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Abstract Current consensus diagnostic criteria for mul-
tiple system atrophy (MSA) consider dementia a non-
supporting feature, although cognitive impairment and
even frank dementia are reported in clinical practice.
Mini-Mental State Examination (MMSE) is a commonly
used global cognitive scale, and in a previous study, we
established an MSA-specific screening cut-off score <27
to identify cognitive impairment. Finally, MSA neu-
roimaging findings suggest the presence of structural
alterations in patients with cognitive deficits, although the
extent of the anatomical changes is unclear. The aim of
our multicenter study is to better characterize anatomical
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changes associated with cognitive impairment in MSA
and to further investigate cortical and subcortical struc-
tural differences versus healthy controls (HC). We
examined retrospectively 72 probable MSA patients [50
with normal cognition (MSA-NC) and 22 cognitively
impaired (MSA-CI) based on MMSE <27] and compared
them to 36 HC using gray- and white-matter voxel-based
morphometry and fully automated subcortical segmenta-
tion. Compared to HC, MSA patients showed widespread
cortical (bilateral frontal, occipito-temporal, and parietal
areas), subcortical, and white-matter alterations. How-
ever, MSA-CI showed only focal volume reduction in the
left dorsolateral prefrontal cortex compared with MSA-
NC. These results suggest only a marginal contribution of
cortical pathology to cognitive deficits. We believe that
cognitive dysfunction is driven by focal fronto-striatal
degeneration in line with the concept of “subcortical
cognitive impairment”.

Keywords Multiple system atrophy (MSA) - Cognition -
Mini-Mental State Examination (MMSE) - Dementia -
Neuroimaging - Voxel-based morphometry

Introduction

Multiple system atrophy (MSA) is characterized by pro-
gressive neuronal degeneration and glial cytoplasmic
inclusions in the cerebellum, pontine nuclei, inferior oli-
vary nucleus, striatum, and substantia nigra (Quinn 1989).
MSA patients present with autonomic failure as well as
rapid progressive parkinsonism (MSA-P) and/or cerebellar
ataxia (MSA-C) (Gilman et al. 2008). A few years after
disease onset, the clinical and pathological features of
MSA-C and MSA-P frequently overlap (Antonini et al.
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1998; Ciolli et al. 2014; Colosimo et al. 2001; Wenning
et al. 1995).

In the current diagnostic consensus criteria, the pres-
ence of cognitive dysfunction or dementia is considered a
non-supporting feature (Gilman et al. 2008), but there is
growing evidence that MSA patients often experience
executive dysfunction or multiple cognitive deficits (Asi
et al. 2014; Auzou et al. 2015; Stankovic et al. 2014). In a
large multicenter study, we diagnosed dementia in
approximately 12% of MSA patients based on daily
functioning and a full neuropsychological battery. Based
on this categorization, we also defined a screening
MMSE cut-off score for MSA dementia with high
specificity and sensitivity (96.9 and 84.6%) (Auzou et al.
2015).

Magnetic resonance imaging (MRI) findings suggest
discrete cortical and subcortical abnormalities in MSA with
cognitive deficits (Kim et al. 2015; Lee et al. 2016),
although these studies were single center and collected in a
relatively small number of patients at various stages of
disease.

The objective of this multicenter study is to investigate
anatomical alterations in MSA patients with cognitive
impairment defined as MMSE < 27 cut-off score, and to
further characterize cortical and subcortical structural dif-
ferences versus healthy controls (HC).

Since MRI voxel-based morphometry (VBM) is not
designated for the analysis of subcortical structures, we
used a multimodal approach with fully automated seg-
mentation of gray-matter nuclei.

Methods
Participants and centers

A cohort of 72 probable MSA patients was retrospectively
collected from five international movement disorders cen-
ters; IRCCS San Camillo Hospital Foundation, Venice-
Lido, Italy, n = 34; Clinical Department of Neurology,
Innsbruck Medical University, Innsbruck, Austria, n = 18;
IRCCS Institute of Neurological Sciences of Bologna,
Bologna, Italy, n = 7; Department of Neuroscience,
Imaging and Clinical Sciences, “G. d’Annunzio” Univer-
sity, Pescara, Italy, n = 7; Dysautonomia Center, Depart-
ment of Neurology, New York University School of
Medicine, New York, USA, n = 6. Data were compared
with 36 HC collected at the Parkinson Unit in Venice, and
matched for age and education. MSA and HC participants
were scanned between 2010 and 2015. The study received
ethical approval by the Venice Research Ethics Committee,
Venice, Italy. The research was completed in accordance
with the Helsinki Declaration.
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Clinical assessment

Clinical and MRI data were available for all participants.
Diagnosis of probable MSA was made by expert neurolo-
gists, based on clinical history and neurological examina-
tion according to established criteria (Gilman et al. 2008).
We included individuals without significant cortical or
white-matter vascular lesions of grades 2 and 3 (as seen on
T2-weighted axial and T2-weighted fluid attenuation
inversion recovery), or motion artifacts (Schmidt et al.
2003).

The following clinical characteristics were assessed:
gender, education, age at onset and at examination, disease
duration, and disease severity measured with the motor
section of the Movement Disorder Society Unified
Parkinson Disease Rating Scale (MDS-UPDRS III). Global
cognitive functioning was assessed with the MMSE per-
formed within 4 weeks of MRI (Folstein et al. 1975). Based
on our previous MSA study, the presence of cognitive
impairment was defined as MMSE score <27 (Auzou et al.
2015). We then identified two subgroups according to this
MMSE cut-off score: MSA with normal cognition (MSA-
NC) and MSA cognitively impaired (MSA-CI).

Since our cohort consisted of patients in the moderate to
advanced stages of the disease, which at time of exami-
nation presented with a combination of parkinsonism and
cerebellar features in addition to autonomic dysfunction,
we did not analyze separately MSA-C and MSA-P (An-
tonini et al. 1998; Ciolli et al. 2014; Colosimo et al. 2001;
Wenning et al. 1995). However, individual demographic
and clinical details are reported in the Online Resource 1.

MRI imaging protocols

In 66 patients and 36 HC, brain MRI was acquired on a
1.5T and in 6 on a 3T scanner according to centers’ routine
acquisition protocols (see Online Resource 2 for Tl1-
weighted 3D volumetric parameter details).

Voxel-based morphometry analysis

Structural data were analyzed with FSL-VBM, a VBM
pipeline, carried out with FSL tools (Jenkinson et al. 2012).
First, structural images were brain-extracted using the
Brain Extraction Tool (BET) after image z direction-
cropping at medulla level and volume-of-interest (VOI)
automatically removing hyperintense non-brain fat/muscle
tissue with MRIcron tool (http://www.mricro.com) (Smith
2002). Next, tissue-type segmentation was carried out
using the FSL FAST4 tool.

Both gray and white-matter partial volume images were
aligned to MNI152 standard space using the affine regis-
tration FSL tool FLIRT, followed by non-linear registration
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using FNIRT, which uses a b-spline representation of the
registration warp field. The resulting images were averaged
to create a study-specific template, including a randomly
chosen equally represented subgroup patient subset, to
which the native images were then non-linearly re-regis-
tered. To minimize T1 sequence variability across centers
and between 3T and 1.5T scanner, spatially varying noise
patterns due to field inhomogeneity were corrected using
FSL’s SUSAN noise reduction pipeline, which reduce
noise in an image using non-linear filtering (Smith and
Brady 1997). The registered partial volume image inten-
sities were then modulated to correct for local expansion or
contraction. The modulated segmented images were
smoothed with an isotropic Gaussian kernel with a sigma
of 4 mm. Sample homogeneity, implemented in CAT12
SPM toolbox (http://dbm.neuro.uni-jena.de/cat/), was
checked using covariance matrix to identify potential out-
liers. Partial correlation analysis was run, including age,
gender, and eTIV as nuisance variables. Participants were
excluded if covariance was less than 2 SD below the
sample mean.

In the following statistical non-parametric analysis,
particular attention was paid to the used masks to better
define brainstem structure and avoid gray/white-matter
misassignment due to the partial volume effect. The gray-
matter VBM mean template was binarized using 0.2 frac-
tional intensity value as threshold for gray-matter inclu-
sion. White-matter VBM mask was obtained based on
fractional anisotropy (FA) mean template. Namely, in a
subsample of MSA patients studied in Venice, FA was
calculated with the Freesurfer DT-recon tool, after motion
and eddy-current correction. A study-specific FA template
was created using the FA images from all participants (Abe
et al. 2010). Then, all participants’ FA images were
coregistered to the standard space FA template provided by
FSL (FMRIBS8_1 mm) using an affine 12-parameter
transformation, followed by a non-linear transformation.
The resulting normalized FA images were then smoothed
with an 8 mm isotropic Gaussian kernel, and a mean image
(FA template) was created. Individual participants’ FA
images were then registered to the customized FA template
using the FSL registration tool using Tract-Based Spatial
Statistics (TBSS) preprocessing routine. Mean FA template
was then binarized using 0.3 fractional anisotropy value as
conservative threshold for white-matter inclusion.

Full-automated subcortical volume segmentation

Subcortical brain volumes were calculated from MRI T1-
3D using the software package FreeSurfer (version
6.00b), which is freely available in online at http://surfer.
nmr.mgh.harvard.edu/ and has a specialized tool for
automated parcellation of the neocortical gray-matter and

subcortical volumes (Dale et al. 1999; Fischl et al. 1999).
Mapping between participants and the atlas was per-
formed using a non-rigid registration on the inflated sur-
face. The end-result is the parcellation of the human
cortex into 34 cortical regions of interest in each hemi-
sphere and into 19 subcortical white-matter and deep
gray-matter volumetric structures (Desikan et al. 2006).
Moreover, the new Bayesian-based brainstem segmenta-
tion routine was used to obtain volumes of the superior
cerebellum peduncles, pons, midbrain, and medulla
(Iglesias et al. 2015). For the purpose of the study, only
subcortical volume measures were included as factor in
model analysis. An overall mean left and right hemisphere
index was calculated after pairwise T test to verify the
absence of significant between-hemisphere differences for
each subcortical structure.

Statistical analysis

We used the Chi-square test to assess differences in the
distribution of categorical variables between the whole
MSA sample versus HC as well as between MSA-NC and
MSA-CI. Continuous clinical and demographic variables in
the same groups were compared with Mann—Whitney
U test adjusted with bootstrap (1000 iterations to reduce
false positives).

Voxelwise VBM general linear model (GLM) analysis
was run using FSL’s “randomize” tool to compare MSA
versus HC with the following covariates: age, education,
gender, and intracranial volume calculated as estimated
total intracranial volume (eTIV). Age, education, MDS-
UPDRS 1II, scanning sites, and eTIV were used as
covariates in MSA-CI versus MSA-NC comparisons.
Finally, non-parametric statistics were performed using the
FSL “randomize” tool with 15,000 permutations, correct-
ing for multiple comparisons across space using threshold-
free cluster enhancement (TFCE) option either enabled or
disabled (i.e., voxel-based thresholding without the TFCE
option in randomize is uncorrected for multiple compar-
isons), using previously calculated gray- and white-matter
masks.

To obtain anatomical localization of statistical results of
gray and white matter, the Automated Anatomical Label-
ing template and the Johns Hopkins University white-
matter tractography atlas were used, respectively (Mori
et al. 2005; Rolls et al. 2015).

GLM multivariate analyses were used to compare MSA
versus HC and MSA-CI versus MSA-NC subcortical vol-
umes obtained with full-automated segmentation, taking
into account the same covariates of the previous analysis.
Sidak correction for multiple comparisons was also per-
formed. The statistical analysis was carried out using SPSS
20.0.
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Results

Demographic and clinical details of MSA as a whole
group, as well as HC and MSA subgroups (MSA-NC and
MSA-CI) are shown in Table 1. MSA and HC groups
were matched for each variable, except for MMSE,
which was significantly lower in MSA patients. Com-
pared with the MSA-NC, the MSA-CI patients were
older, had lower education, and showed a trend for older
age at onset.

No participant was excluded from the analysis after the
sample homogeneity check. VBM analysis revealed gray-
matter volume thinning in several regions most prominent
in the cerebellum, and the frontal, the parietal, and the
occipital lobes and partially in the temporal lobe compared
with HC. Moreover, gray-matter reductions were found
bilaterally in the putamen and in the middle cingulate gyri.
In addition, we found that volume increases bilaterally in
the occipital gray matter (namely, anterior lingual gyrus
and calcarine cortex), in right amygdala, periaqueductal
gray (PAG), and in the posterior thalamus, caudate nucleus,
and olfactory cortex (Table 2a; Fig. 1). White-matter vol-
ume thinning was present mainly in the cerebellum bilat-
erally, anterior thalamic radiation, cingulum, and corpus
callosum (Table 2c; Fig. 1).

The MSA-CI versus MSA-NC VBM comparison
showed selective gray-matter thinning only in the left
dorsolateral prefrontal cortex (DLPFC) of MSA-CI
(Table 2b; Fig. 2).

Analysis of subcortical volumes segmentation showed
numerous volume reductions in MSA versus HC, particu-
larly in medulla, pons, superior cerebellar peduncles,
midbrain, middle posterior corpus callosum, cerebellar
white and gray matter, putamen, globus pallidus, nucleus
accumbens, thalamus, and ventral diencephalon (Online
Resource 3). The direct comparison MSA-CI versus MSA-
NC group showed no significant volumetric differences in
subcortical structures.

Discussion

In the present multicenter study, MSA patients showed
widespread thinning in cortical brain regions (bilateral
frontal, occipito-temporal, and parietal areas), white-matter
thinning, and subcortical alterations. Moreover, the pres-
ence of cognitive impairment in MSA was associated with
focal reduction in the left DLPFC volume.

The finding of frontal involvement is in line with other
imaging studies showing MSA cognitive dysfunctions

Table 1 Demographic and clinical characteristics of HC and MSA subgroups

MSA (n = 72) HC (n = 36) MSA-NC (n = 50) MSA-CI (n = 22) MSA vs. MSA-NC vs.
HC MSA-CI
Mean (SD) Mdn Mean (SD) Mdn Mean (SD) Mdn Mean (SD) Mdn P value P value
Age? (years) 63.8 (6.8) 64 61.6 (7.4) 62.0 62.6 (6.6) 62.0 66.4 (6.5) 67.5 *
Education® (years) 11.2 (4.7) 11 12.5 (4.5) 13.0 12.4 (4.5) 12.0 8.4 (4.1) 8.0 wok
Gender® (male/ 29/43 21/15 22/28 7715
female)
Age of onset® 59.0 (7.2) 60 58.0 (7.0) 58.0 613 (7.2) 62.0 *
(years)
Disease 4.6 (3.0) 4 44 (29) 40 5.1@3.3) 4.0
duration® (years)
MMSE?* 26.7 (3.1) 28 29.1 (1.0) 29.0 28.4 (1.1) 28.0 228 (2.7) 23.0 kwE Hokok
MDS-UPDRS III*  41.3 (14.9) 41 39.7 (16.1) 41.0 449 (11.4) 42.0
MSA-C/MSA-P® 25/47 18/32 7715
Center (1/2/3/4/5)°  34/18/6/7/7 36/0/0/0/0 21/14/6/7/2 13/4/0/0/5 ook *
eTIV* 1463.7 1436.8 1439.8 14414 14770 1447.3 14337 1423.6
(160.0) (178.7) (170.7) (131.2)

Centers: 1 = Venice (IT), 2 = Innsbruck (A), 3 = New York (USA), 4 = Bologna (IT), 5 = Chieti (IT)

MSA multiple system atrophy, HC healthy controls, MSA-NC MSA with normal cognition, MSA-CI MSA with cognitive impairment, SD
standard deviation, Mdn median, MMSE Mini-Mental State Examination, MDS-UPDRS [l Movement Disorder Society Unified Parkinson
Disease Rating Scale, ¢TIV estimated total intracranial volume

* P <0.05; ¥ P < 0.01; #** P < 0.001

4 Mann-Whitney U test non-parametric was used for continuous variable between MSA and HC

° Pearson Chi-sdonequared test was used to assess differences in the distribution and percentage of categorical variables among MSA, HC, and

MSA subgroups
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Table 2 Voxel-based morphometry gray- and white-matter difference

GM VBM AAL2 atlas Voxels® Z score P value X (mm) MNI) Y (mm) (MNI) Z (mm) (MNI) Side
(a) MSA < HC Cerebellum VIII 5614 9.5 <0.00001 —22 —54 —46 Left
Cerebellum VIII 9.3 22 —58 —46 Right
Cerebellum IX 7.7 —18 -50 —46 Left
Cerebellum IX 53 18 —46 —46 Right
Cerebellum VIIb 6.4 —14 —76 —46 Left
Cerebellum VIIb 6.5 18 —74 —46 Right
Cerebellum crus II 6.3 -30 —74 —46 Left
Cerebellum crus 11 5.5 30 —78 —42 Right
Cerebellum VI 5.7 -30 —60 —-26 Left
Cerebellum VI 59 26 —60 -30 Right
Cerebellum (vermis) 6.8 0 —62 —-26 Midline
Fusiform 53 -30 —58 -8 Left
Supramarginal 452 6.1 <0.00001 —64 -20 38 Left
Precentral 59 5.2 <0.00001 —26 -20 68 Left
Postcentral 55 5.0 <0.00001 —58 -2 40 Left
Middle cingulate 33 5.5 <0.00001 —14 —42 36 Left
Putamen 40 6.2 <0.00001 —26 2 12 Left
Inferior frontal 20 4.8 <0.00001 —40 10 24 Left
Middle occipital 3 4.6 <0.00001 —-20 -90 -2 Left
Lingual 1 4.6 <0.00001 —16 —82 0 Left
Inferior Occipital 1 4.6 <0.00001 —24 -90 -6 Left
Lingual 28 53 <0.00001 20 —76 -2 Right
Inferior temporal 27 5.4 <0.00001 50 —44 —14 Right
Middle temporal 25 5.0 <0.00001 52 -30 -10 Right
Putamen 112 6.0 <0.00001 28 0 12 Right
Middle cingulate 67 54 <0.00001 16 —34 38 Right
Precentral 63 5.1 <0.00001 56 2 42 Right
Inferior frontal 60 4.8 <0.00001 52 14 26 Right
Superior frontal 17 4.9 <0.00001 32 -8 66 Right
Fusiform 9 4.9 <0.00001 32 —66 —6 Right
Angular 4.7 <0.00001 44 -50 30 Right
MSA > HC Thalamus 8.6 <0.00001 —6 —28 0 Left
Amygdala 10 4.9 <0.00001 20 -2 —14 Right
Thalamus 4081 11.7 <0.00001 6 —24 16 Right
Thalamus 6.9 -8 —18 10 Left
Olfactory 8.3 6 10 —14 Right
Olfactory 52 -8 16 —14 Left
Periaqueductal gray 43 <0.00001 2 -22 —16 Right
Calcarine 1173 6.7 <0.00001 2 —70 10 Right
Calcarine 6.0 -5 =72 10 Left
Lingual 5.9 6 —60 2 Right
Lingual 19 5.0 <0.00001 —-10 —40 —4 Left
(b) MSA-CI < MSA-NC Middle frontal 572 3.80 0.00007 -32 26 44 Left
WM VBM JHU white-matter atlas Voxels® Zscore P value X (mm) (MNI) Y (mm) MNI) Z (mm) (MNI) Side
(c) MSA < HC  Anterior thalamic radiation 10,143 159 <0.00001 —18 -2 0 Left
Anterior thalamic radiation 16.3 18 —4 0 Right
Cerebellum white matter 12.0 —4 —56 —16 Left
Cerebellum white matter 134 4 —56 —16 Right
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Table 2 continued

WM VBM JHU white-matter atlas Voxels* Zscore P value X (mm) MNI) Y (mm) (MNI) Z (mm) (MNI) Side
Corticospinal tract 10.3 4 -30 —40 Right
Superior longitudinal fasciculus 9.5 32 -8 6 Right
Cingulum 1565 6.9 <0.00001 -6 —38 30 Left
Splenium of corpus callosum 6.0 —6 —40 24 Left
Body of corpus callosum 4.8 —4 —28 18 Left
Cingulum 6.2 14 —16 36 Right
Cingulum (cingulate gyrus) 22 5.3 <0.00001 —4 2 34 Left
Inferior longitudinal fasciculus 12 39 0.00005 —48 —16 —16 Left
Cingulum (hippocampus) 55 7.6 <0.00001 24 -30 —12 Right
Body of corpus callosum 40 5.0 <0.00001 4 —16 28 Right
Inferior fronto-occipital fasciculus 17 43 <0.00001 18 34 —16 Right
Uncinate fasciculus 2 4.5 <0.00001 18 10 —14 Right
Fornix 1 52 <0.00001 4 -2 -8 Left
Callosal body posterior pars 1 3.6 0.0002 -2 —24 20 Left
Callosal body posterior pars 1 35 0.0002 2 —24 20 Right

GM gray matter, WM white matter, VBM voxel-based morphometry, MNI Montreal Neurological Institute, AAL2 new anatomical automatic
labeling. JHU Johns Hopkins University, MSA multiple system atrophy, HC healthy controls, MSA-NC MSA with normal cognition, MSA-CI

MSA with cognitive impairment

2 Image was overlaid into MNI 2 x 2 x 2 mm® template

associated with frontal hypometabolism, hypoperfusion
(Kawai et al. 2008; Kitayama et al. 2009; Lyoo et al. 2008)
and neuronal loss in the frontal region (Salvesen et al.
2015). Moreover, our results of specific frontal alterations
in MSA-CI are in agreement with our previous neuropsy-
chological studies, showing the predominance of fronto-
executive deficits (Auzou et al. 2015; Siri et al. 2013;
Stankovic et al. 2014). These results suggest a different
pattern of cortical changes from cognitively impaired
Parkinson patients (PD), where widespread gray-matter
cortical atrophy is consistently reported (Biundo et al.
2016). In this regard, it is conceivable that MSA and PD
cognitive manifestations are associated with distinct
underling mechanisms. Focal fronto-striatal alterations
dominate in MSA, consistently with the concept of “sub-
cortical dementia”, which is characterized by executive
dysfunctions, slow information processing, and retrieval-
type memory deficits as well as impairment in cognitive
skills based on frontal network functioning (Brown and
Marsden 1988; Cummings 1986; Stankovic et al. 2014;
Tekin and Cummings 2002).

Our results are in line with these subcortical alterations
and corroborate data from our previous study on MSA
performance in MMSE scale subitems (Fiorenzato et al.
2016). In particular, our MSA-CI subgroup showed defi-
cits in executive (namely, “calculation”) memory retrie-
val (namely, “retrieval of three words”) and
visuoconstructive subitems (“copy pentagons”). This
latter finding should also be interpreted as consequence of
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frontal involvement in the execution of the copy of pen-
tagons (Filoteo et al. 2014). Indeed, in another cohort, we
demonstrated severely impaired default mode network
connectivity in MSA consistent with prominent frontal
involvement and secondary to basal ganglia alterations
(Franciotti et al. 2015). However, since the natural motor
course of MSA usually affects daily functioning, it is
difficult to determine if subcortical cognitive dysfunctions
are by themselves sufficient to impair functional inde-
pendency. Therefore, we propose to avoid the term
“subcortical dementia”.

The findings of widespread brain alteration in MSA in
comparison with controls expand previous VBM findings
(Brenneis et al. 2003; Chang et al. 2009; Minnerop et al.
2007, 2010; Shigemoto et al. 2013), considering also the
larger sample size of our cohort. In addition, by applying a
fully automated segmentation method, we detected atrophy
in the midbrain, pons, medulla oblongata, and superior
cerebellar peduncle. Moreover, in agreement with previous
studies, there were further significant volume reductions in
the putamen and in the cerebellum but interestingly not in
the caudate nucleus (Messina et al. 2011; Scherfler et al.
2016). This finding has been reported in other neu-
roimaging and neuropathological studies. Indeed, degen-
eration in the caudate nucleus could be mild or absent even
in severe MSA and most importantly is less prominent than
in the putamen (Barbagallo et al. 2016; Wenning et al.
1997), whose role in motor control has been extensively
reported (Alexander et al. 1986).
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Fig. 1 Voxel-based
morphometry comparison
between MSA and HC. a Axial
view; b 3D view. A statistical
threshold Z < 4 was used for
visualization purpose. MSA
multiple system atrophy, HC
healthy controls, GM gray
matter, WM white matter, TFCE
Threshold-Free Cluster
Enhancement

We also found white-matter reductions in the cerebel-
lum, anterior thalamic radiation, corticospinal tract, and
corpus callosum consistently with previous studies, sug-
gesting that these tracts are specifically affected by the
disease process (Minnerop et al. 2010; Shigemoto et al.
2013; Worker et al. 2014). Finally, we also identified
volume increases in the occipital lobes bilaterally (anterior
lingual gyrus and calcarine cortex), posterior thalamus,
nucleus caudate, olfactory cortex, right amygdala, and
PAG, which we believe to be related to microstructural
changes and remodeling and secondary to the pathological
processes. Gray-matter volume increases have been
reported in other neurodegenerative disorders, including
early stage of Alzheimer (AD) and Huntington disease,
where cortical and subcortical volume increases may pre-
cede atrophies, characteristic of more advanced patients

4 A 12
GM atrophy

TFCE corrected p< 0.005

T 1
WM atrophy

(Fortea et al. 2011; Rosas et al. 2008). These areas of
relative volume increase may be related to reactive neu-
ronal hypertrophy and/or local inflammation (Fortea et al.
2010). In the thalamus, we found a conflicting result of
volume reduction with full-segmented analysis and volume
increases (in the posterior region) in VBM. This may be
explained by the lower accuracy of VBM compared to the
fully automated subcortical segmentation in the analysis of
subcortical structures located near the ventricles, such as
the thalamus (Schwarz et al. 2014).

Our retrospective multicenter study has some weak-
nesses. We could not identify MSA cognitive subgroups
based on an extensive neuropsychological examination, but
considered only the total raw score of the MMSE, which,
as brief cognitive scale, has limitations. Nevertheless, we
applied an MMSE cut-off score (<27) that we have
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Fig. 2 Voxel-based
morphometry comparison
between MSA-CI and MSA-
NC. a Uncorrected

(P value < 0.005) maps; b axial
and 3D views. MSA multiple
system atrophy, MSA-CI MSA
with cognitive impairment,
MSA-NC MSA with normal
cognition, TFCE Threshold-
Free Cluster Enhancement, /-
DLPFC: left dorsolateral
prefrontal cortex

recently validated using an extensive neuropsychological
battery, which was not possible to obtain for all patients in
the current study given its retrospective design. Second, we
could enroll healthy controls only at Venice center and we
collected data using 1.5T and 3T MRI. However, we
checked the homogeneity of our sample and there were no
outliers; moreover, we performed a field homogeneity
correction and included the centers as covariates in VBM
analysis.

In conclusion, our results corroborate previous evidence
reporting broad cortical and subcortical alterations in MSA
relative to HC, also indicating the crucial contribution of
white-matter involvement. Given the neuroanatomical
pattern involving white and gray-matter cortical and sub-
cortical structures, physicians should consider the hetero-
geneous nature of this pathology. Moreover, the presence
of significant MMSE abnormalities associated with focal
volume reduction in the left DLPFC suggests in MSA only
a marginal contribution of cortical pathology to cognitive
defects, a condition which is very different from other
neurodegenerative diseases, such as AD or PD. Cognitive
dysfunction seems associated with disruption of the striato-
pallido-thalamo-cortical circuits, in which cortical deficits
are secondary to subcortical alterations. Finally, our
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findings should encourage listing the presence of specific
fronto-striatal features among the consensus criteria for
MSA diagnosis (Gilman et al. 2008).
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