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Multiple system atrophy (MSA) is an adult-onset, sporadic neurodegenerative disease.
Because the prognosis of MSA is fatal, neuroprotective or regenerative strategies may
be invaluable in MSA treatment. Previously, we obtained clinical and imaging evidence
that mesenchymal stem cell (MSC) treatment could have a neuroprotective role in MSA
patients. In the present study, we evaluated the effects of MSC therapy on longitudinal
changes in subcortical deep gray matter volumes and cortical thickness and their association
with cognitive performance. Clinical and imaging data were obtained from our previous
randomized trial of autologous MSC in MSA patients. During 1-year follow-up, we assessed
longitudinal differences in automatic segmentation-based subcortical deep gray matter
volumes and vertex-wise cortical thickness between placebo (n = 15) and MSC groups
(n = 11). Next, we performed correlation analysis between the changes in cortical thickness
and changes in the Korean version of the Montreal Cognitive Assessment (MoCA) scores
and cognitive performance of each cognitive subdomain using a multiple, comparison
correction. There were no signiﬁcant differences in age at baseline, age at disease onset,
gender ratio, disease duration, clinical severity, MoCA score, or education level between
the groups. The automated subcortical volumetric analysis revealed that the changes in
subcortical deep gray matter volumes of the caudate, putamen, and thalamus did not
differ signiﬁcantly between the groups. The areas of cortical thinning over time in the
placebo group were more extensive, including the frontal, temporal, and parietal areas,
whereas these areas in the MSC group were less extensive. Correlation analysis indicated
that declines in MoCA scores and phonemic ﬂuency during the follow-up period were
signiﬁcantly correlated with cortical thinning of the frontal and posterior temporal areas and
anterior temporal areas in MSA patients, respectively. In contrast, no signiﬁcant correlations
were observed in the MSC group. These results suggest that MSC treatment in patients
with MSA may modulate cortical thinning over time and related cognitive performance,
inferring a future therapeutic candidate for cognitive disorders.
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INTRODUCTION
Multiple system atrophy (MSA) is a sporadic neurodegenerative
disease characterized by α-synuclein-positive glial cytoplasmic
inclusions (GCIs) with widespread neuronal loss in the basal
ganglia, brainstem, cerebellum, and spinal cord. Clinically, the
cardinal features of MSA include autonomic dysfunction, parkinsonism, cerebellar ataxia, and pyramidal signs in any combination, with autonomic dysfunction being an integral component
(Stefanova et al., 2009). In addition, accumulating evidence suggests that along with cortical pathology involving frontal and
temporal areas, cognitive function is more widely impaired in
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MSA than initially expected (Kawai et al., 2008; Chang et al.,
2009).
Although the precise etiology and pathomechanisms of MSA
remain unknown, several mediators including neuroinﬂammation, oxidative insult, mitochondrial dysfunction, and alterations
in the blood–brain barrier have been suggested to play important roles in progression of MSA pathology (Shults et al., 2005;
Stefanova et al., 2005; Ubhi et al., 2009; Song et al., 2011b). Many
clinical trials focusing on modulation of MSA pathogenesis have
been conducted to achieve neuroprotective properties; however,
the results have been discouraging (Ubhi et al., 2011). In a
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randomized, double-blind, controlled trial of autologous mesenchymal stem cells (MSC), we obtained clinical and imaging
evidence that MSC treatment could have a neuroprotective role in
MSA patients (Lee et al., 2012b). In the present study, we evaluated
the effects of MSC therapy on longitudinal changes in subcortical
deep gray matter volumes and cortical thickness and their association with cognitive performance to elucidate whether MSC could
modulate pathological processes in the cerebral cortex of MSA
patients.

MATERIALS AND METHODS
SUBJECTS

Clinical and imaging data were obtained from our randomized trial of autologous MSC that was reported previously
(Lee et al., 2012b). Brieﬂy, patients with probable MSAcerebellar type (Gilman et al., 1999) and baseline Uniﬁed Multiple System Atrophy Rating Scale (UMSARS, scores ranging from 0 to 106, with higher scores indicating greater
neurological deﬁcits) (Wenning et al., 2004) scores of 30–50
were enrolled in this study. Because functional deterioration
in MSA is known to be more rapid in early stages than
in advanced stages of the disease (Geser et al., 2006), we
recruited MSA patients with mild-to-moderate stages of the
disease with the expectation that early intervention would be
more appropriate to achieve clinical efﬁcacy. The subjects
were randomly assigned to the MSC group receiving MSC
(4 × 107 /injection) via intra-arterial and intravenous routes
or placebo group. The detailed neuropsychological test and
brain magnetic resonance imaging (MRI) were performed at
baseline and at 12 months after ﬁrst intra-arterial administration of MSC. All patients provided written informed consent. The trial was registered at ClinicalTrials.gov (ClinicalTrials.gov number NCT00911365), and the study protocol
and consent form were approved by the Institutional Review
Board for Human Investigation of Yonsei University Severance
Hospital.
IMAGE ACQUISITION

All MRI scans of patients were acquired using a Philips 3.0T
scanner (Philips Intera, Philips Medical System, Best, The Netherlands) with a SENSE head coil (SENSE factor = 2). Head motion
was minimized with restraining foam pads provided by the manufacturer. A high-resolution, T1-weighted MRI volume dataset
was obtained using 3-dimensional T1-TFE sequence conﬁgured
with the following acquisition parameters: axial acquisition with a
224 × 256 matrix; 256 × 256 reconstructed matrix with 182 slices;
220 mm ﬁeld of view; 0.98 mm × 0.98 mm × 1.2 mm voxels; echo
time 4.6 msec; repetition time 9.6 msec; ﬂip angle 8◦ ; slice gap
0 mm.
CORTICAL THICKNESS ANALYSIS

Native MR images were registered into a standardized, stereotactic space using linear transformation (Collins et al., 1994). The
N3 algorithm was used to correct images for intensity-based nonuniformities, resulting from inhomogeneity in the magnetic ﬁeld
(Sled et al., 1998). The non-brain tissues were removed from registered and corrected volumes (Smith, 2002) and then classiﬁed into
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white matter, gray matter, cerebrospinal ﬂuid (CSF), and background using the Intensity-Normalized Stereotactic Environment
for Classiﬁcation of Tissues algorithm (Zijdenbos et al., 1996).
The surfaces of the inner and outer cortices which consisted of
40,962 vertices were automatically extracted using the Constrained
Laplacian-based Automated Segmentation with Proximities algorithm and inversely transformed to native space (MacDonald et al.,
2000; Kim et al., 2005). In inner surface, a low-resolution, polyhedral surface deformed to ﬁt the gray matter and white matter
boundary and resampled to contain 81,920 polygons. Then, the
outer cortical surface is expanded from inner surface using a Laplacian map deﬁned between white matter and cerebrospinal ﬂuid.
The each vertex of inner and outer surfaces had the correspondence. Thus, the cortical thickness was deﬁned as the Euclidean
distance between linked vertices of the inner and outer native surfaces, because Lerch and Evans (2005) considered this method
of cortical thickness measurement to be the simplest and most
precise of several methods. The cortical thickness information
was smoothed with 20 mm full-width half-maximum Gaussian
smoothing kernel to increase the signal-to-noise ratio (Lerch and
Evans, 2005; Im et al., 2006) and aligned to unbiased iterative
surface template using vertex-wise, sphere-to-sphere, non-linear
surface registration (Robbins et al., 2004; Lyttelton et al., 2007).
SEGMENTATION AND VOLUMETRIC ANALYSIS FOR SUBCORTICAL
STRUCTURE

Volume of subcortical structures was analyzed by using FMRIB’s
Softward Library-FMRIB’s Integrated Registration and Segmentation Tool (FIRST, version 5.0). The method is the automated, model-based tool, which is optimized for registration and segmentation of deep subcortical structures including
caudate, putamen, pallidum, and thalamus (Patenaude et al.,
2011). The T1-weighted MR inputs are registered to Montreal Neurological Institute 152 standard space with 12 DOF
(degree of freedom) afﬁne transformation. Second, based on
shape sample using another 12 DOF registration with application of subcortical mask, each structure was segmented.
Then, boundary correction was performed with FSL’s FAST
tool, which re-classiﬁes boundary voxels to each subcortical
structure in accordance with their intensity. Finally, summary
of segmented volumes of bilateral caudate, pallidum and thalamus was acquired using routine FSL command: FSLstats
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Fslutils).
NEUROPSYCHOLOGICAL TESTS

To evaluate the changes in general cognition for follow-up
period, the Korean version of the Montreal Cognitive Assessment (MoCA) was introduced in both groups of MSA patients.
In addition, we used the Seoul Neuropsychological Screening
Battery (SNSB) to determine the cognitive performance in both
groups of patients (Kang and Na, 2003; Song et al., 2011a).
The SNSB covers attention, language, praxis, visuoconstructive function, verbal and visual memory, and frontal/executive
function. For these, the quantiﬁable tests comprised the digit
span (forward and backward), Korean version of the Boston
Naming Test, Rey Complex Figure Test (copying, immediate and 20-min delayed recall, and recognition), Seoul Verbal
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Learning Test (three learning-free recall trials of 12 words, 20min delayed recall trial for these 12 items, and a recognition
test), phonemic and semantic Controlled Oral Word Association Test, go-no-go test and contrasting program, and Stroop
Test (word and color reading of 112 items during a 2-min
period).
STATISTICAL ANALYSIS

To assess longitudinal differences of cortical thickness in each
group, we performed a random ﬁeld theory using Surfstat package (http://www.math.mcgill.ca/keith/surfstat). In each MSC and
placebo group, a longitudinal difference was tested by a general
linear model at vertex-wise cortical thickness with controlling for
gender and age at baseline characteristics. Multiple comparisons
were taken into account for the vertex-wise test using a false discovery rate (FDR; Genovese et al., 2002) correction at a 0.05 level
of signiﬁcance. Next, the correlations of longitudinal changes of
cortical thickness and cognitive performance were explored using
a multiple, linear regression model in each group. We constructed
the regression model accounting with gender and age as independent variables. Initially, we obtained the longitudinal changes
of cortical thickness and cognitive scores over 12 months. Then,
the multiple, linear regressions between the differences of cortical
thickness and cognitive scores were performed in entire vertices
and p value of 0.05 was assigned to correlation map using an FDR
correction. To compare demographic data and changes in subcortical gray matter volumes between groups, the Fisher’s exact
test and Mann–Whitney U test were used for categorical and
continuous variables, respectively. The changes of mean cortical thickness in each group were assessed using Wilcoxon signed
rank test. Additionally, Spearman’s correlation analysis was used
to evaluate the relationship between the changes in subcortical gray matter volumes and cognitive performance. Statistical
analyses were performed using commercially available software
(SPSS, version 18.0), and a two-tailed p < 0.05 was considered
signiﬁcant.

Characteristics

Placebo

MSC

p value

No. of subjects

15

11

Age (year)

55.8 ± 6.3

56.7 ± 8.9

0.77

Sex (female, %)

5 ± 33.3

5 ± 45.5

0.69

Disease duration (months)

33.0 ± 16.7

41.0 ± 13.5

0.25

Total UMSARS score

38.6 ± 6.3

39.2 ± 8.9

0.84

MMSE

27.3 ± 2.5

27.1 ± 2.3

0.88

MoCA

24.1 ± 3.9

24.7 ± 2.9

0.66

Education duration (year)

11.8 ± 4.7

11.7 ± 5.2

0.98

Cortical thickness (mm)

3.20 ± 0.09

3.13 ± 0.12

0.21

Data are mean ± SD. MSC, mesenchymal stem cells; UMSARS, Uniﬁed Multiple
System Atrophy Rating Scale; MMSE, Mini-Mental Status Examination; MoCA,
Montreal Cognitive Assessment.

Table 2 | Changes in subcortical deep gray matter volumes between
the placebo and MSC groups.
Placebo (mm3 )

MSC (mm3 )

p value

Left caudate nucleus

169.87 ± 357.07

175.2 ± 194.7

0.88

Right caudate nucleus

132.32 ± 216.76

117.96 ± 85.17

0.94

Left putamen

378.31 ± 216.43

359.57 ± 227.03

0.99

Right putamen

378.20 ± 210.94

430.04 ± 272.34

0.87

Left pallidum

77.28 ± 105.65

127.31 ± 114.61

0.28

Right pallidum

123.93 ± 151.04

120.90 ± 54.06

0.70

Left thalamus

404.35 ± 237.57

364.51 ± 106.99

0.64

Right thalamus

322.58 ± 241.15

362.63 ± 124.63

0.59

Data are mean ± SD. MSC, mesenchymal stem cells.

show a signiﬁcant correlation with the changes of MoCA
score or cognitive performance of speciﬁc subdomains in both
groups.

RESULTS
DEMOGRAPHIC CHARACTERISTICS

Baseline and follow-up brain MRI data were available for 11
patients in the MSC group and 15 patients in the placebo group.
The demographic characteristics are shown in Table 1. There were
no signiﬁcant differences in age at baseline, age at disease onset,
gender ratio, disease duration, UMSARS score, Mini-Mental Status Examination (MMSE) score, MoCA score, or education level
between the groups.
CHANGES IN SUBCORTICAL DEEP GRAY MATTER VOLUMES AND
RELATED COGNITIVE PERFORMANCE

The changes in subcortical deep gray matter volumes assessed
by a computerized segmentation procedure are shown in
Table 2. The volumes of deep gray matter including the
caudate, putamen, pallidum, and thalamus were decreased
at day 360 relative to baseline in both groups; however,
the changes subcortical volumes did not differ signiﬁcantly
between the placebo and MSC groups. In a correlation analysis, the changes in subcortical gray matter volumes did not

Frontiers in Aging Neuroscience

Table 1 | Baseline characteristics of the study subjects.

CHANGES IN CORTICAL THICKNESS AND RELATED COGNITIVE
PERFORMANCE

The baseline mean cortical thickness in the placebo and MSC
groups was 3.20 ± 0.09 and 3.13 ± 0.12 mm, respectively. The
change of mean cortical thickness during the follow-up period
was 0.097 mm in the placebo group (p = 0.005) and 0.069 mm in
the MSC group (p = 0.012). In comparison to changes in cortical
thickness during the follow-up period, the areas of cortical thinning in the placebo group at day 360 compared with the baseline
were more extensive, including the frontal, temporal, and parietal areas, whereas cortical thinning in the MSC group during the
follow-up period was less extensive and localized mainly to the
frontal area (Figure 1).
Both baseline and follow-up neuropsychological data were
available for 10 patients in the MSC group and 15 patients in
the placebo group, and the changes in cognitive performance of
speciﬁc subdomains in each group were reported previously (Lee
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et al., 2012b). Brieﬂy, the placebo group exhibited a signiﬁcantly
worsening performance in general cognition, forward digit span,
naming, visuospatial function, visual and verbal memory, and
frontal executive function, whereas the MSC group showed no signiﬁcant deterioration of cognitive performance, except in Stroop
color score. In a correlation analysis of longitudinal changes in
cortical thinning and general cognition, the placebo group had
signiﬁcant clusters in which the changes in MoCA scores were
signiﬁcantly and positively correlated with the changes in cortical thickness in the left prefrontal and superior temporal areas
(Figure 2). In contrast, the MSC group showed no signiﬁcant
correlations between longitudinal changes in MoCA score and
cortical thickness. In analyzing the correlations of changes in cortical thickness and each cognitive subdomain performance, only
the change in phonemic ﬂuency was signiﬁcantly and positively
correlated with cortical thinning in the left anterior temporal
area in the placebo group. In contrast, the MSC group had no
signiﬁcant clusters in which changes in cortical thickness were signiﬁcantly correlated with change in cognitive subdomain scores
(Figure 3).

DISCUSSION
The present study demonstrated that cortical thinning over time,
as a primary disease process, is closely associated with cognitive
decline in patients with MSA over time. Furthermore, MSC treatment in patients with MSA may modulate longitudinal changes in
cortical thickness and its related decline in cognitive performance,
suggesting that MSC may have a future therapeutic potential for
primary cognitive disorders.
Although dementia is one of the exclusion criteria for the
diagnosis of MSA (Gilman et al., 1999), there is evidence that a
large portion of MSA patients exhibit a wider range of cognitive
dysfunctions than bas been considered (Burk et al., 2006; Kawai
et al., 2008; Chang et al., 2009; Brown et al., 2010). With regard to
the anatomical substrate of cognitive dysfunction, pathological
changes in the striatum and cerebellum can inﬂuence cognitive performance in MSA because the cerebellum as well as the
striatum contributes to cognitive tasks of frontal executive and language functions and visuospatial performance (Burk et al., 2006;
Kawai et al., 2008). In addition, recent pathological and imaging
studies have demonstrated widespread cortical involvement in

FIGURE 1 | Longitudinal changes in cortical thickness in both groups. The areas of cortical thinning in the placebo group during the follow-up period were
more extensive, including the frontal, temporal, and parietal areas, whereas cortical thinning over time in the mesenchymal stem cell (MSC) group was less
extensive.

FIGURE 2 | Correlation analysis of longitudinal changes in cortical
thinning and general cognition. In patients with multiple system
atrophy (MSA) receiving placebo, declines in MoCA scores and during the
follow-up period were signiﬁcantly correlated with cortical thinning of the
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frontal and posterior temporal areas. However, the mesenchymal stem
cell (MSC) group had no signiﬁcant clusters in which the changes in
MoCA scores were signiﬁcantly correlated with the changes in cortical
thickness.
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FIGURE 3 | Correlation analysis of longitudinal changes in cortical thinning and cognitive subdomain scores. Decrease in phonemic ﬂuency was
signiﬁcantly correlated with cortical thinning in the left anterior temporal area in the placebo group; however, no signiﬁcant correlations were observed in the
mesenchymal stem cell (MSC) group.

MSA pathology, which may function as a key contributor to cognitive dysfunctions in MSA. Papp and Lantos (1994) reported
selective GCI pathology in the primary sensorimotor, supplementary motor, and anterior cingulate cortices in MSA patients.
Konagaya et al. (1999) reported a mildly demented MSA patient
with prominent frontal atrophy and pronounced GCI distribution in the motor area of the frontal lobe and the parietal lobe. In a
voxel-based morphometric study, Brenneis et al. (2006) reported
reduced gray matter density in the orbitofrontal, dorsolateral,
and medial frontal, parietal, and insular areas, and Lyoo et al.
(2008) showed that frontal hypometabolism occurred in the early
stages of MSA-cerebellar type. These data suggest that cortical
pathology may act as a key contributor to cognitive dysfunction
in MSA.
In the present study, we demonstrated longitudinal changes in
cortical thickness and its correlation with cognitive performance.
In patients with MSA receiving placebo treatment, the areas of
cortical thinning during a 1-year follow-up period were extensively widespread throughout the whole cortical area, maximally
involving the frontal and temporal areas. These areas show good
accordance with the decline in cognitive subdomains of attention, memory, visuospatial function, and executive function in
MSA patients receiving placebo. Interestingly, changes in general
cognition during follow-up assessed by MoCA were signiﬁcantly
correlated with cortical thinning of the frontal and posterior
temporal areas in MSA patients. Furthermore, in analyzing the
correlation of changes in speciﬁc cognitive subdomains and cortical thinning, decline in phonemic ﬂuency during the follow-up
period was signiﬁcantly correlated with cortical thinning of the
anterior temporal area in MSA patients. On the other hand, the
changes in subcortical gray matter volumes did not show a signiﬁcant correlation with the changes of general cognition or cognitive
performance of speciﬁc subdomains. Therefore, the present data
suggest that cortical thinning in MSA would be associated with
the primary disease process rather than secondary changes due
to degeneration of cerebello-cortical projections or striatal deafferentation, and cortical thinning in these areas are responsible for
decline in cognitive performance.
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As shown in a previous study indicating that MSC treatment led to signiﬁcant attenuation of the decrease in cerebral
glucose metabolism and gray matter density over time (Lee
et al., 2012b), the present study demonstrated that MSC treatment markedly curtailed areas of cortical thinning over time
relative to placebo treatment, thus providing another imaging
evidence for the neuroprotective effects of MSC with higher statistical power. In addition, in contrast to the placebo group,
longitudinal changes in cortical thickness did not show signiﬁcant correlations with changes in general cognitive performance
or speciﬁc subdomain performance in MSA patients receiving MSC treatment. On the other hand, longitudinal changes
in subcortical deep gray matter volumes did not differ signiﬁcantly between the placebo and MSC groups. According
to our randomized trial, MSC seemed to have neuroprotective effects in patients with MSA-cerebellar type, thus leading to a change in the natural clinical course. Similarly, we
postulate that MSC treatment may inﬂuence or modulate natural progression of cortical MSA pathology, which may lead
to less profound cortical thinning and less decline in cognitive performance over time. As a result, a signiﬁcant correlation between over-time cortical thinning and cognitive decline
is no more evident in MSA patients receiving MSC treatment.
Several studies demonstrated that MSCs can modulate neuroprotective properties in animal models of Alzheimer’s disease
(AD). Kim et al. (2012) reported that transplantation of human
MSCs in AD transgenic mice enhanced Aβ clearance through augmentation of neprilysin expression in microglia. Recently, Lee
et al. (2012a) described that a chemoattractive factor secreted
from MSCs may play a critical role in recruitment of alternative microglia into the AD brain and neprilysin derived from the
alternative microglia may lead to a reduction in Aβ deposition and
memory impairment in AD mice. Furthermore, we very recently
demonstrated the modulatory effect of MSCs on autophagy, a vital
pathway for degradation of abnormal and aggregated proteins in
AD models, showing that MSC treatment signiﬁcantly enhanced
autophagolysosome formation and clearance of Aβ in Aβ-treated
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cellular and AD transgenic mice with an increased neuronal survival against Aβ toxicity (Shin et al., 2014). Taken together, it
can be inferred that the present data may extend clinical application of MSC in primary dementia, such as AD; however, a large
amount of cumulative evidence is required to perform a clinical
trial.
Some limitations of the present study must to be considered. First, the sample size of the present study was too small
to draw a solid conclusion. Second, we recruited patients with
MSA-cerebellar type only, because like Japanese MSA patients,
MSA-cerebellar type seems to be more prevalent in Korean patients
relative to MSA-cerebellar type (Watanabe et al., 2002; Seo et al.,
2010). Therefore, our ﬁndings may not apply to patients with
MSA-Parkinsonian type, and a further study is required to validate our ﬁndings. Finally, the present study did not contain
the pathological data, and thus, our results could not provide
direct evidence that MSC may modulate cortical MSA pathologies
and related cognitive performance. Accordingly, our data should
be interpreted with caution until pathological data would be
available.
In summary, the present data demonstrated that cortical thinning over time, as a primary disease process, is responsible for
cognitive decline in patients with MSA over time, and MSC treatment may modulate longitudinal changes in cortical thickness and
cognitive performance, suggesting future therapeutic potential for
primary dementias.

ACKNOWLEDGMENTS
This study was supported by a grant of the Korea Healthcare Technology R&D Project, Ministry for Health, Welfare and Family
Affairs, Republic of Korea (A121942).
REFERENCES
Brenneis, C., Boesch, S. M., Egger, K. E., Seppi, K., Scherﬂer, C., Schocke,
M., et al. (2006). Cortical atrophy in the cerebellar variant of multiple system
atrophy: a voxel-based morphometry study. Mov. Disord. 21, 159–165. doi:
10.1002/mds.20656
Brown, R. G., Lacomblez, L., Landwehrmeyer, B. G., Bak, T., Uttner, I., Dubois,
B., et al. (2010). Cognitive impairment in patients with multiple system atrophy
and progressive supranuclear palsy. Brain 133, 2382–2393. doi: 10.1093/brain/
awq158
Burk, K., Daum, I., and Rub, U. (2006). Cognitive function in multiple system
atrophy of the cerebellar type. Mov. Disord. 21, 772–776. doi: 10.1002/mds.
20802
Chang, C. C., Chang, Y. Y., Chang, W. N., Lee, Y. C., Wang, Y. L., Lui, C. C.,
et al. (2009). Cognitive deﬁcits in multiple system atrophy correlate with frontal
atrophy and disease duration. Eur. J. Neurol. 16, 1144–1150. doi: 10.1111/j.14681331.2009.02661.x
Collins, D. L., Neelin, P., Peters, T. M., and Evans, A. C. (1994). Automatic 3D
intersubject registration of MR volumetric data in standardized Talairach space.
J. Comput. Assist. Tomogr. 18, 192–205. doi: 10.1097/00004728-19940300000005
Genovese, C. R., Lazar, N. A., and Nichols, T. (2002). Thresholding of statistical
maps in functional neuroimaging using the false discovery rate. Neuroimage 15,
870–878. doi: 10.1006/nimg.2001.1037
Geser, F., Wenning, G. K., Seppi, K., Stampfer-Kountchev, M., Scherﬂer, C., Sawires, M., et al. (2006). Progression of multiple system atrophy (MSA): a prospective natural history study by the European MSA
Study Group (EMSA SG). Mov. Disord. 21, 179–186. doi: 10.1002/mds.
20678

Frontiers in Aging Neuroscience

Gilman, S., Low, P. A., Quinn, N., Albanese, A., Ben-Shlomo, Y., Fowler,
C. J., et al. (1999). Consensus statement on the diagnosis of multiple system atrophy. J. Neurol. Sci. 163, 94–98. doi: 10.1016/S0022-510X(98)
00304-9
Im, K., Lee, J. M., Lee, J., Shin, Y. W., Kim, I. Y., Kwon, J. S., et al. (2006). Gender
difference analysis of cortical thickness in healthy young adults with surface-based
methods. Neuroimage 31, 31–38. doi: 10.1016/j.neuroimage.2005.11.042
Kang, Y., and Na, D. (2003). Seoul Neuropsychological Screening Battery. Incheon:
Human Brain Research & Consulting Co..
Kawai, Y., Suenaga, M., Takeda, A., Ito, M., Watanabe, H., Tanaka, F., et al. (2008).
Cognitive impairments in multiple system atrophy: MSA-C vs MSA-P. Neurology
70, 1390–1396. doi: 10.1212/01.wnl.0000310413.04462.6a
Kim, J. S., Singh, V., Lee, J. K., Lerch, J., Ad-Dab’bagh, Y., MacDonald, D., et al.
(2005). Automated 3-D extraction and evaluation of the inner and outer cortical surfaces using a Laplacian map and partial volume effect classiﬁcation.
Neuroimage 27, 210–221. doi: 10.1016/j.neuroimage.2005.03.036
Kim, J. Y., Kim, D. H., Kim, J. H., Lee, D., Jeon, H. B., Kwon, S. J., et al. (2012).
Soluble intracellular adhesion molecule-1 secreted by human umbilical cord
blood-derived mesenchymal stem cell reduces amyloid-beta plaques. Cell Death
Differ. 19, 680–691. doi: 10.1038/cdd.2011.140
Konagaya, M., Sakai, M., Matsuoka, Y., Konagaya, Y., and Hashizume, Y. (1999).
Multiple system atrophy with remarkable frontal lobe atrophy. Acta Neuropathol.
97, 423–428. doi: 10.1007/s004010051008
Lee, J. K., Schuchman, E. H., Jin, H. K., and Bae, J. S. (2012a). Soluble CCL5
derived from bone marrow-derived mesenchymal stem cells and activated by
amyloid beta ameliorates Alzheimer’s disease in mice by recruiting bone marrowinduced microglia immune responses. Stem Cells 30, 1544–1555. doi: 10.1002/
stem.1125
Lee, P. H., Lee, J. E., Kim, H. S., Song, S. K., Lee, H. S., Nam, H. S., et al. (2012b).
A randomized trial of mesenchymal stem cells in multiple system atrophy. Ann.
Neurol. 72, 32–40. doi: 10.1002/ana.23612
Lerch, J. P., and Evans, A. C. (2005). Cortical thickness analysis examined through
power analysis and a population simulation. Neuroimage 24, 163–173. doi:
10.1016/j.neuroimage.2004.07.045
Lyoo, C. H., Jeong, Y., Ryu, Y. H., Lee, S. Y., Song, T. J., Lee, J. H., et al. (2008).
Effects of disease duration on the clinical features and brain glucose metabolism
in patients with mixed type multiple system atrophy. Brain 131, 438–446. doi:
10.1093/brain/awm328
Lyttelton, O., Boucher, M., Robbins, S., and Evans, A. (2007). An unbiased iterative
group registration template for cortical surface analysis. Neuroimage 34, 1535–
1544. doi: 10.1016/j.neuroimage.2006.10.041
MacDonald, D., Kabani, N., Avis, D., and Evans, A. C. (2000). Automated 3-D
extraction of inner and outer surfaces of cerebral cortex from MRI. Neuroimage
12, 340–356. doi: 10.1006/nimg.1999.0534
Papp, M. I., and Lantos, P. L. (1994). The distribution of oligodendroglial inclusions
in multiple system atrophy and its relevance to clinical symptomatology. Brain
117 (Pt 2), 235–243. doi: 10.1093/brain/117.2.235
Patenaude B., Smith S. M., Kennedy D. N., and Jenkinson M. (2011). A Bayesian
model of shape and appearance for subcortical brain segmentation. Neuroimage
56, 907–922. doi: 10.1016/j.neuroimage.2011.02.046
Robbins, S., Evans, A. C., Collins, D. L., and Whitesides, S. (2004). Tuning and
comparing spatial normalization methods. Med. Image Anal. 8, 311–323. doi:
10.1016/j.media.2004.06.009
Seo, J. H., Yong, S. W., Song, S. K., Lee, J. E., Sohn, Y. H., and Lee, P. H. (2010).
A case-control study of multiple system atrophy in Korean patients. Mov. Disord.
25, 1953–1959. doi: 10.1002/mds23185
Shin, J. Y., Park, H. J., Kim, H. N., Oh, S. H., Bae, J. S., Ha, H. J., et al. (2014).
Mesenchymal stem cells enhance autophagy and increase beta-amyloid clearance in Alzheimer disease models. Autophagy 10, 32–44. doi: 10.4161/auto.
26508
Shults, C. W., Rockenstein, E., Crews, L., Adame, A., Mante, M., Larrea, G.,
et al. (2005). Neurological and neurodegenerative alterations in a transgenic
mouse model expressing human alpha-synuclein under oligodendrocyte promoter: implications for multiple system atrophy. J. Neurosci. 25, 10689–10699.
doi: 10.1523/jneurosci.3527-05.2005
Sled, J. G., Zijdenbos, A. P., and Evans, A. C. (1998). A nonparametric method for
automatic correction of intensity nonuniformity in MRI data. IEEE Trans. Med.
Imaging 17, 87–97. doi: 10.1109/42.668698

www.frontiersin.org

June 2014 | Volume 6 | Article 118 | 6

Sunwoo et al.

Effect of MSCs on cortical thickness and cognition in MSA

Smith, S. M. (2002). Fast robust automated brain extraction. Hum. Brain Mapp. 17,
143–155. doi: 10.1002/hbm.10062
Song, S. K., Lee, J. E., Park, H. J., Sohn, Y. H., Lee, J. D., and Lee, P. H. (2011a).
The pattern of cortical atrophy in patients with Parkinson’s disease according to
cognitive status. Mov. Disord. 26, 289–296. doi: 10.1002/mds.23477
Song, S. K., Lee, S. K., Lee, J. J., Lee, J. E., Choi, H. S., Sohn, Y. H., et al. (2011b).
Blood–brain barrier impairment is functionally correlated with clinical severity
in patients of multiple system atrophy. Neurobiol. Aging 32, 2183–2189. doi:
10.1016/j.neurobiolaging.2009.12.017
Stefanova, N., Bucke, P., Duerr, S., and Wenning, G. K. (2009). Multiple
system atrophy: an update. Lancet Neurol. 8, 1172–1178. doi: 10.1016/s14744422(09)70288-1
Stefanova, N., Reindl, M., Neumann, M., Haass, C., Poewe, W., Kahle, P. J., et al.
(2005). Oxidative stress in transgenic mice with oligodendroglial alpha-synuclein
overexpression replicates the characteristic neuropathology of multiple system
atrophy. Am. J. Pathol. 166, 869–876. doi: 10.1016/S0002-9440(10)62307-3
Ubhi, K., Lee, P. H., Adame, A., Inglis, C., Mante, M., Rockenstein, E., et al. (2009).
Mitochondrial inhibitor 3-nitroproprionic acid enhances oxidative modiﬁcation
of alpha-synuclein in a transgenic mouse model of multiple system atrophy.
J. Neurosci. Res. 87, 2728–2739. doi: 10.1002/jnr.22089
Ubhi, K., Low, P., and Masliah, E. (2011). Multiple system atrophy: a clinical and neuropathological perspective. Trends Neurosci. 34, 581–590. doi:
10.1016/j.tins.2011.08.003
Watanabe, H., Saito, Y., Terao, S., Ando, T., Kachi, T., Mukai, E., et al. (2002).
Progression and prognosis in multiple system atrophy: an analysis of 230 Japanese
patients. Brain 125, 1070–1083. doi: 10.1093/brain/awf117

Frontiers in Aging Neuroscience

Wenning, G. K., Tison, F., Seppi, K., Sampaio, C., Diem, A., Yekhlef, F., et al.
(2004). Development and validation of the Uniﬁed Multiple System Atrophy Rating Scale (UMSARS). Mov. Disord. 19, 1391–1402. doi: 10.1002/mds.
20255
Zijdenbos, A., Evans, A., Riahi, F., Sled, J., Chui, J., and Kollokian, V.
(1996). Automatic quantiﬁcation of multiple sclerosis lesion volume using
stereotaxic space. Vis. Biomed. Comput. 1131, 439–448. doi: 10.1007/BFb00
46984
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 03 April 2014; accepted: 26 May 2014; published online: 13 June 2014.
Citation: Sunwoo MK, Yun HJ, Song SK, Ham JH, Hong JY, Lee JE, Lee HS, Sohn YH,
Lee J-M and Lee PH (2014) Mesenchymal stem cells can modulate longitudinal changes
in cortical thickness and its related cognitive decline in patients with multiple system
atrophy. Front. Aging Neurosci. 6:118. doi: 10.3389/fnagi.2014.00118
This article was submitted to the journal Frontiers in Aging Neuroscience.
Copyright © 2014 Sunwoo, Yun, Song, Ham, Hong, Lee, Lee, Sohn, Lee and Lee.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

www.frontiersin.org

June 2014 | Volume 6 | Article 118 | 7

