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ABSTRACT: Background: Multimodal MRI approach

is based on a combination of MRI parameters sensitive to

different tissue characteristics (eg, volume atrophy, iron

deposition, and microstructural damage). The main objec-

tive of the present study was to use a multimodal MRI

approach to identify brain differences that could discrimi-

nate between matched groups of patients with multiple

system atrophy, Parkinson’s disease, and healthy controls.

We assessed the 2 different MSA variants, namely, MSA-P,

with predominant parkinsonism, and MSA-C, with more

prominent cerebellar symptoms.
Methods: Twenty-six PD patients, 29 MSA patients (16

MSA-P, 13 MSA-C), and 26 controls underwent 3-T MRI

comprising T2*-weighted, T1-weighted, and diffusion ten-

sor imaging scans. Using whole-brain voxel-based MRI,

we combined gray-matter density, T2* relaxation rates, and

diffusion tensor imaging scalars to compare and discrimi-

nate PD, MSA-P, MSA-C, and healthy controls.

Results: Our main results showed that this approach
reveals multiparametric modifications within the cerebellum
and putamen in both MSA-C and MSA-P patients, com-
pared with PD patients. Furthermore, our findings revealed
that specific single multimodal MRI markers were sufficient
to discriminate MSA-P and MSA-C patients from PD
patients. Moreover, the unsupervised analysis based on
multimodal MRI data could regroup individuals according
to their clinical diagnosis, in most cases.
Conclusions: This study demonstrates that multimodal
MRI is able to discriminate patients with PD from those
with MSA with high accuracy. The combination of differ-
ent MR biomarkers could be a great tool in early stage
of disease to help diagnosis. VC 2018 International Par-
kinson and Movement Disorder Society

Key Words: Parkinson’s disease; multiple system
atrophy; MRI; iron; diffusion tensor imaging

Multiple system atrophy (MSA) and Parkinson’s dis-
ease (PD) are 2 neurodegenerative disorders character-
ized by the accumulation of a-synuclein aggregates,

primarily in neurons in PD and in oligodendrocytes in
MSA.1 The clinical diagnosis of MSA can be challeng-
ing, as no specific symptom or biomarker allows a
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“definite” diagnosis in vivo. Currently, the “definite”
diagnosis of MSA requires postmortem confirmation by
a neuropathological examination. It is often challenging
in clinical practice to differentiate MSA, especially its
parkinsonian variant (MSA-P), from PD, as both enti-
ties can share similar phenotypes, especially in early
stages. Importantly, these disorders have dramatically
different prognoses in terms of disability, therapeutic
response, and survival. International consensus criteria
have been developed, allowing the diagnosis of
“probable” or “possible” MSA, based on clinical or a
combination of clinical and imaging features, respec-
tively.2 However, more specific and sensitive bio-
markers, allowing better differentiation between MSA
and PD are still needed to improve diagnostic accuracy.

Conventional MRI (ie, clinical T1- and T2-weighted
imaging) has been used extensively to identify diagnostic
markers of PD and MSA. Brain MRI is substantially nor-
mal in patients with PD,3 even if advanced MRI methods
can discriminate PD patients from healthy controls.4-6 In
patients with MSA, characteristic MR signs include puta-
minal atrophy and T2 hypointensity, with a slitlike mar-
ginal hyperintensity of the putamen, atrophy of the
middle cerebellar peduncles, pons, and cerebellum, and a
pontine cruciform hyperintensity (hot cross bun sign) on
T2-weighted and proton density-weighted images.3 These
markers have relatively good specificity but only low sen-
sitivity.7 Previous neuroimaging studies have investigated
automatic classification tools based on MRI volumetric
parameters to discriminate patients with different parkin-
sonian syndromes, including MSA and PD.8,9 Such studies
emphasize the importance of studying cerebellum, brain
stem, and putamen volumetric parameters extracted from
T1-weighted images to discriminate MSA and PD
patients. However, the only published study that specifi-
cally examined a subgroup of patients suffering from the
MSA-P variant, the most challenging condition for diag-
nostic discrimination from PD, only reported a rather
moderate separation between both conditions (discrimi-
nant power, 71.9%) with a low separability of PD from
controls.9 A recent work using a new parameter from dif-
fusion imaging showed high discriminant power between
PD and MSA.10 However, the values were calculated
from manually drawn regions of interest that cannot be
used in an automatic pipeline. Other quantitative multi-
parametric MRI imaging techniques, exploring macro-
structural and microstructural modifications in the basal
ganglia and mesencephalon and using different types of
modalities for acquisition and image processing, also pro-
vided promising findings.5 The multimodal MRI (mMRI)
approach is designed to overcome the limitations of previ-
ous single MR-parameter studies. The mMRI approach
concept is based on the combination of MRI parameters
from different MRI sequences that are sensitive to differ-
ent tissue characteristics (eg, volume atrophy, iron deposi-
tion, and microstructural damage). Using a combination

of 3 different markers (relaxometry in the substantia
nigra, fractional anisotropy in the substantia nigra, and
mean diffusivity in the putamen or caudate nucleus), we
were able to distinguish PD patients from healthy con-
trols.5 We hypothesize that a similar approach is a prom-
ising tool to separate MSA from PD patients.

The main objective of the present study was to use an
mMRI approach to identify brain differences that could
discriminate between matched groups of patients with
MSA, PD, and healthy controls. We carefully assessed
the 2 different MSA variants, namely, MSA-P, with pre-
dominant parkinsonism, and MSA-C, with more promi-
nent cerebellar symptoms. Using whole-brain voxel-
based MRI, we combined gray-matter density, T2*
relaxation rates, and diffusion tensor imaging (DTI)
scalars to compare and discriminate PD, MSA-P, MSA-
C, and healthy controls. We also assessed the capacity
of an unsupervised machine-learning method by using
multiparametric imaging data to classify our subjects
without using any clinical label.

Methods

Subjects

Twenty-nine MSA and 26 PD patients matched for
age and sex were prospectively recruited at the outpa-
tient clinic of the Toulouse PD Expert Center and the
Toulouse site of the French Reference Center for MSA
(details in Supplemental data). Inclusion criteria were:
(1) diagnosis of PD or MSA according to established
international diagnostic criteria2,11; (2) Hoehn and
Yahr score12<4 on treatment; (3) negative history of
neurological or psychiatric diseases other than PD or
MSA; (4) lack of significant cognitive decline (Mini
Mental State Examination score>24); (5) no treat-
ment with deep brain stimulation; and (6) no evidence
of movement artifacts, vascular brain lesions, brain
tumor, and/or marked cortical and/or subcortical atro-
phy on MRI scan (2 expert radiologists examined all
MRIs to exclude potential brain abnormalities as
apparent on conventional FLAIR, T2-weighted, and
T1-weighted images). A healthy control group of 26
right-handed subjects closely matched to patients for
age, sex, and education was also included.

Two subgroups were identified within the MSA total
group (MSA-tot), according to international consensus
diagnostic criteria2: an MSA-P subgroup (n 5 16) and
an MSA-C subgroup (n 5 13). Among the MSA-
matched PD total group (PD-tot), 2 subgroups were
generated: a PD-p subgroup (n 5 16) and a PD-c sub-
group (n 5 13) to better match MSA-P and MSA-C,
respectively, for sex, age, and disease duration. All
patients were assessed by MSA and PD specialists, and
the clinical diagnosis was confirmed 2 years after MRI
data acquisition (further details in Supplemental data).
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The L-dopa-equivalent daily dose was calculated for
each patient.13 Motor disability was assessed using
motor examination scores of the Unified Parkinson’s
Disease Rating Scale-III14 and of the Unified MSA
Rating Scale-II.2 All patients receiving antiparkinso-
nian treatments were tested on medication.

The study was conducted according to the Declara-
tion of Helsinki and approved by the Toulouse Ethics
Committee. Written informed consent was obtained
from all participants.

Acquisition

We used an mMRI protocol similar to our previous
study (P�eran et al, 2010), that is, T1, T2 relaxometry,
DTI (details in Supplemental data).

Postprocessing

Image processing was performed using FSL v5 (www.
fmrib.ox.ac.uk/fsl/) and an in-house-developed software in
Matlab, with procedures similar to those described previ-
ously.5,15,16 (details in Supplemental data). As a result of
this processing, the grey density (GD), mean diffusivity
(MD), fractional anisotropy (FA), and R2* maps were
generated in the Montreal Neurological Institute (MNI)
space.

Statistical Analysis
Voxel-Based Analysis

The GD, R2*, MD, and FA maps were compared using
nonparametric 2-sample unpaired t tests (FSL-random-
ize17: PD versus MSA-tot, HC versus PD-tot, HC versus
MSA-tot, PD-p versus MSA-P, PD-c versus MSA-C,
MSA-P versus MSA-C. The statistical significance thresh-
old was set to P< 0.01 corrected for family-wise error
using the threshold-free cluster-enhancement approach,18

with a minimum cluster size equal to 20 voxels. For each
significant cluster associated with a specific MR parame-
ter (GD, R2*, MD, or FA), the mean values of that
parameter were extracted for all participants.

Discriminant Analysis and Receiver Operating
Characteristic Curves

Because one of the main goals of the study was to dis-
criminate PD from MSA patients, we used logistic
regressions and receiver operating characteristic (ROC)
curves to discriminate between the clinical groups. Both
logistic regressions and ROC curves were computed
using the mean of each MR parameter/cluster pair from
the previous voxel-based analysis in each individual. All
combinations among these pairs were tested to deter-
mine the combinations with the best discriminating
power. A repeated 10-fold cross-validation was per-
formed to calculate the area under the ROC curve
(AUC) for each combination. Combinations with
AUC>95% are reported.

Unsupervised Classification

Another goal of the study was to determine if neuro-
imaging data from mMRI could be used to classify
patients independently from clinical data. Therefore,
we computed the self-organizing map (SOM) method
or Kohonen map, a type of clustering method using
unsupervised learning, with the same set of features
used for supervised analysis, that is, the averages of
each MR parameter/subregion pair individualized from
the previous voxel-based analysis (PD-tot versus HC,
PD-tot versus MSA-tot, MSA-tot versus HC, MSA-P
versus MSA-C); for details, see Supplemental data.

Results

Clinical Comparisons Between Groups

Table 1 summarizes the demographic and clinical
characteristics of HC, PD, and MSA subjects. Nine of
13 MSA-C patients did not receive any antiparkinso-
nian therapy.

mMRI Differences Between MSA and PD
Patients

MSA-tot Versus PD-tot

Patients with MSA showed lower GD value clusters
within the cerebellum, the putamen, and the supple-
mentary motor area (SMA) bilaterally and in the left
middle and anterior cingulate cortices. In addition,
MSA patients showed higher R2* clusters in the puta-
men bilaterally and higher MD values and lower FA
values in large clusters within the cerebellum, the
brain stem, the superior corona radiata, the body of
the corpus callosum, and the external and internal
capsules (see Fig. 1).

MSA-P Versus PD-p (Fig. 2)

MSA-P patients displayed (1) lower GD in the puta-
men and in the SMA bilaterally, (2) higher R2* values
in the right putamen, and (3) higher MD values in the
cerebellum (mainly Crus I-II, lobe VI bilaterally), the
putamen, and the superior corona radiata bilaterally.
Further, MSA patients showed lower FA values in the
right putamen, the left middle cerebellar peduncle, the
superior corona radiata bilaterally, and the body of
the corpus callosum.

MSA-C Versus PD-c (Fig. 2)

Patients with MSA-C showed lower GD, higher
MD, and lower FA values in the cerebellum, as well
as clusters of lower GD values in the posterior cingu-
late cortex and higher MD values in the left cerebral
peduncle and pallidum.
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MSA-C Versus MSA-P (Fig. 2)

MSA-C patients showed lower GD, higher MD, and
lower FA values in the cerebellum, higher R2* clusters
in the right cerebellum, internal capsule and thalamus,
and lower MD clusters in the right putamen.

The Supplemental Table reports cluster localization,
size, MNI coordinates, and mean values in the PD and
MSA samples for each cluster.

The results of the comparisons between patients and
HCs are reported in the Supplemental data.

Discriminant Analysis
Global Group Analyses: MSA-tot Versus PD-tot

Logistic regression analysis showed that combining
2 different markers was enough to obtain >95%

discrimination between PD and MSA patients. Specifi-
cally, this accuracy was reached including the follow-
ing clusters: (FA/cerebellum, brain stem, and WM
bilateral superior corona radiata) 1 (MD/right superior
frontal gyrus). Logistic regression was also computed
for combinations of 3 markers. Including a third
marker did not significantly increase the discriminating
power (maximum AUC, 96%).

Subgroup Analyses: MSA-P Versus PD-p

Logistic regression analysis showed that including a sin-
gle marker at a time was enough to obtain>95% discrim-
ination between MSA-P and PD-p matched patients. Five
markers reached this threshold: GM/bilateral SMA, MD/
SMA, and left corona radiata, MD/cerebellum, FA/left

TABLE 1. Demographic and clinical characteristics of healthy controls and patients with Parkinson’s disease and Multiple
System Atrophy.

group n

sex

(M/F)

age, y

(mean 6 SD)

disease duration,

y (mean 6 SD)

LEDD

(mean 6 SD)

UPDRS-III

(mean 6 SD)

UMSARS-II

(mean 6 SD)

PD 26 12/14 63.86 6.3 7.46 4.5 689.06 367.2 19.16 10.0 -
MSA-tot 29 13/16 64.06 7.5 5.76 2.3 470.46 500.5 - 29.86 8.0
HC
p value

26 11/15
ns

666 4,9
ns

NA
ns

NA
0.03*

NA
NA

NA
NA

PD-matched 16 7/9 65.16 6.8 8.36 4.5 712.56 327.8 22.06 11.2 -
MSA-P 16 7/9 66.16 7.8 5.46 2.2 700.16 386.4 - 31.16 8.7
p value ns ns ns ns NA NA
PD-matched 13 6/7 61.66 4.2 7.56 4.6 754.46 405.0 16.86 10.4 -
MSA-C 13 6/7 61.56 6.5 6.16 2.5 187.86 490.8 - 28.26 7.0
p value ns ns ns 0.0004** NA NA
MSA-P 16 7/9 66.16 7.8 5.46 2.2 700.16 386.4 - 31.16 8.7
MSA-C 13 6/7 61.56 6.5 6.16 2.5 187.86 490.8 - 28.26 7.0
p value ns ns ns 0.0003** - ns

M 5 male; F 5 female. MMSE 5 Mini Mental State Examination. LEDD 5 levodopa equivalent daily dose. UPDRS-III 5 third part of UPDRS (Unified Parkinson’s
Disease Rating Scale). UMSARS-II 5 second part of UMSARS (Unified Multiple System Atrophy Rating Scale). PD 5 Parkinson’s disease. MSA 5 Multiple Sys-
tem Atrophy. MSA-C 5 cerebellar variant of MSA. MSA-P 5 parkinsonian variant of MSA. PD-p 5 PD subgroup matched with MSA-P subgroup for sex, age,
and disease duration. PD-c 5 PD subgroup matched with MSA-C subgroup for sex, age, and disease duration. ns 5 not significant. NA 5 not applicable. Signif-
icant p-values are indicated in bold (signed Mann-Whitney U test).

FIG. 1. Differences between patients with PD and patients with MSA from voxel-based analysis of GD, R2*, MD and FA maps. [Color figure can be
viewed at wileyonlinelibrary.com]
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corona radiata, FA/right corona radiata (Fig. 3A). Logistic
regression was also computed for combinations of 2
markers (see Supplementary data).

Subgroup Analyses: MSA-C Versus PD-c

Logistic regression analysis showed that including a sin-
gle marker at a time was enough to obtain>95% discrim-
ination between MSA-C and PD-c patients. Four markers
reached this threshold: GM/cerebellum, R2*/cerebellum,
R2*/left cerebral peduncle, MD/cerebellum (Fig. 3B).

Unsupervised Classification

Figure 4 shows the distribution of patients in SOM-
2 3 2. For each map, each cluster is represented by S{i,j},
where i and j are the row and column numbers of the clus-
ter, respectively. Each item represents a patient. For a

better interpretation, the clinical diagnosis was tagged a
posteriori. In all clusters S2,2, a high population of patients
with the same clinical diagnosis, is observed. The cluster
S1,2 included all HC participants. Only 2 PD patients were
part of this cluster. The cluster S2,1 included only PD
patients. The clusters S1,1 and S2,2 were mainly formed of
MSA patients. More precisely, the cluster S2,2 consisted
essentially of MSA-C patients with the presence of 2
MSA-P patients. The cluster S1,1, which was composed
predominantly of MSA-P patients, and included 2 PD and
2 MSA-C patients.

Discussion

Our main results showed that this approach reveals
multiparametric modifications within the cerebellum

FIG. 2. Differences between patients with PD and patients with MSA-P and MSA-C from voxel-based analysis of GD, R2*, MD and FA maps. [Color
figure can be viewed at wileyonlinelibrary.com]

FIG. 3. (A–B) ROC curves associated with each significant combination (>95%) in discriminating (A) MSA-P from PD patients and (B) MSA-C from
PD patients.
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and putamen in both MSA-C and MSA-P as compared
with PD patients. Furthermore, our findings revealed
that specific single mMRI markers were sufficient to
discriminate MSA-P and MSA-C patients from PD
patients. Moreover, the unsupervised analysis was
based on mMRI data, which could regroup individuals
according to their clinical diagnosis, in most cases.
This latter finding shows that a classification based on
MRI findings blind to the clinical diagnosis can pro-
vide consistent and coherent clusters of subjects.

Discriminant Markers

The results of the ROC and cross-validated discrimi-
nation analyses demonstrated that several combina-
tions of 2 different markers were sufficient to obtain
>95% discrimination between MSA and PD patients.
The markers comprising the discriminating combina-
tions were both supra- and infratentorial, including
FA in the cerebellum, brain stem, and superior corona
radiata and MD in the right superior frontal gyrus.
Unsurprisingly, the main predictive markers involved
the infratentorial structures that characterize MSA
pathology, such as the cerebellum and brain stem. In
addition, our results also showed a contribution of
supratentorial damage (superior corona radiata and
superior frontal gyrus) for the differentiation between
patients with MSA. These results are in agreement
with recent studies also showing that automated MRI
analysis discriminates between PD and MSA
patients.8,9 Unlike in our study, these studies only
used one MRI modality (T1-weighted imaging to per-
form volumetry). Using a decision tree approach that
considered volume loss of the more affected cerebellar
gray-matter compartment and putamen as well as the
absence of severe midbrain atrophy, all patients with
MSA of the test set were correctly classified.8 The

anatomical structures involved in this automated MRI
analysis were the same highlighted by our data-driven
approach. However, the study of Scherfler and col-
leagues (2016) did not investigate the ability of MRI
indexes to discriminate between the 2 MSA subgroups
and PD patients. The results of the ROC and cross-
validated discrimination analyses demonstrated that 1
marker was enough to reach 95% of discriminant
power between MSA-P and PD patients. The discrimi-
nant markers that allowed for 95% of discriminant
power were the MD in the cerebellum, FA and GD in
the putamen, GD in the supplementary motor area, and
FA in the superior corona radiata. Overall, these results
confirmed the prevalence of supratentorial involvement
in the MSA-P variant (ie, putamen, supplementary
motor area, and superior corona radiata), even though
MD allowed us to detect the presence of infratentorial
microstructural damage (ie, cerebellum). We reached an
higher discriminant power between MSA-P and PD
patients than found in a previous study using only 1
modality.9 Unsurprisingly, any cerebellar marker alone
was enough to reach AUC >95% discrimination
between MSA-C and PD. Overall, these results confirm
the prevalence of infratentorial involvement in the
MSA-C variant (ie, cerebellum). Although this result is
perfectly coherent with the clinical picture of MSA-C
patients, it is difficult to exclude a partial volume effect
on the nonvolumetric MRI parameters (R2*, MD, and
FA) because of the severe cerebellar atrophy in MSA
patients. Another advantage of our discriminant analy-
sis is the use of subregions that were the product of the
whole-brain voxel-based analysis that is more sensitive
to disease-associated changes. In addition, the multipa-
rameter aspect of our approach likely explains the
higher discriminant power in our study compared with
previous studies based on whole anatomical region.8,9

In conclusion, mMRI is able to identify specific MRI

FIG. 4. Kohonen maps of patients showing sample distribution on the map and the assigned groups to samples for a SOM-2x2 network. PD: PD
patients; MP: MSA-P patients; MC: MSA-C patients; HC: Controls.

P �ER A N E T A L

6 Movement Disorders, Vol. 00, No. 00, 2018



markers to discriminate patients with Parkinson’s dis-
ease from patients with MSA with high accuracy.

To complement the promising results from the
supervised discrimination analysis, we conducted an
unsupervised analysis to sort data into data-driven
categories based on mMRI data similarities only,
without considering any a priori clinical information.
The results of this analysis were promising on differ-
ent levels. First, patients were mainly regrouped
according to the clinical diagnosis (see Fig. 4). HC
subjects were sorted in a unique cluster. Noteworthy,
MSA patients were segregated into 2 distinct clusters
in accordance with their clinical phenotype (ie, MSA-
P and MSA-C). Finally, PD patients formed an inde-
pendent cluster. Another interesting result of this
analysis was the agreement with the clinical diagnosis
and also with dissimilarities. Indeed, we observed
some individuals, mainly PD patients, outside the
clouds of dots corresponding to their diagnosis-
related group. This may be explained by (1) false-
negatives, individuals with a clinical diagnosis of PD
who were associated with the cluster mainly com-
posed of HC participants (Fig. 4 S[1,2]); (2) a
“clinical-MRI” mismatch, individuals with a clinical
diagnosis of PD who were associated with the cluster
with a higher population of MSA-P patients (Fig. 4
S[1,1]). False-negatives can occur because of a certain
lack of sensitivity of the method, that is, the difficulty
in distinguishing PD patients from HC participants.
Indeed, the diagnosis of PD is based mainly on a set
of clinical assessments, and conventional MRI only
aids in excluding underlying pathologies (eg, vascular
lesions). For individuals with a “clinical-MRI” mis-
match, these patients seem not to not share the same
MRI features that the other patients with the same
clinical diagnosis do. This can be for several reasons.
First, the MRI data used in unsupervised analysis
may not have fully characterized each patient, caus-
ing a failure in clustering. An argument against this
explanation is that MRI data used in unsupervised
analysis were identical to those used for discriminant
analysis, which showed high sensitivity and specific-
ity. The second line of interpretation considers that
clinical diagnostic criteria are not 100% accurate,
particularly in the early stage of disease.19,20 Finally,
PD patients in the MSA-P cluster may in fact be
MSA patients with milder disease.21,22 The only way
to confirm this hypothesis would be to follow longi-
tudinally these patients for several years and to col-
lect and to analyze postmortem brains. Clearly,
further studies will be necessary to compare neuroim-
aging, clinical and postmortem brain.

Spatial Patterns of mMRI Changes

Looking at the spatial patterns, the comparison
between patients and HC subjects confirmed previous

results.5,23 The results showed a higher R2* value in
the substantia nigra for PD versus HC and MSA ver-
sus HC. Numerous anatomopathological24,25 and
MR studies4,5,26 have confirmed this specific iron
accumulation. Recently, quantitative susceptibility
mapping (QSM) method confirmed the localization
of iron accumulation in PD patients.27 Moreover, a
previous study showed that the assessment of iron
content in the dorsolateral substantia nigra may be
useful for distinguishing between HCs and patients
with neurodegenerative parkinsonism, including PD
and MSA.28 Our results did not show differences
between PD patients and HCs for DTI parameters.
To investigate brain changes in both MSA and PD,
we chose to investigate MRI parameters by whole-
brain analysis using a strict statistical significance
threshold. In contrast to previous studies using a
region-of-interest approach that found a decrease in
FA in the substantia nigra in PD patients compared
with control subjects,5,6,29 our methodological choice
may explain the lack of differences for DTI parame-
ters between PD and HC. However, a recent meta-
analysis questioned the validity of FA in SN as a PD
biomarker.30

Except for the iron content in the substantia nigra,
the differences in the multiparametric spatial pattern
between MSA patients and HCs was almost identical
to the one between MSA and PD. The multiparamet-
ric voxel-based analysis showed significant differ-
ences between both disorders. Indeed, the difference
between MSA and PD patients reached a high signifi-
cance level for each parameter, highlighting major
differences between the disorders. Irrespective of the
analyzed MR parameters, the differences between
MSA and PD patients were always in the direction
of more damaged brain in MSA patients. Specifically,
brain regions demonstrating differences in gray-
matter density corresponded to atrophy in MSA
patients. Similarly, all brain regions with a difference
in MD corresponded to a mean diffusivity increase
in MSA patients. The spatial localization of MR
changes was in keeping with previous single MR
parameter studies: VBM-studies,31,32 MR relaxome-
try,33,34 and DTI studies35,36 in patients with PD and
MSA.

Furthermore, comparing MSA-and MSA-C with 2
carefully matched subgroups of PD patients, we were
able to show a distinct topographical distribution of
macro- and microstructural changes of the 2 MSA
phenotypes. Accordingly, MSA-P patients showed
higher involvement of supratentorial structures than
PD patients, although not exclusively. Patients with
MSA-P showed putaminal atrophy (GD), macro-
structural damage in the supplementary motor area
(GD), and microstructural damage in the corona
radiata and corpus callosum (FA), together with

M R I C L A S S I F I C A T I O N I N P A R K I N S O N I A N S Y N D R O M E S

Movement Disorders, Vol. 00, No. 00, 2018 7



exclusive microstructural damage at the infratento-
rial level (MD), in particular in the cerebellum and
middle cerebellar peduncles, in keeping with previ-
ous studies.35,37-39 When comparing PD with MSA-
C, unsurprisingly, we found cerebellar damage in
MSA-C at the macro- and microstructural levels.40

In this view and compared with PD, MSA-C patients
showed a decrease in GM and FA values, an increase
in MD values in the cerebellum, a decrease in GM
values in the posterior cingulate cortex and an
increase in R2* values in the pallidum and left cere-
bral peduncle. As previously discussed, the results
from other parameters located in the cerebellum
could be related to partial volume effect. This spatial
pattern of mMRI changes was very similar to previ-
ous MRI results involving a single MR parameter.41

Finally, we directly compared the 2 MSA variants.
Unsurprisingly, we mainly found a loss of GD con-
comitant with an increase of MD and a loss of FA in
the cerebellum in MSA-C patients compared with
MSA-P patients. This result is in agreement with pre-
vious MR results42 and the predominant clinical
syndrome.

Limits

Longitudinal studies on large cohorts of patients
with MSA and PD patients will be crucial to con-
firming our results and to accurately following brain
modifications from Parkinson’s disease progression.
Although the sample size in the current study was
within the accepted range for published studies (eg,
reference 10), we acknowledge that results from a
sample of this size must be taken with caution and
may not generalize to the whole population studied.
The sequences used in this mMRI study have been
chosen to design a clinically practical method that
can be implemented on whatever 3T MR scanners.

Conclusions

The main contribution of our multiparametric MRI
approach was higher discrimination power between
patients with disorders and HCs than in previous stud-
ies.8,9 Additional studies are needed to confirm that
without the availability of any a priori information
supplied by the operator, mMRI can improve the dif-
ferential diagnosis between MSA and PD, also in the
early stages, when the clinical diagnosis remains chal-
lenging. Future studies may include new MRI techni-
ques that have been demonstrated to be sensitive to
parkinsonian-related changes and to have intrinsically
high discriminant power such as QSM27 and free-
water imaging.10
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