P. How-
ever, two patients were excluded due to large motion artifacts, and
one patient was discarded because of the presence of infarction.
Therefore, a total of 15 MSA-P patients (13 out of 15 patients fulfilled
the criteria for ‘probable MSA" and two were classified as ‘possible
MSA) (Gilman et al., 2008), 20 age- and sex-matched patients with
PD (Hughes et al., 1992) and 20 age- and sex-matched healthy volun-
teers were included in the final analyses (see Table 1). All these sub-
jects were selected randomly by our experienced movement disorder
specialist. Patients with MSA-P and PD were assessed using the motor
part of Unified Parkinson’s Disease Rating Scale (UPDRS), Hoehn-Yahr
(H-Y) scale. Patients with MSA-P were also assessed by Unified Mul-
tiple System Atrophy Rating Scale (UMSARS), as it was conducive to
classification. The study was approved by our regional research eth-
ics committee. Written informed consent was obtained from all par-
ticipants. All cases were recruited from Nanjing Brain Hospital, from
January 2011 to August 2013.
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MRI protocol

DTl was performed on a 3-Tesla Siemens Verio scanner with an
8-channel radio frequency coil, using a single-shot spin-echo diffu-
sion-weighted echo-planar pulse sequence at 3-mm section thick-
ness with no gap (TR/TE=8800/88 ms; acquisition matrix =128 x 128).
Thirty diffusion-weighted volumes with gradient encoding applied in
30 non collinear directions and b=1000 s/mm?were used to image
the entire brain with a 23-cm square field of view (resolution =1.8 mm
x 1.8 mm x 3 mm). T1 and T2 weighted images were also obtained
with no diffusion gradient (b=0 s/mm?), as the latter is conducive to
further exclusion of other organic diseases such as tumors, infarction
and hydrocephalus.

Image analysis

Images were processed and analyzed using the FSL (FMRIB Software
Library, FMRIB, Oxford, UK) software package (Smith et al., 2004;
Woolrich et al., 2009; Jenkinson et al., 2012). First, the FDT (FMRIB's
Diffusion Toolbox) “eddy_correct” function was used to reduce dis-
tortion and the effect of head movement. After that, a brain mask
was created from the first b®image using the BET (Brain Extraction
Tool) (the fractional intensity threshold is 0.2). Finally, we computed
the diffusion maps using the FDT tool “dtifit” to fit the tensor model
at each voxel.

Voxelwise analysis was conducted using the FSL tool “TBSS". Data
were projected on a common pseudoanatomical skeleton, therefore
smoothing could be avoided, and we could carry out the voxelwise
statistics without matching every voxel in different subjects. All sub-
jects’ FA data were first aligned to the FMRIB58_FA standard-space im-
age using the nonlinear registration tool. Next, the TBSS script created
the mean FA image, and skeletonized it using a protocol that searches
and labels the skeleton voxels with maximum FA intensity along the
perpendicular direction (breadth) of a white matter tract. To make sure
that gray matter, ventricle and cerebrospinal fluid were not included,
a threshold of 0.2 was set. Finally, the registered FA images were pro-
jected onto the skeleton before running the voxelwise cross-subject
stats. The MD, RD and AD images were performed in the same way
as described above without the initial registrations.
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Statistical analysis

Statistical analyses were performed with SPSS for Windows, 13.0 (SPSS
Inc., Chicago, IL, USA). The significance level was set at P<0.05. We
first demonstrated the normality distribution of the clinical parame-
ters by the Kolmogorov-Smirnov test. The age was normally distrib-
uted. Then, a one-way analysis of variance (ANOVA) followed by post
hoc Bonferroni correction was performed for comparison of age at ex-
amination. Differences in sex distribution among MSA-P, PD and con-
trols were evaluated with a chi-square test. To assess the differences
in disease duration, H-Y scale and UPDRS motor scores between pa-
tient groups, the Mann-Whitney U-test was employed.

To determine the diffusion skeleton voxels that were significantly
different between the MSA-P and PD groups, between the PD and
control groups, and between the MSA-P and control groups, we es-
timated two contrasts by the FSL tool “General Linear Model (GLM)".
The purpose of the two contrasts is to test whether the means of two
groups differ. Significance of contrast1 indicates that mean (group
1)>mean (group 2), or the first group’s mean is larger than the second.
Similarly, significance of contrast 2 indicates mean (group 1)<mean
(group 2). Age was entered into the analysis as a covariate to ensure
that any observed differences of diffusion indices between groups
were independent of age. Next, a non-parametric group model us-
ing “randomize” in FSL (Nichols and Holmes, 2002) was performed
with 5000 permutations. The option threshold-free cluster enhance-
ment (TFCE) (Smith and Nichols, 2009)—not having to define a clus-
ter-forming threshold or perform smoothing—was applied for multi-
ple comparisons correction. The results were viewed and overlaid onto
the standard brain using Fslview at a family wise error (FWE) corrected
threshold of P<0.05. The voxels in the significant clusters were local-
ized by the “JHU ICBM-DTI-81 White Matter Labels Atlas” and "JHU
White-Matter Tractography Atlas” (Mori et al.,, 2008). The clusters were
also shown in Montreal Neurological Institute (MNI) coordinates (mm).

For further quantitative analysis, circular ROIs, 4 mm in diameter
for each, were selected at clusters showing significant FA or RD differ-
ence between MSA-P and PD. The regional mean values of the diffu-
sion indices were calculated from normalized images. The ROIs were
also applied in normalized images of controls, which were used as a
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reference. We then used non-parametric (Kruskal-Wallis) analysis of
variance to test for differences among three groups, followed by the
Mann-Whitney U test for pairwise comparison. A Bonferroni correc-
tion was applied for the number of comparisons (n=3: [MSA-P vs PD,
MSA-P vs controls, PD vs controls], setting the level of significance at
P<0.05/3=0.016).

In the MSA-P and PD patient groups separately and combined,
Spearman’s rank-order correlation analyses were used to test the cor-
relations between regional FA/RD changes and clinical data by ROI
analysis.

Results
Group characteristics

Table 1 shows demographic and clinical data of MSA-P patients, PD
patients and controls. There were no significant differences in age and
sex among the three groups. H-Y scale and UPDRS motor score did
not show any differences between patient groups. However, a small
but statistically significant difference in disease duration between the
patient groups was found.

Table 1. Demographic and behavioral characteristics of the included participants

Characteristics MSA-P PD Control pP*
(n=15) (n=20) (n=20)

Age at DTI, mean (SD) 59.87 (7.20) 64.20 (7.37)  59.95(4.88) 0.124

Gender (male: female) 9:6 11:9 10:10  0.840

Disease duration at DTI, median (range) 2 (1-5) 5(1-8) NA  0.048

H-Y, median (range) 2 (1-3) 2 (1-4) NA  0.090

UPDRS motor score, median (range) 28 (10-40) 32 (11-44) NA  0.356

(off medication)

HY: Hoehn and Yahr scale; UPDRS: Unified Parkinson Disease Rating Scale; NA: not applica-
ble; SD: standard deviation.
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White matter difference assessed by using TBSS and ROI

Significantly decreased FA values in MSA-P compared with PD groups
were noted in the bilateral corticospinal tract (CST) and left anterior
thalamic radiation (ATR). No increased FA values were found. Higher
RD values were found in the bilateral CST and left ATR in MSA-P pa-
tients compared with PD. In addition, some clusters representing ATR
and CST appeared in the region of MCP (Table 2 and Fig. 1).

Based on the TBSS results, regional mean values of diffusion indi-
ces from these clusters in Table 2 were calculated. FA values in the bi-
lateral CST and left ATR were significantly lower in patients with MSA-
P than PD (P<0.001; P=0.008) or normal controls (P<0.001; P=0.001)
(Table 3). The bilateral CST and left ATR also showed higher MD val-
ues in patients with MSA-P compared with PD (P<0.001; P<0.001) or
normal controls (P<0.001; P<0.001) (Table 3).

Table 2. Clusters showing significant difference of diffusion indices in pairwise comparison

White matter location MNI coordinates (mm)
Voxels X y z  Difference P*
MSA-P vs PD
FA
Corticospinal tract L 224 -10 -32 -29 P>M 0.014
Corticospinal tract R 139 12 —24 -33 P>M 0.018
Anterior thalamic radiation L (MCP) 29 -9 —45 -32 P>M 0.020
RD
Corticospinal tract L 180 -13 -32 =37 M>p 0.044
Corticospinal tract R 165 18 -52 -30 M>Pp 0.048
Anterior thalamic radiation L (MCP) 346 -9 -44 -33 M>P 0.044
MSA-P vs controls
FA
Corticospinal tract L 315 -7 =27 -34 «>M 0.008
Superior longitudinal fasciculus R 68 50 -1 18 c>M 0.010
Anterior thalamic radiation R 65 9 —-45 -32 c>M 0.010
MD
Superior longitudinal fasciculus R (external capsule) 4531 33 -9 7 M>c 0.008
Anterior thalamic radiation L 394 -14 -52 =27 M>c 0.014
Corticospinal tract L 141 -18 -36 -36 M>c 0.016
AD
Superior longitudinal fasciculus R 436 37 -32 31 M>c 0.044
Anterior thalamic radiation L 394 -14 =52 =27 M>c 0.014
Corticospinal tract R 940 26 -10 19 M>c 0.022
PD vs controls
FA
Body of corpus callosum 3190 9 16 21 c>P 0.044

FA: fractional anisotropy; MD: mean diffusivity; RD: radial diffusivity; AD: axial diffusivity; L: left; R: right; P: PD; M: MSA-P; P*: FWE-corrected.
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Fig. 1. TBSS results showing significant difference in FA/RD values between MSA-P
and PD (P<0.05) corresponding to Table 2. Results are superimposed on fiber skel-
eton (green) and overlaid on the FMRIB FA 1 mm template. FA: fractional anisot-
ropy; RD: radial diffusivity; L: left; R: right; P: PD; M: MSA-P.

Table 3. Comparison of regional mean diffusion indices in patients and controls

MSA-P PD CN P value
MSA-P MSA-P PD vs
vs PD vs CN CN
FA
Left CST ~ 0.388 (0.200-0.508)  0.517 (0.215-0.614)  0.515 (0.423-0.628) <0.001 <0.001 NS
Right CST 0.365 (0.239-0.530)  0.514 (0.186-0.668)  0.484 (0.376-0.559) <0.001 <0.001 NS
Left ATR  0.433 (0.217-0.564)  0.553 (0.487-0.428)  0.553 (0.454-0.810) 0.008 0.001 NS
RD
Left CST ~ 0.683 (0.471-1.224)  0.446 (0.372-0.603)  0.447 (0.083-0.449) <0.001 <0.001 NS
Right CST 0.610 (0.479-0.870)  0.478 (0.422-0.545)  0.445 (0.395-0.524) <0.001 <0.001 NS
Left ATR 0921 (0.548-1.786)  0.565 (0.413-1.127)  0.534 (0.310-0.670) <0.001 <0.001 NS

FA values, RD values (=10 mm?/s) are reported as median value (range).
CN: control subjects; NS: no significance.
Statistical significance (P<0.016).
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Fig. 2. TBSS results showing significant changes between MSA-P and controls (the
upper three rows), between PD and controls (the last row) (P<0.05) corresponding
to Table 2. Results are superimposed on fiber skeleton (green) and overlaid on the
FMRIB FA 1T mm template. FA: fractional anisotropy; MD: mean diffusivity; AD: axial
diffusivity; L: left; R: right; P: PD; M: MSA-P; ¢, controls.

Table 2 and Fig. 2 summarize the voxel-wise comparison between
MSA-P and controls using TBSS “randomize” method. FA values were
significantly lower in the bilateral CST, right ATR and right SLF of pa-
tients with MSA-P compared with controls. No increased FA values
were found. For MD, the values were increased in the left CST and
ATR, right SLF, almost the same white matter tracts as those in which
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FA values were decreased. For AD, the values were increased in the
left ATR, right SLF and CST (all P<0.05).

Table 2 and Fig. 2 also show the voxel-wise comparison between
PD and controls by TBSS. Significant decreased FA values in the body
of corpus callosum were identified in PD patients. No increased FA
values were found. For MD, RD or AD, no regions with significant dif-
ferences were found.

Correlations with clinical data by ROI

Based on the extracted regional mean values from ROls, the correla-
tions were analyzed in the MSA-P and PD patient groups separately
and combined. In the separate MSA-P group, there was a signifi-
cant correlation between disease duration and FA values in the left
CST (r=-0.534, P=0.008) as well as left ATR (r=—0.618, P=0.003), be-
tween UPDRS motor score and FA values in the right CST (r=-0.573,
P=0.016) as well as RD values in the left ATR (r=—0.692, P=0.005), and
between H-Y scale and RD values in the left ATR (r=0.616, P=0.020). In
the MSA-P and PD patient groups combined, FA values in the left ATR
(r=-0.520, P=0.004) and RD values in the right CST (r=0.633, P=0.010)
correlated significantly with H-Y scale. FA or RD values did not corre-
late with any clinical data in the PD group alone.

Discussion

Our research yielded several major findings. First, comparison of MSA-
P with PD by TBSS revealed diffusion differences in CST and ATR. A
further detailed investigation of these alterations by ROl analysis in
the three groups showed that, FA/RD values in bilateral CST and left
ATR were significantly reduced in MSA-P than PD or controls. Second,
comparison of MSA-P with controls by TBSS showed diffusion abnor-
malities over a wide area of cerebral white matter. Third, correlation
analysis by ROI revealed a significant correlation between clinical data
and FA/RD values in left ATR as well as bilateral CST.

Previous studies have mostly concentrated on FA or ADC values
from DWI to distinguish MSA from PD. They reported higher ADC or
lower FA values in basal ganglia or olivopontocerebellar system in pa-
tients with MSA-P (Tsukamoto et al., 2012). In our present study, due
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to the application of the whole-brain analysis at the first step instead
of the ROI analysis, diffusion abnormalities of some white matter fi-
bers that had never been reported in previous studies were identi-
fied. It may aid in understanding the mechanism of these disorders.
As noted, our whole-brain analysis by TBSS can exclude the possibil-
ity of lesions in other brain structures.

By TBSS, our study demonstrated abnormal FA values in MSA-P. It
contradicts previous studies with TBSS reporting no group difference
of FA values between MSA-P and PD (Cnyrim et al., 1997). The incon-
sistencies may be due to differences in DTl parameters, sample size,
disease severity, age of patients, duration of disease, patient charac-
teristics, or ethnic differences. According to an epidemiological inves-
tigation in Japan, MSA-C was more frequent and MSA-P was less fre-
quent in Japanese populations compared with western populations
(Wenning et al,, 1997; Watanabe et al,, 2002). It was also proposed
that the olivopontocerebellar system could be more severely affected
in Japanese than in western populations (Watanabe et al.,, 2004).

In patients with MSA-P compared to PD or controls, changes in
diffusion showed a significant decrease of FA and increase of RD in
bilateral CST. The deterioration of CST is in agreement with previ-
ous reports using transcranial magnetic stimulation or magnetiza-
tion transfer imaging (Da et al., 2007; Eusebio et al., 2007). Two pos-
sible interpretations may explain this phenomenon. First, FA values
were decreased at multiple levels of the CST including the MCP. Pal-
lor of myelin, gliosis and glial cytoplasmic inclusions in MCP are one
of the primary pathological alterations (Papp et al., 1989; Inoue et al,,
1997). Our findings correspond well with pathologically vulnerable ar-
eas in MSA. Second, axonal loss in the pyramidal tract due to degen-
eration of Betz cells in MSA (Tsuchiya et al., 2000) may also result in
diffusion abnormality.

Diffusion abnormality of the left ATR in MSA-P patients compared
with PD or controls may have several explanations. First, according
to the "JHU ICBM-DTI-81 White Matter Labels Atlas”, the abnormal
tract was located in the region of MCP. Several authors have also re-
ported reduced FA values in this area (Schocke et al., 2002; Shiga et al,,
2005). These studies verify the pathological findings that the major-
ity of MSAP patients have moderate or severe degenerative changes
in the olivopontocerebellar system (Wenning et al., 1997). Second,
this tract connects dorsomedial and anterior thalamic nuclei with the
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prefrontal cortex and it therefore is part of the thalamocortical cir-
cuits. Because the thalamocortical circuits are closely associated with
the extrapyramidal loop, in our study ATR was correlated significantly
with UMSARS motor score. Our findings can be explained from the
pathological point of view, that, unlike PD, the major neurodegener-
ative changes in MSA-P appear outside the substantia nigra. The dis-
rupted thalamocortical connectivity has also been detected in pro-
gressive supranuclear palsy (PSP) patients (Whitwell et al., 2011). It can
be hypothesized that the same involvement in MSA-P and PSP may
cause similar parkinsonian symptoms. In a DWI study of MSA (Pellec-
chia et al,, 2011), a significant increase of Trace (D) was observed at
follow-up in the thalamus and frontal white matter, while the clinical
severity scores were also significantly increased.

The present analysis also exhibited accented degeneration of the
SLF in MSA-P compared with controls. Interestingly, changes of dif-
fusion indices appeared in the region of external capsule adjacent to
putamen. Previous studies also described significant degeneration in
this area in MSA-P patients (Schocke et al., 2004; Seppi et al., 2006).
To our knowledge, SLF is the major cortical association fiber path-
way in the brain. It interconnects frontal, temporal and parietal asso-
ciation areas, emphasizing its centrality in many associative or higher
brain functions such as spatial working memory, attention, and visuo-
spatial and audiospatial processing (Makris et al., 2005). However, the
exact cause of the SLF deficit is still unknown, and further research is
needed (Cnyrim et al., 1997). Moreover, a recent MRI study described
the degeneration of SLF in PSP and MSA-P patients (Whitwell et al.,
2011). These studies suggest that SLF is vulnerable in Parkinson plus
syndrome.

The lateralization of DTI differences was obvious in ATR where lower
FA and higher RD values appeared only in the left side. It is probably
due to the more severe symptoms on the right side in MSA-P patients
(n=10 in the MSA-P group). For RD, it is probably because the differ-
ence was small and around the threshold value, considering that P
values in the left ATR was 0.044. Another probable reason is that our
result exactly reflected laterality of the white matter alteration. Pref-
erably, longitudinal investigations are warranted to elucidate these
aspects. As noted, previous studies have reported isolated, unilateral
and left-side abnormalities in a few brain areas in MSA (Tir et al., 2009;
Mahlknecht et al., 2010).
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Conclusion

The combined use of TBSS and ROI succeeded in revealing white
matter abnormalities in the regional left ATR and bilateral CST, which
was specific for MSA-P relative to PD or controls, and might provide
a neurobiological basis for MSA pathology. In addition, the diffusion
indices of the two tracts changed in accordance with functional dis-
ability, which may be helpful in monitoring disease progression in
MSA-P patients.
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