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Abstract
Purpose The purpose of this study was to identify the specific
metabolic brain pattern characteristic for Parkinson’s disease
(PD): Parkinson’s disease-related pattern (PDRP), using net-
work analysis of [18F]-fluorodeoxyglucose positron emission
tomography (FDG-PET) brain images in a cohort of
Slovenian PD patients.
Methods Twenty PD patients (age 70.1 ± 7.8 years,
Movement Disorder Society Unified Parkinson’s Disease
Motor Rating Scale (MDS-UPDRS-III) 38.3 ± 12.2; disease
duration 4.3 ± 4.1 years) and 20 age-matched normal controls
(NCs) underwent FDG-PET brain imaging. An automatic
voxel-based scaled subprofile model/principal component
analysis (SSM/PCA) was applied to these scans for PDRP-
Slovenia identification.
Results The pattern was characterized by relative hyperme-
tabolism in pallidum, putamen, thalamus, brain stem, and cer-
ebellum associated with hypometabolism in sensorimotor cor-
tex, posterior parietal, occipital, and frontal cortices. The ex-
pression of PDRP-Slovenia discriminated PD patients from
NCs (p < 0.0001) and correlated positively with patients’ clin-
ical score (MDS-UPDRS-III, p = 0.03). Additionally, its

topography agrees well with the original PDRP (p < 0.001)
identified in American cohort of PD patients. We validated the
PDRP-Slovenia expression on additional FDG-PET scans of
20 PD patients, 20 NCs, and 25 patients with atypical parkin-
sonism (AP). We confirmed that the expression of PDRP-
Slovenia manifests good diagnostic accuracy with specificity
and sensitivity of 85–90% at optimal pattern expression cutoff
for discrimination of PD patients and NCs and is not
expressed in AP.
Conclusion PDRP-Slovenia proves to be a robust and repro-
ducible functional imaging biomarker independent of patient
population. It accurately differentiates PD patients from NCs
and AP and correlates well with the clinical measure of PD
progression.
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Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disorder after Alzheimer’s disease, characterized
clinically by motor and non-motor clinical features. Other
parkinsonian conditions, such as multiple system atrophy
(MSA), progressive supranuclear palsy (PSP), or corticobasal
degeneration (CBD), have substantially different prognostic
outcomes and treatment options, but may present with similar
clinical features as PD especially in early disease stages.
Differential diagnosis of parkinsonism is often challenging if
based on clinical criteria alone. According to postmortem
studies, up to one quarter of patients diagnosed clinically as
PD proved to have other pathologies at autopsy [1, 2], most
frequently MSA or PSP. Thus, it is critical to identify and
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validate potential neuroimaging biomarkers to aid precise ear-
ly clinical diagnosis of PD.

Functional brain imaging with 18F-fluorodeoxyglucose
positron emission tomography (FDG-PET) and univariate
brain mapping analysis measures regional differences in
cerebral glucose metabolism and this technique has been
used as a supplementary tool for diagnosis of parkinson-
ism [3–6] and for monitoring of disease progression [7].
Nevertheless, despite its wide availability, routine use of
FDG-PET imaging has not yet been recommended in the
current guidelines for the PD clinical practice [8, 9].

Disease-specific metabolic brain networks have been
identified for PD, MSA, and PSP using a multivariate
spatial covariance technique known as scaled subprofile
model (SSM) based on principal component analysis
(PCA) on FDG-PET images [10–14]. Additionally,
Topographic Profile Rating (TPR), which gives rise to
a similarity measure, has been applied prospectively in
individual images to quantify pattern expression by a
subject score [15]. This analysis evaluates FDG-PET
brain images as an objective tool in assessing cerebral
metabolic abnormalities and facilitates accurate early
differential diagnosis of clinically uncertain parkinson-
ism [16, 17]. Disease-specific patterns thus play an im-
portant role in strengthening the use of FDG-PET imag-
ing in clinical practice of neurodegenerative diseases.

PD-related pattern (PDRP) was initially identified
with FDG-PET in a group of PD patients studied in
USA as reported previously [11], and has been later
replicated in additional independent patient populations
in USA, China, and the Netherlands [18–20]. Subject
score of PDRP expression was found to be highly re-
producible in individual subjects and its ability to accu-
rately discriminate PD patients from healthy controls
and atypical parkinsonism has been confirmed.
Individual subject scores were also shown to correlate
with clinical measures of disease severity [18, 19] and
PET indices of presynaptic dopaminergic functioning [7,
21] and to be sensitive to the rates of disease progres-
sion and responses to therapies [7, 22].

In this study, we sought (i) to identify PDRP-Slovenia
in a population of Slovenian PD patients scanned in
University Medical Centre Ljubljana on Siemens
Biograph mCT PET/CT scanner; (ii) to validate PDRP-
Slovenia by its ability to differentiate PD patients from
healthy controls and from patients with atypical parkinson-
ism; and (iii) to correlate PDRP-Slovenia expression with
clinical measures of disease severity. Additionally, our aim
was to evaluate its topography and subject expression in
comparison to PDRP originally derived in USA, with the
primary goal to further validate robustness of PDRP as a
reliable disease-related biomarker independent of patient
population and PET scanners.

Materials and methods

Subjects

Twenty patients with Parkinson’s disease (PD) recruited
from the Department of Neurology at the University
Medical Centre Ljubl jana and 20 age-matched
(p = 0.18) normal controls (NCs) comprised cohort A
(Table 1). PD patients were cognitively normal or had
mild cognitive impairment (MMSE average 26.5 ± 2.8,
range 21–30). All subjects were scanned with FDG-PET
and used for the identification of PDRP-Slovenia meta-
bolic pattern. Diagnosis of PD was made by a move-
ment disorders specialist based on the UK brain bank
criteria [22]. PD patients were assessed by Movement
Disorder Society Unified Parkinson’s Disease Motor
Rating Scale (MDS-UPDRS-III) in off stage, approxi-
mately 2 h before the PET scan. They were off levodo-
pa for at least 12 h and off dopamine agonist and
MAO-B inhibitor for at least 48 h prior scanning.

For prospective validation of the expression of PDRP-
Slovenia network, cohort B was recruited with 20 PD pa-
tients and 20 NC subjects (Table 1). There was no overlap
in subjects between cohort A and cohort B. These addition-
al PD patients were consecutively recruited from the
Department of Neurology at the University Medical
Centre Ljubljana and were diagnosed by a movement dis-
orders specialist based on the UK brain bank criteria [23]
but were not scored by UPDRS scale and were scanned in
on stage. The patients from both cohorts had similar dis-
ease duration: 4.3 ± 4.1 years in cohort A and 4.5 ± 3.7 years
in cohort B. All control subjects in cohorts A and B were
healthy volunteers recruited from the local community with
no specific inclusion/exclusion criteria.

To demonstrate the specificity of PDRP, we addition-
ally included a group of patients with atypical parkinson-
ism (cohort C) studied at the Department of Neurology at
the University Medical Centre Ljubljana, composed of
14 MSA patients and 11 PSP patients (Table 1) with
clinical follow-up diagnosis 1.6 ± 0.9 and 1.7 ± 0.6 years
after FDG-PET scan. The study has been approved by
the Slovenian Medical Ethics Committee.

To compare PDRP-Slovenia with PDRP originally
identified in USA, we also studied cohort D (Table 1)
which comprised of 33 non-demented PD patients
(male/female 22/11; age 57 ± 8 years; UPDRS motor
rating 32 ± 16) and 33 healthy controls (male/female
10/23; age 55 ± 13 years) with FDG/PET images from
the Feinstein Institute for Medical Research in
Manhasset, New York [11]. The patients in this cohort
were scanned with FDG-PET after 12 h off medication.
Informed consent was obtained from all individual par-
ticipants included in this study.
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Positron emission tomography imaging

All study participants were fasting overnight prior to FDG-PET
scanning, but were encouraged to drink plenty of water. Upon
acceptance to Department of Nuclear Medicine at University
Medical Centre Ljubljana, FDG with activity 250 MBq was
intravenously administered to participants using Medrad Intego
automatic injector. Participants were placed to rest in a quiet
dimly lit room with eyes closed for 30 min. Imaging was per-
formed with low dose attenuation correction CT scan (30 s)
followed by 10 min (between 35 and 45 min postinjection) rest-
ing state FDG-PET scan of relative glucose metabolism using
Siemens Biograph mCT PET/CT scanner. All images were re-
constructed into a 400 × 400 × 110 matrix with a voxel size
1.02 × 1.02 × 3 mm3 and 4-mm Gaussian postprocessing filter
using a Siemens TrueX-TOF iterative algorithm (6 iterations, 21
subsets) which incorporates point-spread-function correction and
time-of-flight information.

Image processing

18F-FDG-PET brain images were converted to Analyze format
using MRIConvert software (http://lcni.uoregon.edu/~jolinda/
MRIConvert/). Then, they were spatially normalized into a
standard Montreal Neurological Institute (MNI)-based PET
template and smoothed using a Gaussian kernel of
10 × 10 × 10 mm FWHM, both using SPM5 software (http://
www.fil.ion.ucl.ac.uk/spm/software/SPM5/), running in
Matlab 7.0 (MathWorks Inc., Natick, MA).

Pattern identification

PDRP-Slovenia principal components were identified from
FDG-PET brain images of cohort A by applying an automatic

voxel-based scaled subprofile model/principal component
analysis (SSM/PCA; software freely available on http://
www.feinsteinneuroscience.org at Center for Neuroscience,
Feinstein Institute for Medical Research, NY, USA). This
operation was performed within a probabilistic gray matter
mask created by thresholding and averaging all FDG-PET
images in the derivation cohort as described previously [16].
The principal component or a linear combination of several
principal components, whose expression in individual images
produced the most significant differentiation between PD and
NC groups, was determined as a PDRP-Slovenia.

A subject score or PDRP-Slovenia expression in an indi-
vidual image was Z-transformed using mean and standard
deviation of subject scores in the NC group of cohort A, so
that the average Z-score of the NC group was set to zero with
the standard deviation equal to one.

The reliability of PDRP-Slovenia was estimated using a
bootstrapping algorithm [28]. PCA procedure was repeated
iteratively for 1000 iterations by resampling the original set
of PDRP-Slovenia identification images. For each voxel, the
region weight of PDRP-Slovenia was divided by the standard
deviation of covariance patterns generated from all iterations
which resulted in a map of inverse coefficient of variation
(ICV).

Validation of pattern expression

FDG-PET brain images from cohort B and cohort Cwere used
to validate expression of PDRP-Slovenia in individual sub-
jects for the differentiation between PD, NC, and atypical
parkinsonian groups. For this purpose, we used voxel-based
TPR algorithm on cohort B and cohort C images to calculate
individual scores of PDRP-Slovenia. The resulting scores
were then Z-transformed using the mean and standard

Table 1 Demographic and clinical characteristics

Slovenia USA

Cohort A Cohort B Cohort C Cohort D

PD NC PD NC MSA PSP PD NC

N 20 20 20 20 14 11 33 33

Age [years]a 70.1 ± 7.8 67.2 ± 5.7 71.8 ± 7.3 63.4 ± 10.6 62.0 ± 8.3 72.5 ± 6.8 57.2 ± 8.2 55.0 ± 13.4

Gender [M/F] 16/4 8/12 11/9 8/12 5/9 5/6 22/11 10/23

Hoehn and Yahr 2 (2–4) – – – – – 2.5 (1–5) –

UPDRS-III* 30.4 ± 10.5 – – – – – 32.0 ± 16.1 –

Disease duration [years]* – – – – 4.5 ± 3.5 3.8 ± 2.4 – –

Hoehn andYahr values are given asmedian (range). An averageMDS-UPDRS-III score for 19 patients in cohort Awas 38.3 ± 12.2 (the score for one PD
patient was missing). This score was converted to equivalent UPDRS-III score [39] for a direct comparison with UPDRS motor score of patients in
cohort D

UPDRS-III Unified Parkinson’s Disease Motor Rating Scale
aAge and Disease duration are given as mean ± standard deviation
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deviation value of PDRP-Slovenia NC group described
above. We assessed differences in Z-scores between PD and
NC groups across cohorts A and B and between PD and NC
subjects (cohort B) and atypical parkinsonian groups (cohort
C).

Disease discrimination and clinical correlation

Receiver operating characteristic (ROC) analysis was per-
formed on the newly identified PDRP-Slovenia to evaluate
the diagnostic power of its expression for the discrimination
of PD patients from normal controls. A cutoff value was de-
termined in cohort A as the point of optimum combination of
both high sensitivity and high specificity. The same cutoff
value was applied to subject scores in cohort B and cohort C.

We computed correlation coefficients between PDRP-
Slovenia subject scores and corresponding clinical ratings
for PD subjects in cohort A. Pearson’s correlation was used
in the case of MDS-UPDRS-III and disease duration whereas
non-parametric Spearman’s correlation was used in the case of
Hoehn and Yahr score.

Comparison between USA and Slovenia patterns

We quantitatively compared the voxelwise topographies of
PDRP-Slovenia and the original PDRP-USA using volume-
of-interest (VOI) correlations over the whole brain. VOI com-
parison was achieved by computing regional weights for a set
of 30 standardized VOIs previously defined to encompass key
nodes of PD-related subcortical and cortical motor circuitry
(see Supplementary file). Voxel-based correlation was also
performed between the region weights of spatially equivalent
voxels across the two topographic patterns. Moreover, we also
compared expression of PDRP-Slovenia and the original
PDRP-USA in individual subjects and tested the ability of
both networks to differentiate between groups of PD patients
and NCs. For this purpose, we used TPR to calculate subject
scores of PDRP-USA in PDRP-Slovenia identification sub-
jects (cohort A) and subject scores of PDRP-Slovenia in
PDRP-USA identification subjects (cohort D). PDRP-USA
subject scores were then compared across PD and NC subjects
in cohort A and cohort D. PDRP-Slovenia subject scores were
also compared with corresponding PDRP-USA subject scores
for PD and NC subjects in cohort A.

Correlations between regional weights of PDRP-Slovenia
and PDRP-USA and between their corresponding subject
scores in individual subjects were assessed by computing
Pearson correlation coefficients. Between-group differences
in subject scores were assessed using Student’s independent-
sample t tests.

All statistical analysis was performed using Origin soft-
ware (OriginLab, Northampton, MA, USA) and considered
significant for p < 0.05. Origin software and Statistical

Parametric Mapping software (Institute of Neurology, UCL,
London, UK) were used to create the artwork.

Results

PDRP identification

PDRP-Slovenia was identified in cohort A, as the first princi-
pal component accounting for 14.5% of subject × voxel var-
iance. The pattern (Fig. 1a; Supplementary Fig. S1) was char-
acterized by increased relative metabolic activity in sensori-
motor cortex, pallidum, putamen, thalamus, brain stem, and
cerebellum associated with decreased relative metabolic activ-
ity in posterior parietal, occipital, and frontal cortices. Subject
scores of PDRP-Slovenia expression in cohort Awere abnor-
mally elevated in PD patients compared to NC subjects
(p < 0.0001). Bootstrapping algorithm estimated that the to-
pography of PDRP-Slovenia was reliable at p < 0.025
(Supplementary Fig. S2).

Validation of pattern expression

Subject scores of PDRP-Slovenia expression in cohort B were
significantly higher in PD subjects compared to NC subjects
(p < 0.0001; Fig. 1b). PDRP-Slovenia scores did not differ
between cohort A and cohort B for PD subjects (p = 0.976) or
NC subjects (p = 0.062). Subject scores of cohort C patients
were significantly different from those of PD subjects
(p < 0.0001 for both MSA and PSP), but did not differ from
those of NC subjects (p = 0.14 for MSA and p = 0.39 for PSP)
in cohort B.

Disease discrimination and clinical correlation

An optimum cutoff value for diagnosis of PD was a subject
score of 1.0, which is associated with sensitivity of 85% and
specificity of 90%, determined from the ROC analysis of the
identification cohort A data. The sensitivity and specificity of
84 and 90% were found by applying the same cutoff value to
cohort B subject scores. This analysis confirmed that PDRP-
Slovenia expression significantly discriminates PD and NC
subjects in cohorts A and B (both at p < 0.001).

Subject scores of PDRP-Slovenia expression in PD sub-
jects from cohort A correlated positively with MDS-
UPDRS-III scores and Hoehn and Yahr score as presented in
Fig. 2, but not with disease duration.

Comparison between USA and Slovenia patterns

Comparison between spatial topographies of the original
PDRP-USA and PDRP-Slovenia showed significant correla-
tions in region weights (Fig. 3a; for data, see Supplementary
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file) using both the standardized set of VOIs (r = 0.860,
p < 0.001) as well as the voxel-based analysis (r = 0.945,
p < 0.001).

Subject scores of the original PDRP-USA expression were
found to be significantly elevated in PD subjects compared to
NCs in cohort A (p < 0.001) and in cohort D (p < 0.001;
Fig. 3b), but were not significantly different between NC sub-
jects in cohorts A and D (p = 0.438). The difference in PDRP-
USA expression between PD subjects in cohorts A and D was
on the borderline of significance (p = 0.051). We confirmed a
high correlation between subject scores of PDRP-USA and
PDRP-Slovenia expression for the combined group of PD
and NC subjects (r = 0.977, p < 0.001; Fig. 3c) from cohort
A. High correlation was also observed for separate PD
(r = 0.967, p < 0.001) and NC groups (r = 0.946, p < 0.001).

Discussion

In this study, we reproduced PDRP in a Slovenian cohort of
clinically diagnosed PD patients using FDG-PET brain im-
ages and SSM/PCA network analysis; we call it PDRP-
Slovenia. Expression of PDRP-Slovenia was significantly ele-
vated in PD patients compared to healthy controls in both iden-
tification and validation cohorts but was not elevated in patients
with atypical parkinsonism.We decided to scan the PD patients
in validation cohort B on dopaminergic treatment because it is a
burden for them to staywithout treatment for many hours. It has
been shown in a previous study [24] that levodopa treatment
reduces the expression of PDRP. Therefore, dopaminergic treat-
ment, if anything, decreased the PDRP expression in our vali-
dation PD group and made the differentiation between patients
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Fig. 1 a PDRP-Slovenia: Parkinson’s disease-related pattern identified
by network analysis of FDG-PET scans from 20 PD patients and 20 age-
matched normal controls in cohort A. Relative metabolic increases are
represented by voxels with positive region weights and are color-coded
red to yellow (sensorimotor cortex, pallidum, putamen, thalamus, brain
stem, and cerebellum), whereas associated metabolic decreases are rep-
resented by voxels with negative region weights and are color-coded blue
to purple (posterior parietal, occipital, and frontal cortices). b Subject
scores of PDRP-Slovenia for the PD and NC subjects of pattern

identification (cohort A), for the PD and NC subjects of pattern validation
(cohort B), and for patients with MSA and PSP (cohort C). Pattern ex-
pression significantly differentiated PD from NC subjects in cohorts A
and B and cohort C patients with atypical parkinsonism from PD patients
but did not differ significantly between the two PD groups or the two NC
groups and between the atypical parkinsonian patients and both NC
groups. Group mean values and standard deviations are plotted besides
group individual values. Horizontal dashed linemarks the optimal cutoff
value based on ROC analysis in pattern identification cohort A

ba

Fig. 2 Correlations between subject scores of PDRP-Slovenia expres-
sion and corresponding clinical ratings for PD patients in identification
cohort A. Significant correlation with PDRP-Slovenia expression was
found for a MDS-UPDRS-III score (N = 19; Pearson’s correlation) and

bHoehn andYahr score (N = 20; non-parametric Spearman’s correlation).
MDS-UPDRS-III average score was calculated for 19 patients since the
score for one PD patient was missing
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and controls even less pronounced. Although the normal
healthy subjects in cohort B were 8 years younger than PD
patients, we believe that this age difference did not play any
important role in the validation of PDRP. It has been shown in
previous studies that the normal aging process does not affect
the expression of PDRP [25, 26]. The metabolic topography of
normal aging has been identified previously too, and it is topo-
graphically different from PDRP [27].

Very good diagnostic accuracy for distinguishing between
PD patients and healthy controls was demonstrated by ROC
analysis with specificity and sensitivity of 85–90% for both
identification and validation cohorts at the optimal pattern ex-
pression cutoff. This level of discrimination power is in the
range of previously reported values for the American,
Chinese, and Dutch cohorts [19, 20, 28]. In addition, we con-
firmed that PDRP is specific from the preliminary results show-
ing that PDRP-Slovenia could distinguish PD from atypical
parkinsonism (Fig. 1b). PDRP has also been shown to be able
to differentiate PD from MSA patients scanned with perfusion
single-photon emission computed tomography (SPECT) [29],
as well as to detect the early metabolic brain changes in pro-
dromal disease phases [30, 31]. To further validate a Slovenian
PDRP, a prospective study is underway in patients with shorter
disease duration who will be followed prospectively, as well as
in a larger group of patients with atypical parkinsonism.
Additionally, a prospective study would also be warranted to
evaluate the ability of widely available dopamine transporter
SPECTand 131I/123I-Metaiodobenzylguanidine (mIBG) heart
scintigraphy to differentiate between PD and atypical parkin-
sonism in comparison to PDRP analysis.

In this study, we confirmed the similarity between the new-
ly identified PDRP-Slovenia and the original American PDRP
[11] by showing that the region weights describing spatial
topography highly correlate between the two patterns and
the corresponding subject scores of both patterns also strongly
correlate for PD and NC subjects. Both patterns were also

topographically comparable to those generated in China,
Dutch, and India cohorts as briefly noted in a study on the
similarity of brain networks [32]. Of note, all PDRPs were
generally similar to the homologous parkinsonism-related pat-
tern (PRP) produced with FDG-PET in MPTP-lesioned par-
kinsonian macaques [33, 34]. Analogous to the properties of
PDRP in patients, the expression of PRP correlated with mo-
tor ratings and was modulated by experimental therapeutics
with striatal cell implantation in parkinsonian macaques.
These patterns identified with multivariate SSM analysis are
all consistent with characteristic distributions of abnormal rel-
ative brain metabolism detected using high-resolution FDG-
PET imaging with univariate SPM analysis in early stage PD
patients [6, 35, 36] and in parkinsonian macaques [34].
Moreover, increased glucose metabolism in the corresponding
subcortical regions was also reported by quantitative [11C]-2-
deoxy- glucose autoradiography in various experimental ani-
mal models of PD [37–39].

These findings clearly confirm the robustness of PDRP
despite the fact that subjects in Slovenian cohorts, and all other
cohorts were scanned with different equipment and scanning
protocols. It also shows that Z-transformation using mean and
standard deviation value of the NC group in the identi-
fication cohort resulted in highly comparable subject
scores in absolute terms.

We also confirmed the findings in the previous publications
of positive correlations between PDRP-Slovenia expression
and corresponding individual values of MDS-UPDRS-III
and Hoehn and Yahr score [18, 19] at statistically significant
levels. Correlation of the PDRP-Slovenia expression with
clinical ratings suggests that the regional metabolic dysfunc-
tion contained in PDRP-Slovenia brain topography is closely
linked to PD motor symptoms.

It is worth noting that motor symptoms of PD patients in
cohort A and cohort D were assessed using MDS-UPDRS-III
and UPDRS-III, respectively. MDS-UPDRS tends to give rise
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Fig. 3 Comparison between PDRP-Slovenia and original PDRP-USA
identified at the Feinstein Institute for Medical Research in NY, USA. a
Regional weights in the standardized set of VOIs covering whole brain
correlated significantly for the two patterns. b Subject scores of PDRP-
USA expression for the PDRP-USA identification PD and NC subjects
(cohort D) and for PDRP-Slovenia identification PD and NC subjects

(cohort A); pattern expression significantly differentiated PD and NC
subjects in both cohorts; group mean values and standard deviations are
plotted besides group individual values. c Subject scores of PDRP-USA
expression in PD (filled circles) and NC subjects (open circles) from
cohort A highly correlated with corresponding subject scores of PDRP-
Slovenia expression
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to higher motor scores due to the inclusion of additional items
in the revised UPDRS. To reconcile apparent differences in
motor scores between the Slovenian and American patients in
our study, we converted individual scores of the patients in
cohort A from MDS-UPDRS-III to UPDRS-III using pub-
lished conversion formulas [40]. The motor scores in
UPDRS-III were slightly lower in cohort A patients (see
Table 1) than in cohort D patients but had no significant dif-
ferences between these two groups. This could partially ex-
plain the borderline reduction in PDRP scores in the patients
in cohort A compared to those in cohort D (Fig. 3b) indicating
less severity of the disease and less dopaminergic deficit in the
Slovenian patients given that striatal dopaminergic dysfunc-
tion correlated negatively with both UPDRSmotor ratings and
PDRP scores in the same patient cohort over the course of
disease progression [7].

Within PDRP-Slovenia, we observe relatively increased
metabolic activity in sensorimotor cortex, pallidum, putamen,
thalamic, brain stem, and cerebellum, along with relatively
decreased metabolic activity in posterior parietal/occipital re-
gions and to a lesser extent in the frontal cortex, consistent
with the originally identified pattern [11]. In line with previous
publications, the PDRP-Slovenia involves metabolic changes
at key nodes of the cortico-striatopallido-thalamo-cortical
(CSPTC) circuits and related cerebello-cortical pathways
[16, 18, 19], which are generally associated with pathophysi-
ology of PD and primarily characterized by enhanced pallido-
thalamic inhibition [41]. Although the positive regions of the
PDRP topography and the reliability map are located primar-
ily in gray matter, some of them such as cerebellum and motor
cortex also extend to some degree into whiter matter (Fig. 1a;
Supplementary Figs. S1 and S2). This is caused by the use of
the probabilistic gray matter mask in network analysis which
could include very small portion of white matter, and inevita-
bly, the limited resolution of reconstructed FDG-PET images.
It would be of interest to further investigate relative contribu-
tions of different brain tissue types to PDRP topography both
inside and outside the gray matter space defined by FDG-PET
or MRI brain images.

It has to be emphasized that spatial covariance patterns
describe functional connectivity of spatially distributed brain
regions of relatively increased and decreased metabolic activ-
ity and serve as an excellent representation of neurodegener-
ative processes that may not be fully accounted for by evalu-
ation of local metabolic values or by voxel-based comparison
of FDG-PET images between subject groups based on univar-
iate SPM analysis. In addition to PET and SPECT imaging,
multivariate SSM analysis has also been proven successful
with MRI in PD and other neurodegenerative diseases. For
example, PDRP expression measured prospectively using ce-
rebral blood flow from arterial spin labeling (ASL) perfusion
MRI was comparable to that obtained from FDG-PET images
in PD patients [26]. ASL MRI and SSM analysis were further

used for the identification of PDRP [42] and an Alzheimer’s
disease-related covariance pattern [43]. Recently, a PD-related
network has been found using resting-state functional MRI
[44] as well. Anatomical MRI data was used to generate struc-
tural covariance patterns associated with normal aging in
humans [45, 46] and in rhesus macaques [47]. Hence, SSM/
PCA is a generic methodology for generation of specific brain
networks using different functional and structural imaging
modalities.

The parietal and occipital regions with relatively decreased
metabolic activity observed in PDRP-Slovenia, as well as less
pronounced relatively decreased frontal metabolic activity
compared to the original PDRP, may be related to differences
in non-motor symptoms in PD cohorts [19]. It has been sug-
gested that relatively decreased metabolic activity findings in
PD might not be associated only with motor control systems
[19, 48, 49] but also with cognitive deficits even in patients
without apparent cognitive impairment [48]. Less pronounced
decreases in relative metabolism of frontal regions in PDRP-
Slovenia is not entirely understood. It may, however, reflect
less dopaminergic deficit in Slovenian identification patient
group compared to the original American one discussed
above. The pathological substrate of the cognitive impairment
in PD is heterogeneous, involving different pathological and
neurotransmitter changes [49, 50]. Dopamine deficiency in
frontostriatal pathways reflects in some way relatively de-
creased metabolic activity in frontal regions, whereas relative-
ly decreased metabolic activity in parietal regions is related to
cholinergic cortical deficits [51]. These interesting observa-
tions of minor deviations in PDRP regional topography are
worth further exploration in relation to PD subjects’ demo-
graphic, clinical, and behavioral data, and might offer greater
insight into pathophysiology underlying PD symptoms.

Conclusion

In summary, we have applied SSM/PCA analysis to identify
PD-related brain network pattern in a cohort of 20 PD patients
and 20 controls, PDRP-Slovenia, which significantly discrim-
inates two groups of PD patients from healthy controls and
from atypical parkinsonian groups and reproduces anatomical
brain networks and specific metabolic changes associated
with clinical manifestations of PD. PDRP-Slovenia was also
validated by showing that (i) its expression correlates with
clinical motor scores of PD patients; (ii) its expression yields
a good diagnostic accuracy; and (iii) its topography and ex-
pression agree very well with the original PDRP. Our results
confirmed the findings of the previous studies and further
proved that PDRP network provides a reproducible objective
imaging biomarker of clinical disability in PD independent of
patient population, PET scanners, and imaging protocols.
PDRP calculation can be easily incorporated into FDG-PET
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brain imaging routine to assess network expression in single
cases for disease discrimination or clinical correlations and to
track inherent functional changes in PD associated with dis-
ease progression and therapeutic outcome.
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