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Abstract
Purpose Differentiation among parkinsonian syndromes may be clinically challenging, especially at early disease stages. In this
study, we used 18F-FDG-PET brain imaging combined with an automated image classification algorithm to classify parkinsonian
patients as Parkinson’s disease (PD) or as an atypical parkinsonian syndrome (APS) at the time when the clinical diagnosis was
still uncertain. In addition to validating the algorithm, we assessed its utility in a “real-life” clinical setting.
Methods One hundred thirty-seven parkinsonian patients with uncertain clinical diagnosis underwent 18F-FDG-PET and were
classified using an automated image-based algorithm. For 66 patients in cohort A, the algorithm-based diagnoses were compared
with their final clinical diagnoses, which were the gold standard for cohort A and were made 2.2 ± 1.1 years (mean ± SD) later by
a movement disorder specialist. Seventy-one patients in cohort B were diagnosed by general neurologists, not strictly following
diagnostic criteria, 2.5 ± 1.6 years after imaging. The clinical diagnoses were compared with the algorithm-based ones, which
were considered the gold standard for cohort B.
Results Image-based automated classification of cohort A resulted in 86.0% sensitivity, 92.3% specificity, 97.4% positive
predictive value (PPV), and 66.7% negative predictive value (NPV) for PD, and 84.6% sensitivity, 97.7% specificity, 91.7%
PPV, and 95.5% NPV for APS. In cohort B, general neurologists achieved 94.7% sensitivity, 83.3% specificity, 81.8% PPV, and
95.2% NPV for PD, while 88.2%, 76.9%, 71.4%, and 90.9% for APS.
Conclusion The image-based algorithm had a high specificity and the predictive values in classifying patients before a final
clinical diagnosis was reached by a specialist. Our data suggest that it may improve the diagnostic accuracy by 10–15% in PD and
20% in APS when a movement disorder specialist is not easily available.

Keywords Brainmetabolism .Automated classification algorithm .Differential diagnosis . Parkinson’s disease .Multiple system
atrophy . Progressive supranuclear palsy

Introduction

Clinical differentiation among parkinsonian syndromes
(Parkinson’s disease (PD), multiple system atrophy (MSA),
progressive supranuclear palsy (PSP), and corticobasal degen-
eration (CBD)) may be challenging in early disease stages.
They all present with parkinsonism which is a clinical syn-
drome of bradykinesia in combination with rest tremor, rigid-
ity, or both [1]. Specific signs of individual atypical parkinso-
nian syndromes (MSA, PSP, and CBD) may be absent initial-
ly. Although there is no disease-modifying treatment available
for parkinsonian syndromes, correct diagnosis is important for
various reasons. Symptomatic surgical and device-aided treat-
ments are beneficial mostly in PD [2] and incorrect diagnosis
may lead to unnecessary and potentially harmful interven-
tions; moreover, enrolment of misdiagnosed patients in
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clinical trials may lead to inaccurate results. Furthermore, the
prognosis in these syndromes differs [2] and correct diagnosis
is important for management of the long-term patients’ care.
The definitive diagnosis of parkinsonism can still be made
only by pathohistological examination of the brain tissue [3].
Clinicopathological studies have shown low diagnostic accu-
racy in early disease with positive predictive value for PD of
only 53% for symptom durations under 5 years [4]. PD is
often clinically overdiagnosed and atypical parkinsonian syn-
dromes underdiagnosed by general neurologists in early
stages [5].

Presynaptic dopaminergic imaging (e.g., dopamine trans-
porter imaging) has only limited role in differentiating among
various parkinsonian syndromes, given that the presynaptic
dopaminergic system is affected in atypical parkinsonian syn-
dromes as well as classical PD [6]. The postsynaptic D2 re-
ceptor imaging may be used for differentiation among PD and
atypical parkinsonian syndromes, but it is not specific enough
for individual case diagnosis [7]. However, regional changes
in brain metabolism vary among parkinsonisms and it has
been shown that positron emission tomography with 18F-
fluoro-2-deoxyglucose (18F-FDG-PET) can be used for the
differentiation among them. Visual reading and statistical
parametric mapping analysis of brain 18F-FDG-PET images
are common supplementary diagnostic tools for diagnosis of
parkinsonian syndromes and monitoring of disease progres-
sion [6, 8–11]. Additionally, network analysis of 18F-FDG-
PET images using a spatial covariance technique known as
scaled subprofile model (SSM) based on the principal compo-
nent analysis (PCA) [12, 13] has been used to identify specific
disease-related metabolic brain patterns in PD [14–17], MSA
[18], PSP [18], and CBD [19].

For the differential diagnosis of parkinsonisms in clinical
practice, an automated probabilistic algorithm which utilizes
the expressions of multiple disease-related metabolic patterns
was developed by Tang et al. [20] and validated in a subse-
quent study by Tripathi et al. [21]. In the first step, this algo-
rithm differentiates among patients with PD and atypical par-
kinsonian syndrome (APS), while in the second one, it differ-
entiates between MSA and PSP. High specificity (90–97%)
and positive predictive values (PPV, 85–98%) of diagnostic
ability of this logistic algorithm were reported in previous
studies [20, 21].

In this study, we aimed to first validate the differential
diagnostic accuracy of the abovementioned automated proba-
bilistic algorithm on a new European cohort (cohort A analy-
sis) and then to evaluate its usefulness in the “real-life” clinical
settings (cohort B analysis). For the first aim, we compared the
automated algorithm-based imaging diagnosis with the final
clinical diagnosis made by the movement disorder specialist
for PD, MSA, and PSP patients in cohort A. To fulfill the
second aim, we tested the accuracy of the clinical diagnosis
of parkinsonian syndromes made by general neurologists with

the imaging diagnosis made by the automated probabilistic
algorithm in cohort B patients. Our hypothesis was that the
automated 18F-FDG-PET-based diagnosis is more specific
than a general neurologist and therefore of particular value
in situations when specialized movement disorder service is
not available.

Methods

Subjects

Cohort A consisted of 66 consecutive patients with un-
certain cl inical diagnosis of parkinsonism who
underwent diagnostic 18F-FDG-PET imaging between
October 2010 and August 2015. At least 1 year after
imaging, patients were reexamined by a movement dis-
order specialist blinded to patients’ history and imaging
results and a final clinical diagnosis was made based on
the clinical diagnostic criteria for PD (UK Brain Bank
Criteria) [22], MSA [23], and PSP [24]. The PSP was
diagnosed using the 1996 NINDS-SPSP criteria [24];
therefore, all the included PSP patients are very likely
to be affected by PSP-Richardson syndrome (and not by
any other PSP subtype) as defined by the latest MDS-
PSP criteria [25]. According to the diagnostic criteria
used [22, 24], patients with neuroleptic drug exposure,
pronounced vascular or other structural lesions, head
trauma or encephalitis history, family history of parkin-
sonism, long remission or unilateral involvement after
3 years as well as patients with uncertain or alternative
diagnosis were excluded. In one patient, the diagnosis
of PD was made by postmortem pathohistological brain
examination. The average time interval between 18F-
FDG-PET imaging and the final clinical diagnosis was
2.2 ± 1.1 years (mean ± SD). Only patients with final
clinical or histopathological diagnosis of PD, MSA,
and PSP—the three most common parkinsonian syn-
dromes [26]—were included in the analysis.

Cohort B consisted of 71 consecutive patients with uncer-
tain clinical diagnosis of parkinsonism who were also referred
to 18F-FDG-PET by their neurologists between October 2010
and August 2015. Unlike in cohort A patients, the final clin-
ical diagnosis of patients in cohort B was made by a general
neurologist in a “real life” setting, not strictly following the
diagnostic criteria but rather their clinical expertise [22–24].
The average time interval between 18F-FDG-PET imaging
and the clinical diagnosis was 2.5 ± 1.6 years for the cohort
B patients. As in cohort A, only patients with clinical diagno-
sis of PD, MSA, and PSP were included in the analysis.

All the patients were recruited from the Department for
Neurology, University Medical Center Ljubljana.
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In addition, 20 age- and gender-matched normal controls
(NC), who were described before [17], underwent 18F-FDG-
PET imaging and were included in the analysis for the pur-
poses of z-transforming subject scores of the three metabolic
patterns for individual patients.

The study was approved by the National Medical Ethics
Committee of the Republic of Slovenia. Written informed
consent was obtained from the participating subjects.

18F-FDG-PET imaging

Subjects were instructed to fast overnight prior to PET imag-
ing. 18F-FDG-PET was performed at the Department of
Nuclear Medicine at UMC Ljubljana. A total of 250 MBq of
18F-fluorodeoxyglucose (FDG) was injected intravenously;
afterwards, the subjects were placed to rest in a dark room
with eyes closed. Brain scans were acquired using Siemens
Biograph mCT PET/CT scanner 30 min after FDG injection.
Images were reconstructed to 400 × 400 × 110 matrix with
voxel size 1.02 × 1.02 × 3mm3 using OSEM+PSF+TOF re-
construction algorithm and 4 mm post processing Gaussian
filter. Patients’ dopaminergic medication was not withheld
prior to 18F-FDG-PET.

Image processing

18F-FDG-PET images of each patient were converted to SPM
Analyze format using MRIConvert software (http://lcni.
uoregon.edu/~jolinda/MRIConvert/). They were spatially
normalized into a standard Montreal Neurological Institute
(MNI) space and smoothed using a 10 × 10 × 10 mm
FWHM Gaussian filter using SPM5 software (Wellcome
Trust Centre for Neuroimaging), running in MATLAB 7.0
(MathWorks Inc.).

Calculation of brain 18F-FDG-PET-based network
expression values

The subjects’ expressions of the previously determined
and validated characteristic metabolic patterns were cal-
culated. The PD-related pattern (PDRP) [14], MSA-
related pattern (MSARP) [18], and PSP-related pattern
(PSPRP) [18] were all identified at Feinstein Institute
for Medical Research, New York. These subjects’ ex-
pressions of the three networks were calculated in indi-
vidual subjects using SCANVP software (http://www.
feinsteinneuroscience.org at Center for Neuroscience,
Feinstein Institute for Medical Research, NY, USA) as
described elsewhere [12]. Expression values for each
pattern were z-transformed using mean and standard de-
viation of subject scores from the NC group [17].

Differential diagnosis of individual parkinsonian
patients by automated logistic algorithm

An automated algorithm, developed in the previous study
[20], was used to diagnostically classify each of the patients
from cohorts A and B, based on the PDRP, MSARP, and
PSPRP expressions (i.e., subject scores) computed from the
18F-FDG-PET scan of each patient. In the first stage, patients
were classified as PD, APS, or indeterminate parkinsonism.
This was done based on the calculation of probability for PD
or APS (cutoff values for PD and APS were 81% and 79%, as
determined in the previous study [20]). In the second stage,
the patients who were classified as APS in the first step
underwent further classification as MSA, PSP, or indetermi-
nate APS. Probability cutoff values of 74% and 55% were
used for MSA and PSP, respectively, whereas subjects with
lower probability than the cutoff probabilities of both diseases
were considered as indeterminate [20].

Comparison of an automated algorithm-based
diagnosis with the final clinical diagnosis

In cohort A, the algorithm-based diagnosis of individual pa-
tients was compared with the patients’ final clinical diagnosis,
which was made by a movement disorder specialist at least
1 year after 18F-FDG-PET scan and blinded to the previous
clinical workup. The final clinical diagnosis was considered a
diagnostic gold standard in this cohort.

In cohort B, the clinical diagnosis made by a general neu-
rologist was compared with the automated algorithm-based
diagnosis, which was considered a diagnostic gold standard
in this cohort.

For each cohort sensitivity, specificity, PPV, and negative
predictive values (NPV) were calculated on both diagnostic
stages and reported in Results. Clinical characteristics of pa-
tients with either indeterminate or incongruent diagnoses by
clinical and automated imaging diagnoses were presented in-
dividually in the Electronic Supplement Materials for cohort
A (Tables S1 and S2) and cohort B (Tables S3 and S4).

Automated classification of the excluded patients from co-
horts A and B (i.e., patients with alternative or unclear clinical
diagnosis) was performed as well and is presented in the
Electronic Supplement Materials (Figs. S1 and S2).

Statistical analysis

Demographic data, disease duration at 18F-FDG-PETscan and
at final clinical diagnosis, the time interval between 18F-FDG-
PET scan and clinical diagnosis, as well as metabolic pattern
expression values, across the disease groups in each cohort
were compared using one-way ANOVA test followed by post
hoc Bonferroni’s multiple comparisons tests performed in
GraphPad Prism v7 for Windows (GraphPad Software, San
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Diego, CA, USA). To calculate disease probabilities based on
metabolic pattern scores for individual patients, logistic re-
gression analysis was performed in SAS 9.3 (SAS Institute
Inc., Cary, NC, USA). For all comparisons, p value ˂ 0.05
was considered statistically significant.

Results

Cohort A

Of the 66 patients, whose final clinical diagnosis was made by a
movement disorder specialist (Fig. 1a), ten were excluded from
further analysis due to final clinical diagnosis other than PD,
MSA, or PSP (two were diagnosed with CBD, two with de-
mentia with Lewy bodies (DLB), one with subjective cognitive
disorder, one with iatrogenic parkinsonism, and four with un-
certain clinical diagnosis). Of the remaining 56 patients, 43
were clinically diagnosed with PD, 6 with MSA, and 7 with
PSP. REM sleep behavior disorder was reported by 12/43 PD
and 1/6 MSA patients; one PD patient reported vivid visual
hallucinations. For all 56 cohort A patients, their mean age at
the time of 18F-FDG-PET scan was 67.1 ± 8.5 years and mean
disease duration was 4.0 ± 2.6 years. Final clinical diagnosis
was made 2.2 ± 1.1 years after 18F-FDG-PET scan and 6.3 ±
2.9 years after the onset of their symptoms. No significant dif-
ferences were found across the PD, MSA, and PSP groups in
age at disease onset (p = 0.40; one-way ANOVA), age at 18F-
FDG-PET (p = 0.13), disease duration at 18F-FDG-PET (p =
0.68), the disease duration at clinical diagnosis (p = 0.34), or
in the time interval between 18F-FDG-PETand the final clinical

diagnosis (p = 0.23). The demographic and clinical data of co-
hort A patients are summarized in Table 1.

Metabolic network expressions in PD, MSA, and PSP
groups

PDRP, MSARP, and PSPRP expression scores of individual pa-
tients in cohort A are presented in Figs. 2 a and 3 a. A significant
difference in PDRP expression (subject scores) was found across
parkinsonian syndromes (Fig. 2a, left; F(3, 72) = 12.6, p ˂ 0.0001,
one-way ANOVA). The PDRP expression was higher in PD
patients compared with NC (p = 0.0003; post hoc Bonferroni
test) and MSA group (p < 0.0001); it was also higher in PSP
patients compared with MSA (p= 0.002). There was no differ-
ence in PDRP expression between MSA and NC (p = 0.22) and
between PD and PSP groups (p= 1.0). The difference between
PSP and NC was only marginal (p = 0.06).

A significant difference inMSARP subject scoreswas present
across the three groups (Fig. 2a, middle; F(3, 72) = 22.1,
p ˂ 0.0001, one-way ANOVA), with higher pattern expressions
for both MSA and PSP groups relative to NC or PD group
(p ˂ 0.0001; post hoc Bonferroni test). There was no difference
in MSARP expression between MSA and PSP groups or be-
tween PD and NC groups (p = 1.0).

We also found a significant difference in PSPRP expression
across groups (Fig. 2a, right; F(3, 72) = 35.3, p ˂ 0.0001, one-
way ANOVA). Subject scores in the PSP group were higher
than those in all other groups (p ≤ 0.0001; post hoc Bonferroni
test). Moreover, PSPRP expression in MSA patients was sig-
nificantly higher than in both the NC and PD groups (p =
0.006 and p = 0.01). There was no significant difference be-
tween NC and PD patients (p = 1.0).

Fig. 1 Study design and results of automated algorithm-based classification for cohorts A and B
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Comparison of an automated algorithm-based
diagnosis with the final clinical diagnosis made
by movement disorder specialist

Among the 56 parkinsonian patients from cohort A, an auto-
mated algorithm classified 38 patients as PD (37 clinically
diagnosed as PD, one as MSA) and twelve as APS (one

clinically diagnosed as PD, five as MSA, six as PSP); the
remaining six patients (10.7%) were classified as indetermi-
nate parkinsonism (five clinically diagnosed as PD, one as
PSP) at the first stage. Detailed classification of all the subjects
(along with the excluded ones) is presented in the Electronic
Supplement Material (Fig. S1). Compared with the final clin-
ical diagnosis which was a gold standard in cohort A, the

Fig. 2 Metabolic brain patterns’ expressions for PDRP, MSARP, and
PSPRP measured as subject scores across cohort A in which the
diagnostic gold standard was clinical diagnosis) (a) and cohort B in
which the diagnostic gold standard was algorithm-based diagnosis (b).
Subject scores of cohort A and cohort B patients are presented. Mean
values and standard errors are shown. Differences in all network subject

scores across clinical diagnoses groups were statistically significant (one-
way ANOVA, p ˂ 0.0001). Asterisks above graphs represent statistically
significant differences among various groups (post hoc Bonferroni test).
*p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.001, ****p ˂ 0.0001. Differences among
groups that are not marked with asterisk are not significant

Table 1 Demographic and
clinical characteristics Dg. Diagnostic

approach
N Gender

(male
/female)

Age at 18F-
FDG-PET
(years ±
SD)

Disease
duration at
18F-FDG-PET
(years ± SD)

Disease
duration at
clinical dg
(years ± SD)

Time between
18F-FDG-PET
and clinical dg
(years ± SD)

NC 20 8/12 67.2 ± 5.7

PD Cohort A 43 24/19 67.2 ± 8.9 4.0 ± 2.4 6.3 ± 2.8 2.3 ± 1.1

Cohort B 22 13/9 70.5 ± 9.8 7.8 ± 4.8 10.9 ± 4.7 3.0 ± 1.7

MSA Cohort A 6 3/3 61.5 ± 3.5 3.6 ± 3.7 5.1 ± 3.4 1.5 ± 0.8

Cohort B 11 1/10 68.1 ± 11.3 4.3 ± 3.1 5.5 ± 3.8 1.6 ± 1.0

PSP Cohort A 7 4/3 71.0 ± 6.8 4.8 ± 3.1 7.3 ± 3.5 2.5 ± 1.3

Cohort B 10 3/7 75.7 ± 4.9 5.1 ± 2.9 7.1 ± 4.3 2.2 ± 1.4
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algorithm achieved 86.0% sensitivity, 92.3% specificity,
97.4% PPV, and 66.7% NPV for PD, as well as 84.6% sensi-
tivity, 97.7% specificity, 91.7% PPV, and 95.5%NPV for APS
(Table 2).

Twelve patients classified as APSwere further analyzed at the
second stage; four were classified as MSA (all congruent with
clinical diagnosis) and six as PSP (five congruent with clinical
diagnosis, one clinically diagnosed as PD); two (16.7%) were
indeterminate (one clinically diagnosed as MSA and one as
PSP). The algorithm achieved 80.0% sensitivity, 100% specific-
ity, 100%PPV, and 87.5%NPV forMSA, and 83.3% sensitivity,
specificity, PPV, and NPV for PSP (Table 2).

Cohort B

Among the 71 patients in cohort B whose clinical diagnosis
was made at the regular clinical visit by the general neurolo-
gist (Fig. 1b), 28 were excluded from further analysis due to
clinical diagnosis other than PD, MSA, or PSP: four had clin-
ical CBD, six had clinical DLB, one had frontotemporal de-
mentia, one probable Creutzfeldt-Jakob disease and diagnosis
was clinically unclear in 16 cases. Demographic and clinical
data of the 43 patients included in the analysis of cohort B are
presented in Table 1. Their mean age was 64.5 ± 10.5 years at
the time of 18F-FDG-PET scan and their disease duration was
6.3 ± 4.2 years. The clinical diagnosis was made 8.7 ±
4.8 years after the onset of the symptoms and 2.5 ± 1.6 years
after 18F-FDG-PETscan. No significant differences across the
PD, MSA, and PSP were found in age at disease onset (p =
0.73; one-way ANOVA), at 18F-FDG-PET (p = 0.18), or at the
disease duration at 18F-FDG-PET (p = 0.08). The disease du-
ration at the clinical diagnosis differed significantly across
groups (p = 0.01); it was significantly longer for PD compared
with MSA (p = 0.01, post hoc Bonferroni’s test). A significant
difference was found also in the time interval between 18F-
FDG-PET and clinical diagnosis (p = 0.03); it was shorter in
MSA patients compared with PD (p = 0.03, post hoc
Bonferroni’s test).

Comparison of the routine clinical diagnosis made
by a general neurologist with an automated
algorithm-based diagnosis

Of the 43 cohort B patients, the automated algorithm classified
19 patients as PD (18 of those were clinically diagnosed as

Fig. 3 Tree-dimensional graph presenting a combination of PDRP, MSARP, and PSPRP Z-scores for PD, MSA, and PSP patients from cohort A (gold
standard clinical criteria based diagnosis) and cohort B (gold standard algorithm-based diagnosis). IND, indeterminate parkinsonism

Table 2 Discriminative measures for cohort A (automated algorithm-
based diagnosis vs. gold standard clinical criteria-based diagnosis) and
cohort B (clinical diagnosis from general neurology clinic vs. gold stan-
dard automated algorithm-based diagnosis)

Cohort A

Dg. Sensitivity Specificity PPV NPV

PD 86.0% (37/43) 92.3% (12/13) 97.4% (37/38) 66.7% (12/18)

APS 84.6% (11/13) 97.7% (42/43) 91.7% (11/12) 95.5% (42/44)

MSA 80.0% (4/5) 100% (7/7) 100% (4/4) 87.5% (7/8)

PSP 83.3% (5/6) 83.3% (5/6) 83.3% (5/6) 83.3% (5/6)

Cohort B

Dg. Sensitivity Specificity PPV NPV

PD 94.7% (18/19) 83.3% (20/24) 81.8% (18/22) 95.2% (20/21)

APS 88.2% (15/17) 76.9% (20/26) 71.4% (15/21) 90.9% (20/22)

MSA 80.0% (4/5) 83.3% (10/12) 66.7% (4/6) 90.9% (10/11)

PSP 66.7% (8/12) 80.0% (4/5) 88.9% (8/9) 50.0% (4/8)

PPV positive predictive value, NPV negative predictive value
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PD, one as PSP), 17 as APS (two were clinically diagnosed as
PD, six as MSA, nine as PSP), and seven (16.3%) as indeter-
minate parkinsonism (two were clinically PD and five MSA)
at the first stage. Detailed classification of all the subjects
(along with the excluded ones) is presented in the Electronic
Supplement Material (Fig. S2). Using the automated image-
based diagnosis as gold standard for comparison, the clinical
diagnosis of cohort B patients resulted in 94.7% sensitivity,
83.3% specificity, 81.8% PPV, and 95.2% NPV for PD, and
88.2% sensitivity, 76.9% specificity, 71.4% PPV, and 90.9%
NPV for APS (Table 2).

Seventeen APS patients were further analyzed in the sec-
ond stage. Among them, five were classified as MSA (four
were clinically diagnosed asMSA and one as PSP) and twelve
as PSP (two clinically diagnosed as PD, two as MSA, and
eight as PSP). Clinical diagnosis compared with the gold stan-
dard automated classification resulted in 80.0% sensitivity,
83.3% specificity, 66.7% PPV, and 90.9% NPV for MSA,
and 66.7% sensitivity, 80.0% specificity, 88.9% PPV, and
50.0% NPV for PSP (Table 2).

In addition, metabolic network expressions in cohort’s B
PD,MSA, and PSP groups as categorized by the algorithm are
presented in Fig. 2 b. A significant difference in PDRP,
MSARP, and PSPRP expression was found across these par-
kinsonian syndromes (p ˂ 0.0001, one-way ANOVA).

Discussion

In this study, we tested the diagnostic utility of the specific
metabolic brain patterns, which were identified previously in
parkinsonian patients using 18F-FDG-PET brain imaging and
the multivariate image analysis. We first re-validated the di-
agnostic accuracy of the automated metabolic brain pattern-
based algorithm in 56 parkinsonian patients (cohort A), by
comparing it with the final clinical diagnosis, which was done
strictly following the diagnostic criteria. In this cohort A anal-
ysis, the clinical diagnosis was the gold standard. Second, we
compared the clinicians’ routine diagnosis of parkinsonism
(cohort B) with the diagnosis obtained from the automated
and algorithm-based diagnostic procedure. The algorithm cal-
culates the diagnostic probability for PD, MSA, and PSP
based on the measurement of the expression of specific met-
abolic brain pattern characteristic for these three syndromes.
In this cohort B analysis, the automated algorithm-based di-
agnosis was the gold standard.

The differential diagnosis algorithm [20] was thus validat-
ed in a new European cohort in the first part of the study,
followed by the test of its utility in a “real-life” clinical setting
in the second one.

In both cohorts, we evaluated the differences in the expres-
sions of the three patterns (PDRP, MSARP, and PSPRP) be-
tween the groups of parkinsonian patients. We found a highly

significant difference in the three network expressions when
comparing their expressions among corresponding patient
groups and NC (p ˂ 0.0001), which is consistent with the
original identification studies [14, 18].

In the validation cohort A analysis, however, a single pat-
tern did not differentiate among all patient groups (Fig. 2). To
some extent, this may be due to the effects of dopaminergic
therapy, which was not discontinued in these patients before
imaging. Dopaminergic therapy may lower PDRP expression
in PD patients to the levels closer to those seen in PSP [27].

To be able to discriminate among all parkinsonian syn-
dromes based on the disease-related metabolic brain patterns,
the expression levels (subject scores) for all the three patterns
(i.e., PDRP, MSARP, and PSPRP) should be quantified in
each individual patient (Fig. 3). The automated algorithm de-
scribed previously [20] computes these measures, which are
then submitted to the logistic regression for individual subject
categorization. In cohort A, the automated algorithm-based
analysis accurately discriminated PD patients from APS (first
stage), as well as MSA from PSP (second stage). The findings
agree with previously published observations from North
America [20] and India [21]. The specificity for PD in cohort
A was 92% (compared with North America and India, 98%
and 95%, respectively), and PPV was 97% (compared with
97% and 88%, respectively). APS were also accurately cate-
gorized, with a specificity of 98% and a PPV 92% comparable
with that observed in the previously published North
American and Indian samples (specificity 98% and 95%,
PPV 97% and 88%).

Interestingly, there were only two incongruent cases (3.6%)
in our cohort A sample in which the image-based categoriza-
tion differed from the clinical diagnosis (Table S1). The first
case was a patient diagnosed clinically as parkinsonian-type
MSA (MSA-P), whom the algorithm classified as PD. The
second was clinically diagnosed as PD but classified as PSP
according to the algorithm. Both incongruent patients had
substantial cortical atrophy on MRI, which may have con-
founded image-based classification in these individuals [21].
That said, clinical diagnoses are not always upheld at autopsy.
Indeed, the full impact of discrepancies such as these cannot
be appreciated without autopsy confirmation.

Eight patients (14%) from cohort A were classified as in-
determinate by the logistic algorithm (Table S2): six at the first
and two at the second stage (both being classified correctly as
APS). Interestingly, features such as disease duration at FDG-
PETand at final diagnosis, as well as the time interval between
FDG-PET and final diagnosis, did not differ among indeter-
minate vs. definitively categorized patients. Of eight indeter-
minate patients, three had moderate brain atrophy, whereas
two had no atrophy on MRI. It is possible that in these cases,
the disease process had not matured sufficiently to point to a
specific diagnostic classification at the time of imaging [20].
In any event, the percentages of indeterminate cases at level 1
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(11%) and level 2 (17%) in cohort A were similar to those
reported previously in the earlier samples [20, 21]. As in the
earlier samples, indeterminate cases at level 1 were evenly
distributed clinically between PD and APS (level 1), or be-
tween MSA and PSP (level 2).

While a high degree of concordance was seen between the
clinical diagnoses of the movement disorder specialist follow-
ing the diagnostic criteria and the pattern-based imaging clas-
sifications, the same cannot be said for the diagnoses made by
general neurologists in group B.

Previous clinicopathological studies have shown low PPV
(38–65%) of early clinical diagnosis for PD (< 5 years) which
later increases to 85% [4, 28]. The diagnostic accuracy is
considerably higher in specialist movement disorder settings
with PPV up to 99% for PD, 86% for MSA, and 80% for PSP
[29]. Another clinicopathological study revealed high sensi-
tivity (89%) but low specificity (58%) of general neurologists
for PD while it was opposite for APS with high specificity
(99% for MSA and 100% PSP) and low sensitivity (64% and
53%, respectively). These findings indicate that PD may be
overdiagnosed while APS is clinically underdiagnosed in clin-
ical practice [5].

Comparing the discriminative measures from cohorts A
and B (keeping in mind different gold standards and the study
design, which prevent us from directly paralleling the results),
we may conclude that the automated algorithm was more spe-
cific while clinical neurologist was more sensitive for PD (the
specificity was 92.3 by automated algorithm and 83.3% by
clinical neurologists, while sensitivity was 86.0% and 94.7%,
respectively). The cutoff values for automated classification
were intentionally selected in favor of higher specificity (>
90%) against sensitivity (> 80%) in the original study [20]; as
in the clinical settings, 18F-FDG-PET is used for confirmation
rather than for screening. While the specificity and PPV of
automated classification in APS were high as well, discrimi-
native measures of “real-life” clinical diagnosis were consid-
erably lower.

The clinicians’ high sensitivity with lower specificity for
PD is consistent with pathological studies mentioned above.
These results are not surprising since the PD is more prevalent
than the APS, red flag signs often appear late, and the conse-
quences of misdiagnosis are usually not very harmful since
there are no disease-modifying drugs available and symptom-
atic dopaminergic therapy may be tried in APS, although
without prolonged efficacy, as is the case in PD [2]. It is
different in the subgroup of patients who are considered for
advanced therapies (e.g., device-assisted and surgical treat-
ments). The risk of complications is higher in these therapies
[30] and APS patients do not benefit from them as PD patients
do [31]. In this subgroup of patients, high specificity and PPV
for PD are especially important and can be achieved either by
specialist in movement disorder, or as suggested by our re-
sults, by the automated algorithm analysis based on metabolic

brain characteristics, particularly in situations where move-
ment disorder specialist may not be available. Although the
design of our study did not allow for a direct comparison of
both cohorts due to distinct gold standards, our data suggest
that the algorithmmay help non-expert general neurologists to
improve their diagnostic accuracy by approximately 10–15%
in PD patients and by 20% in APS. With considerably high
PPVand specificity, the algorithmmay be especially useful for
patient selection in clinical trials of new therapies for PD or
APS [32]. Moreover, while by design the algorithm is current-
ly applied to only differentiate among PD, MSA, and PSP, we
found that it classified all 8 DLB patients as PD (2 in cohort A
and 6 in cohort B) in the additional analysis of the patients
with alternative diagnoses (Figs. S1 and S2). This result sug-
gests that the use of the image-based algorithm could poten-
tially be extended to the differential diagnosis of DLB, al-
though it remains a working hypothesis that requires formal
testing in future studies with larger samples.

There were six (14%) incongruent cases in cohort B. Two
patients classified as PSP were clinically diagnosed with
MSA-P. The crucial clinical characteristic in both cases that
probably steered a clinician to make the diagnosis of MSA
was orthostatic hypotension that may occasionally be present
also in PSP [33]. Another two patients classified as PSP were
clinically diagnosed with PD. An early cognitive decline was
present in the first case and poor L-dopa responsiveness in the
second one; however, they did not convince the clinician
against making the diagnosis of PD. One patient classified
as PD was clinically diagnosed with PSP. Patient had early
dementia, postural instability, and vertical gaze palsy suggest-
ing PSP, but also REM sleep behavior disorder, which is com-
monly associated with synucleinopathies and is rare in PSP
[34]. One patient with automated diagnosis of MSAwas clin-
ically diagnosed with PSP. In that case, the review of the
documentation did not reveal any of the typical clinical fea-
tures of MSA. Seven cohort B patients were classified as
indeterminate at level 1: one with clinical diagnosis of cere-
bellar type MSA (MSA-C) and four with MSA-P. MSA-P
patients exhibited substantial structural changes; in three
cases, a moderate or severe cortical atrophy and in one post-
traumatic atrophy was seen on brain MRI. The final two in-
determinate patients were clinically diagnosed with PD.

There are some noteworthy limitations of our study. Firstly,
the computerized algorithm applied to our patients’ 18F-FDG-
PET images relies on disease-related metabolic patterns that
were identified and validated by the technique’s originators.
Therefore, differences in PET instrumentation and reconstruc-
tion algorithms among the two centers may influence pattern
expression values (subject scores) for individual cases [35].
Even so, calibration of patient values against healthy control
subjects scanned at the study site helped to correct for system-
atic differences of this sort [36]. The use of locally derived
patterns for PD,MSA, and PSP [17] may help in this regard in
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the future. Secondly, there is an imbalance in the proportion of
PD and APS patients in cohorts A and B. In cohort A, there is
predominance of PD patients with the PD:APS ratio 3.3:1,
which is considerably higher than in the originator’s North
American cohort (1.4:1) [20]. Cohort B is more balanced
and comparable with the North American cohort (PD:APS
ratio 1.1:1). The imbalance, however, does not influence sen-
sitivity and specificity, which are features of the diagnostic test
and not related to the different prevalence, but it may, accord-
ing to the Bayes theorem, result in artificially higher PPVand
lower NPV in cohort A. Moreover, the number of APS pa-
tients is relatively small as these disorders are rare. Therefore,
caution is required in interpreting the percentage of APS pa-
tients. Thirdly, the study is limited by the absence of patho-
logical confirmation of the “gold standard” diagnoses. In the
current study, only a single patient underwent autopsy, which
interestingly confirmed the image-based classification (PD)
but contradicted the treating neurologist’s diagnosis (MSA).
Nonetheless, firm conclusions regarding the accuracy of the
image-based algorithm relative to the true pathological gold
standard cannot be made without systematic correlations in
autopsied patients.

Most of the neuro-nuclear diagnostic centers nowadays
routinely use univariate voxel-based parametric Z-score maps
to differentiate among neurodegenerative disorders [11]. The
algorithm presented here represents another approach to fur-
ther enhance the 18F-FDG-PET-based diagnosis. In the future,
we intend to compare the algorithm-based diagnosis with the
one made by an experienced neuro-nuclear medicine special-
ist relying on voxel-based Z-score maps.

Conclusion

Based on our results and previously published studies, meta-
bolic network-based logistic algorithm is a reliable tool to
improve early diagnostic accuracy in patients with uncertain
parkinsonism. We believe that it is suitable for use in clinical
practice as well as an inclusion/exclusion tool for clinical
trials.

While the accuracy of clinical diagnosis of parkinsonian
patients is high in specialized movement disorder centers, it
is considerably lower in the general practice. The 18F-FDG-
PET is nowadays widely available tool and the automated
diagnostic algorithm may contribute to the correct diagnosis
by considerably increasing the diagnostic accuracy, for 10–
15% in PD and 20% in APD, in regions where movement
disorder specialist is not easily accessible.
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