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Diagnostic potential of automated
subcortical volume segmentation in
atypical parkinsonism

ABSTRACT

Objective: To determine whether automated and observer-independent volumetric MRI analysis
is able to discriminate among patients with Parkinson disease (PD), multiple system atrophy
(MSA), and progressive supranuclear palsy (PSP) in early to moderately advanced stages of
disease.

Methods: T1-weighted volumetric MRI from patients with clinically probable PD (n 5 40), MSA
(n 5 40), and PSP (n 5 30) and a mean disease duration of 2.8 6 1.7 y were examined using
automated volume measures of 22 subcortical regions. The clinical follow-up period was 2.5 6

1.2 years. The data were split into a training (n5 72) and a test set (n 5 38). The training set was
used to build a C4.5 decision tree model in order to classify patients as MSA, PSP, or PD. The
classification algorithm was examined by the test set using the final clinical diagnosis at last
follow-up as diagnostic gold standard.

Results: The midbrain and putaminal volume as well as the cerebellar gray matter compartment
were identified as the most significant brain regions to construct a prediction model. The diagnos-
tic accuracy for PD vs MSA or PSP was 97.4%. In contrast, diagnostic accuracy based on vali-
dated clinical consensus criteria at the time of MRI acquisition was 62.9%.

Conclusions: Volume segmentation of subcortical brain areas differentiates PD from MSA and
PSP and improves diagnostic accuracy in patients presenting with early to moderately advanced
stage parkinsonism.

Classification of evidence: This study provides Class III evidence that automated MRI analysis
accurately discriminates among early-stage PD, MSA, and PSP. Neurology® 2016;86:1242–1249

GLOSSARY
ANOVA 5 analysis of variance; AUC 5 area under the curve; DSM-IV 5 Diagnostic and Statistical Manual of Mental
Disorders, 4th edition; MANCOVA 5 multivariate analysis of covariance; MSA 5 multiple system atrophy; PD 5 Parkinson
disease; PSP 5 progressive supranuclear palsy; UPDRS 5 Unified Parkinson’s Disease Rating Scale.

Signs and symptoms of atypical parkinsonian disorders such as progressive supranuclear palsy
(PSP) and multiple system atrophy (MSA) frequently mimic those of Parkinson disease (PD),
particularly in early stages of disease.1 In pathologically proven series of atypical parkinsonian
disorders, only 50% of cases were found to be correctly diagnosed by their primary neurol-
ogist.1–3 Early differentiation of PD from atypical parkinsonian disorders is key to adequate
patient management and is also crucial for recruitment into academic studies. In recent years,
numerous investigators using routine MRI, magnetic resonance spectroscopy, diffusion-
weighted MRI, and volumetric MRI have all provided some evidence of diagnostic utility
in separating PD from PSP and MSA at the group level; however, attempts to implement and
validate such findings in the clinical setting at the single patient level are still limited.4,5 Recent
advances in image analysis algorithms have led to the development of structural MRI-based
software tools such as FreeSurfer that enable automatic compartmentalization of the brain into
multiple anatomic regions and quantify tissue volume in these regions on an individual case
basis.6
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Advances in the processing of high dimen-
sional data such as data mining techniques
facilitate the development of decision algo-
rithms for the assignment of previously identi-
fied signal alterations to disease entities.7–9 In
the present study, such a decision algorithm
was built by including 22 segmented subcor-
tical regions and validated for the capability to
discriminate patients with early to moderately
advanced stage MSA or PSP from PD in the
clinical routine workup.

METHODS Participants. Participants were identified from

the MRI database of the Movement Disorders Clinic of the

Department of Neurology at the Medical University of

Innsbruck from May 2005 until November 2013. To be

eligible, participants had to fulfill several inclusion criteria

(figure 1): (1) clinical diagnosis of probable Parkinson variant

of MSA, PSP, and PD according to consensus operational

criteria made by 2 movement disorders specialists at clinical

follow-up of at least 12 months for the Parkinson variant of

MSA, PSP, and L-dopa-responsive PD and 42 months for

patients with de novo parkinsonism and a final diagnosis of

PD2,10,11; (2) disease duration of less than 6 years defined by

the period of patient-reported experience of symptoms until the

time of MRI; (3) age 50–75 years at MRI examination; (4)

presynaptic nigrostriatal dopaminergic dysfunction confirmed

by either dopamine transporter SPECT or [18F]-dopa PET; and

(5) structured clinical assessment of motor disability on regular

medication using part III of the Unified Parkinson’s Disease

Rating Scale (UPDRS) and classification of Hoehn & Yahr

stage at the time of MRI (table 1).12,13 MRI was performed

within 1 month of the initial clinical assessment.

Patients with dementia according to the DSM-IV were

excluded. Forty-one healthy individuals with no signs of parkin-

sonism or any other CNS disorders on careful clinical examina-

tion and a Mini-Mental State Examination score of .28 served

as age-matched control group. Participants with white matter

lesions of grade 2 and 3, vascular or space-occupying lesions

within the cerebrum, or motion artefacts were excluded.14

Study hypotheses/classification of evidence. The hypothesis
tested in this proof-of-concept study was that the diagnostic

accuracy obtained from the classification algorithm would

perform at least equivalent compared to the application of

current consensus operational criteria for PD, MSA, and PSP at

the initial visit.2,10,11 This study provides Class III evidence that

automated MRI analysis accurately discriminates among early-

stage PD, MSA, and PSP.

Standard protocol approvals, registrations, and patient
consents. The study was approved by the Ethics Committee of

Figure 1 Study flow chart

*In the excluded group of patients exceeding a disease duration of 6 years, there were 19 patients with significant white matter lesions of grade 2 and 3 (14
Parkinson disease [PD], 2 multiple system atrophy [MSA], 3 progressive supranuclear palsy [PSP]).14 SWEDDS 5 scans without evidence of dopaminergic
dysfunction.
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the Medical University of Innsbruck. Patients’ written informed

consent was obtained according to the Declaration of Helsinki.

Procedures. Structural MRI acquisition and preprocessing.
Participants were scanned on a 1.5T whole-body MRI scanner

(Magnetom Avanto, Siemens Erlangen, Germany) with the help

of an 8-channel head coil. High-resolution structural scans were

obtained with a T1-weighted magnetization-prepared rapid gra-

dient echo sequence. Images were processed with FreeSurfer

(version 5.10) (http://surfer.nmr.mgh.harvard.edu).6 Acquisition

of MRI measurements as well as the segmentation of subcortical

regions are described in e-Methods, appendix e-1 on the

Neurology® Web site at Neurology.org (figure e-1).

Statistical analysis and classification. Demographic data are

presented as frequencies and means (61 SD). The binomial test

was applied to test for the distribution of sex. To assess the differ-

ences in Hoehn & Yahr stages and UPDRS part III, Kruskal-

Wallis test was used, followed by pairwise Mann-Whitney U test.

One-way analysis of variance (ANOVA) and post hoc least

significance difference were applied for the comparison of

clinical data, brain region asymmetry indices, ratios of volume

measures, and the intracranial volume. Group differences of

volumetric measures were analyzed using multivariate analysis

of covariance (MANCOVA) adjusted for age, sex, and

intracranial volume.

Classification of the dataset into the diagnostic entities MSA,

PSP, and PD was performed with the C4.5 decision tree algo-

rithm implemented by Waikato Environment of Knowledge

Analysis machine learning software (WEKA 3.6).15,16 As potential

discriminants, the following volumes were entered to the classi-

fier: midbrain, pons, third and fourth ventricle, the putamen/

midbrain, and the midbrain/pons ratio, as well as the more

affected side of the caudate, putamen, globus pallidus, thalamus,

cerebellar gray and white matter, hippocampus, and amygdala.

We used a stratified 2:1 holdout procedure to split the entire

dataset into a training set for establishing the classification model

and a test set to measure the classification performance of the

decision tree. The results were compared to the clinical diagnostic

accuracy obtained by applying current consensus operational cri-

teria at the initial contact. Both the generation of the decision tree

algorithm as well as the classification performance are outlined in

the e-Methods, appendix e-1.

RESULTS Patient groups and control subjects were
matched for age and disease duration. Disease dura-
tion ranged from 0.1 to 6 years. Compared to the
PD group, patients in the PSP and MSA groups
had more severe motor disability as defined by signif-
icantly higher UPDRS motor scores and Hoehn &
Yahr stage (UPDRS motor score p , 0.001, Hoehn
& Yahr stage p , 0.001 for both comparisons). No
significant difference was evident for sex, duration of
clinical follow-up after MRI scanning, and total
intracerebral volume (tables 1, e-1, and e-2). The
results of MANCOVA of volumetric measures and
ANOVA of asymmetry indices and ratios of volumes
of brain regions are outlined in table e-1.

Classification by consensus operational criteria.The clas-
sification accuracy based on clinical consensus criteria
at the initial visit of patients meeting the clinical gold
standard of probable MSA and PSP at last follow-up
was 62.9%. Out of a total of 40 patients eventually
meeting criteria for possible or probable MSA, only
26 were correctly classified at first visit (diagnostic
accuracy of 65%). Twenty-three patients with MSA
were classified as probable MSA, 3 as possible MSA,
3 as unclassifiable gait disorders, and 11 as clinically
uncertain parkinsonian syndromes.17 Although at
follow-up all patients with probable MSA fulfilled
criteria for the Parkinson variant of MSA requiring
dopaminergic treatment, 5 of them had significant
cerebellar dysfunction, also allowing classification to
the cerebellar variant of MSA.

In the PSP group, 18 patients were correctly clas-
sified at the first visit. Of those, 15 patients presented

Table 1 Demographic data of patients with progressive supranuclear palsy, patients with multiple system
atrophy, and patients with Parkinson disease

Diagnostic group

Training cohort Validation cohort

PSP MSA PD PSP MSA PD

Sample size 20 26 26 10 14 14

Female/male, n 6/14 13/13 15/11 6/4 3/11 8/6

Age at scan, y, mean 6 SD 64.6 6 6.7 60.1 6 8.2 65.6 6 5.4 65.2 6 4.9 62.7 6 7.8 61.7 6 7.3

Disease duration to MRI, y,
mean 6 SD

2.5 6 1.6 2.6 6 1.2 3.1 6 2 2.7 6 1.9 2.9 6 1.5 3.3 6 2.2

No. of patients with disease
duration of <2/2–4/<7 y

9/8/3 7/16/3 10/7/9 5/4/1 3/8/3 5/4/5

Follow-up period, y, mean 6 SD 1.9 6 1.7 2 6 1.9 3.2 6 2 2.3 6 2.1 1.9 6 1.7 3.8 6 2.1

UPDRS motor score, mean 6 SD 29 6 9.6a 31.4 6 11a 20.1 6 9.1 27.9 6 8.7a 37.5 6 12a 16.2 6 7.1

Hoehn & Yahr staging, mean 6 SD 2.8 6 0.7a 3.1 6 0.8a 2.1 6 0.5 3 6 0.5a 3.2 6 0.8a 1.8 6 0.7

Abbreviations: MSA 5 multiple system atrophy; PD 5 Parkinson disease; PSP 5 progressive supranuclear palsy; UPDRS 5

Unified Parkinson’s Disease Rating Scale.
Means are listed with standard deviations (61 SD).
ap , 0.001 vs PD.
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with probable PSP and 3 patients with possible PSP
given a diagnostic accuracy of 60%. Out of the re-
maining 12 participants, 3 presented with PD and
9 patients with a clinically uncertain parkinsonian
syndrome. At follow-up investigation, from a total
of 30 patients with probable PSP, 20 individuals ful-
filled criteria of the Richardson type and 10 of the
parkinsonism type.18 At initial visit, 26 of the 40
patients with PD fulfilled the UK Parkinson’s Disease
Society Brain Bank Diagnostic Criteria for PD.10 At
last follow-up, all patients with PD were classified
according to those criteria. Disease duration at first
visit was not significantly different between patients
with MSA and patients with PSP with and without
reclassification at follow-up.

Classification of volumetric MRI by the C4.5 decision

tree. When applying the C4.5 decision tree algorithm
to our training set, the most discriminative variables

identified were the volume of the midbrain, fol-
lowed by cerebellar gray matter and putamen (fig-
ures 2 and 3). When applying the model to the test
set, the total classification accuracy of patients was
97%. Out of 14 patients with clinically probable
MSA at follow-up, all patients were correctly
classified according to the MRI scan at baseline.
In the PSP group, 9 out of 10 patients were
correctly classified and 1 patient was incorrectly
classified to the PD group. The area under the
curve (AUC) as well as sensitivity and specificity
for the validation subset are given in table 2.

DISCUSSION In the present study, automated seg-
mentation of subcortical brain structures obtained
from volumetric T1-weighted MRI and subsequent
generation of a decision tree identified the volumes
of the midbrain and putamen as well as the

Figure 2 Subcortical volume reduction in a patient with multiple system atrophy (MSA) and progressive
supranuclear palsy (PSP)

Individual T1-weighted 3D magnetization-prepared rapid gradient echo image of a patient with MSA, a patient with PSP, a
patient with Parkinson disease (PD), and a healthy subject (control) and superimposed segmented volumes of the caudate
(yellow), putamen (light blue), globus pallidus (red), thalamus (light green), midbrain (dark blue), cerebellar gray matter com-
partment (orange), cerebellar white matter compartment (green), amygdala (turquois), and hippocampus (purple). Marked
volume reduction is visible in the putamen and cerebellar gray and white matter compartment of the patient with MSA
and the midbrain and globus pallidus of the patient with PSP.
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cerebellar gray matter compartment as a highly
predictive set of MRI markers yielding an accuracy
of 97% for the diagnosis of MSA and PSP at initial
clinical visit. By contrast, current diagnostic criteria
performed poorly, with a diagnostic sensitivity of
only around 40%.2,11 However, their positive
predictive value was reported as greater than 90%
in one postmortem controlled series, indicating that
although more than half of patients with
pathologically confirmed MSA and PSP are
misdiagnosed at the first clinical visit, a high
proportion of patients meeting clinical diagnostic
criteria will be found to harbor the pathology.19,20

In our study, clinical diagnostic accuracy was
62.9% at the first visit and improved by 34% with

the help of the MRI decision algorithm, suggesting
that the use of this technique substantially improves
early diagnostic accuracy. This is potentially relevant
for future interventional therapies in atypical
parkinsonian disorders where diagnosis of early
disease stages may be critical. Similarly, high AUC
values for correct classification of both the training
and the validation cohorts indicated good reliability
of these measures and the decision algorithm across
multiple independent cohorts. This demonstrated
that the decision tree is reproducible in cohorts
other than that from which the training set was
drawn and applicable in the clinical setting.

The segmentation of subcortical structures and
subsequent generation of a decision tree identified

Figure 3 A 3-node C4.5 decision tree calculated from the training set

The numbers in each box indicate the number of correctly classified samples satisfying the conditions of each tree path fol-
lowed by the number of misclassified samples. The z thresholds represent brain volume normalized volumetric measures
processed by z transformation using mean centering and unit-variance scaling of the sex-adjusted healthy control cohorts.
MSA 5 multiple system atrophy; PD 5 Parkinson disease; PSP 5 progressive supranuclear palsy.

Table 2 Imaging classification relative to the final clinical diagnosis: Discriminative measures

PSP vs MSA/PD MSA vs PSP/PD MSA vs PSP

Area under the curve (95% CI) 0.95 (0.85–1.0) 1 (NA) NA

Sensitivity (95% CI); no. of correctly
classified cases

90% (59–98); 9/10 100% (78–100); 14/14 100% (78–100); 14/14

Specificity (95% CI); no. of correctly
classified cases

100% (88–100); 28/28 100% (86–100); 23/23 100% (72–100); 10/10

Abbreviations: CI 5 confidence interval; MSA 5 multiple system atrophy; PD 5 Parkinson disease; PSP 5 progressive
supranuclear palsy.
All values were derived from the disease classification algorithm generated by the C4.5 decision tree model.
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the midbrain volume as the brain area that classified
patients with PSP from MSA and PD with the high-
est accuracy. The fact that other parameters like the
volume of the thalamus, the volume of the third ven-
tricle, the putamen/midbrain ratio, or the midbrain/
pons ratio also showing highly significant differences
in the group analysis of PSP vs MSA and PD were not
included in the decision algorithm indicates the supe-
rior specificity of the volume loss in the midbrain as a
surrogate marker for the diagnosis of early-stage PSP.
Midbrain atrophy as identified by 3D T1-weighted
MRI and FreeSurfer is consistent with neuropatho-
logically proven atrophy and neuronal loss.21,22 In
the past 15 years, several different imaging measure-
ments like the anterior posterior midbrain diameter,
the midbrain area measured at the midsagittal view,
and the ratios between midbrain and pons areas were
identified as diagnostic markers with a sensitivity
ranging from 63% to 100% and a specificity ranging
from 86% to 100% vs PD and MSA.23 Due to the
lack of sophisticated volume measurement tools to
quantify the majority of subcortical brain regions,
few studies have assessed the spatial component of
areas such as the midbrain, pons, cerebellum, thala-
mus, globus pallidus, and putamen. Applying solely
the midbrain volume for the diagnosis of PSP in a
group of 18 patients yielded a sensitivity of 72.2%
and a specificity of 91.9%.24 Diagnostic accuracy
increased when adding the volume of the cerebellum,
pons, and superior cerebellar peduncle.

In our study, one patient with the initial diagnosis
of PD and the final clinical diagnosis of PSP parkin-
sonism at follow-up was falsely classified to the PD
group. Interestingly, a second MRI scan performed
1 year later allowed the correct classification. This
instance suggests that although 9 out of 10 patients
with PSP parkinsonism would have been correctly
classified, there is still a remaining overlap with volu-
metric midbrain measures of patients with PD, which
is in line with reports of midbrain distance and area
measures observed in PSP parkinsonism and PD.25

Due to the small number of patients with
Parkinson-type PSP, we could not enter these pa-
tients as an independent class to the generation of
the decision tree. In further studies, the criteria of
the decision algorithm to differentiate patients with
Parkinson-type PSP and Richardson-type PSP or
other PSP subtypes like primary progressive freezing
of gait or the cortical predominant type will have to
be extended in larger cohorts.26

Based on the criteria of 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 by the decision algorithm. In addi-
tion, group analysis revealed significant volume

reduction of the cerebellar white matter compartment
and the pons compared to PSP and PD. As these pa-
rameters show some overlap among patient groups,
they were not considered as discriminates for the clas-
sification algorithm. Cerebellar and nigrostriatal atro-
phy are the main sites of neuronal fallout in MSA and
significant volume loss of those brain areas was re-
ported by several investigators.6,27–30 Most studies
used categorical study designs and did not test for
diagnostic accuracy as sample sizes were too small to
split for training and test sets. By using an unsuper-
vised approach, a diagnostic accuracy of 93% of semi-
automated MRI volumetry was reported for the
midbrain, pons, cerebellum, and superior cerebellar
peduncles of patients with MSA and PSP and a dis-
ease duration of 4.5 years.24 Interestingly, our deci-
sion algorithm stratified patients with MSA into those
with predominant cerebellar atrophy and those with
predominant putaminal atrophy. In this study, only
patients with a parkinsonian syndrome requiring
dopaminergic treatment were included. Nevertheless,
5 out of 40 patients with the Parkinson variant of
MSA had significant cerebellar ataxia allowing also
classification to the cerebellar variant of MSA at the
second clinical consultation. Although those 5 pa-
tients with MSA were correctly classified to the sub-
group of cerebellar gray matter volume loss, a
substantial number of patients with the Parkinson
variant of MSA were also classified to that subgroup.
This finding suggests that in a proportion of patients
with the Parkinson variant of MSA, cerebellar atro-
phy can be measured in early disease stages even prior
to the onset of clinical signs related to that brain area.

Limitations. The development and validation of the
classification algorithm focused on participants of
an age range of 50–75 years and a maximum disease
duration of 6 years. The upper age limit for this
proof-of-concept study was mainly chosen
to minimize error introduced by the covariance of
age-related brain volume loss, but these ranges of
age and disease duration nevertheless capture the
majority of patients with early to moderately
advanced parkinsonism presenting at movement
disorder outpatient clinics. Including patients with
longer disease duration would be expected to
strengthen the performance of our classifier, but
this has to be tested in future studies. In order
to minimize associated subcortical atrophy, we
excluded patients with severe white matter lesions
in the basal ganglia and surrounding white matter
areas with Fazekas scores of 2 or 3. In clinical
practice, cerebrovascular comorbidity is not
uncommon in PD or other forms of parkinsonism,
but it has not been studied how commonly this
induces degrees of white matter lesions with Fazekas
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scores of 2 or above. Therefore, we cannot be certain
whether cerebrovascular comorbidity would have
changed the performance of the MRI classifier
algorithm.14,31 In subsequent studies, this
classification algorithm needs to be evaluated for
patients with atypical parkinsonian presentations,
with young disease onset, and in their very early
disease stages. In this respect, further independent
validation in larger cohorts is needed to overcome
potential overfitting originating from the small
sample size.

So far, a single study reported on imaging features
of postmortem confirmed PSP and found a MRI
midbrain to pons diameter ratio smaller than 9.35
mm.32 The lack of definite diagnostic confirmation
by neuropathologic assessment is a potential limita-
tion of the current study. Nevertheless, we stringently
applied validated clinical criteria with consensus from
2 movement disorder specialists coupled with evi-
dence for nigrostriatal dopaminergic dysfunction
using tracer imaging in all patients and all patients
with MSA, PSP, or L-dopa-responsive PD were fol-
lowed up clinically for at least 12 months, and pa-
tients with de novo parkinsonism for 42 months.
Further, secondary causes were eliminated through
structural MRI and the final clinical classification
was anchored on the last visit after extended follow-
up. Still, we cannot entirely exclude that patients with
mild disease courses were misdiagnosed based on the
criteria mentioned above.

This study provides a validated, objective, and eas-
ily applicable MRI algorithm to accurately discrimi-
nate early to moderately advanced stage MSA, PSP,
and PD from each other at the individual patient level
using a conventional MRI sequence. Using the soft-
ware tools described previously, individual volumetric
T1-weighted MRI scans can be processed, with little
investigator-dependent intervention, in a fairly short
time. While maintaining high specificity, this
image-based classification approach substantially im-
proves the diagnostic sensitivity at first attendance
of patients with idiopathic or atypical parkinsonian
syndromes and short disease duration. This will be
of particular advantage for adequate patient counsel-
ing, predicting disease progression and follow-up con-
sultations, tailoring the appropriate treatment, and
providing correct diagnosis for patients to be enrolled
in clinical studies. Finally, by identifying patients ear-
lier compared to clinical diagnostic criteria, our MRI
tool widens the therapeutic window for future candi-
date neuroprotective interventions in atypical parkin-
sonian disorders.
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