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Abstract

Background: Idiopathic Parkinson’s disease (iPD) is associated with two distinct brain 

networks, PDRP and PDCP, which correlate respectively with motor and cognitive symptoms. 

The relationship between the two networks in individual patients is unclear.

Objective: To determine whether a consistent relationship exists between these networks, we 

measured the difference between PDRP and PDCP expression, termed delta, on an individual 

basis in independent populations of patients with iPD (n=356), idiopathic REM sleep behavioral 

disorder (iRBD) (n=21), genotypic Parkinson’s disease patients carrying GBA1 variants (n=12) 

or the LRRK2-G2019S mutation (n=14), atypical parkinsonian syndromes (APS, n=238), and 

healthy control subjects (n=95) from the US, Slovenia, India, and South Korea.

Methods: We used [18F]-fluorodeoxyglucose PET and resting-state fMRI to quantify delta and 

to compare the measure across samples; changes in delta over time were likewise assessed in 

longitudinal patient samples. Lastly, we evaluated delta in prodromal individuals with iRBD and in 

genotypic Parkinson’s disease.

Results: Delta was abnormally elevated in each of the four iPD samples (p<0.05) as well as in 

the at risk iRBD group (p<0.05), with increasing values over time (p<0.001). PDRP predominance 

was also present in genotypic Parkinson’s disease, with higher values in patients with GBA1 
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variants compared to the less aggressive LRRK2-G2019S mutation (p=0.005). This trend was not 

observed in APS patients, who were accurately discriminated from iPD based on PDRP expression 

and delta (AUC=0.85, p<0.0001).

Conclusions: PDRP predominance, quantified by delta, assays the spread of dysfunction from 

motor to cognitive networks in Parkinson’s disease patients. Delta may therefore aid in differential 

diagnosis and in tracking disease progression in individual patients.
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Introduction

While symptom manifestation and disease progression vary across individual patients with 

idiopathic Parkinson’s disease (iPD), the underlying histopathological changes and the time 

sequence of the regions involved are relatively stereotyped.1–4 iPD is associated with two 

distinct metabolic networks, the PD-related pattern (PDRP) and the PD-related cognitive 

pattern (PDCP) that relate respectively to the motor and cognitive manifestations of the 

disorder.5–7 Longitudinal imaging studies with [18F]-fluorodeoxyglucose (FDG) positron 

emission tomography (PET) have revealed significant PDCP elevations beginning 4–6 

years after motor onset.8–10 Thus, the PDRP is expected to have dominant expression 

compared to PDCP when measured in the same patients. In this vein, PDRP predominance 

can be understood in terms of the regional sequence of histopathological changes in iPD 

as originally described by Braak.1,4,7 Abnormalities in disease-related network may even 

precede the onset of motor symptoms, as evident from the presence of PDRP elevations 

in patients with idiopathic REM sleep behavioral disorder (iRBD), a prodromal form of 

the disorder.11–15 By contrast, PDRP predominance is unlikely in atypical parkinsonian 

syndromes (APS) such as multiple system atrophy (MSA) and progressive supranuclear 

palsy (PSP), in which Braak’s sequence does not apply.16–18

In the current study, we evaluated PDRP dominance in multiple samples of iPD patients 

of varying disease duration who were scanned with FDG-PET at four different sites. For 

each patient, we measured PDRP and PDCP expression levels, and computed the difference 

in these values, which was termed delta. We examined the relationship of delta to disease 

duration in cross-sectional iPD samples and over time. Likewise, delta in iPD patients 

was compared to corresponding values in subjects with iRBD,19 and in patients with PD 

genotypes associated with the LRRK2-G2019S mutation and GBA1 variants associated 

with slow and more rapid disease progression. The resulting data were compared with 

corresponding measures obtained in APS patients. Lastly, as proof-of-principle, the potential 

for broader applications of delta was demonstrated by similar results obtained non-invasively 

using resting-state fMRI (rs-fMRI).

Rus et al. Page 2

Mov Disord. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Methods

Human Subjects

We studied independent groups of iPD patients and matched healthy control (HC) subjects. 

In each group, patients were diagnosed clinically with iPD according to UK PD Society 

Brain Bank criteria,20 without prior history of neuroleptic exposure, structural brain 

abnormalities or encephalitis. Ethical permission for these studies was obtained from the 

Institutional Review Board of Northwell Health, Manhasset, NY, National Medical Ethics 

Committee of the Republic of Slovenia, ethical committee at Institute of Nuclear Medicine 

and Allied Sciences, New Delhi, India and Institutional Review Board at Asan Medical 

Center, Seoul, Republic of Korea. Written consent was obtained from each subject following 

detailed explanation of the procedures.

Feinstein Institutes

Feinstein A (cross-sectional analysis; Table S1):  To explore the hypothesis of PDRP 

dominance in iPD, we computed PDRP and PDCP expression values and measured delta 

in FDG-PET scans from a sample composed of 172 iPD patients and 20 age-matched 

HC subjects from the Feinstein Institutes, Manhasset, NY, USA. Patients in this sample 

were subdivided by symptom duration into the following groups: early iPD (< 4 years), 

intermediate iPD (4–8 years), and late iPD (> 8 years). These cut-off values were chosen 

based on the natural history of iPD.21,22 The Feinstein A sample also included a prodromal 

group composed of 16 individuals with polysomnography-confirmed iRBD diagnosed 

according to established criteria.23 Demographic and clinical data are presented in Table 

S1. Limited PET data from Feinstein A subjects have been reported previously.11,24,25 

To determine whether delta measurements are stable in single subjects, we explored an 

additional group of 14 iPD subjects who underwent repeat FDG-PET over an eight week 

period as part of a test-retest study26; within-subject reliability for the measure was assessed 

by computing the intraclass correlation coefficient (ICC) as described elsewhere.27,28

Feinstein B (longitudinal analysis; Table S2):  The Feinstein B sample was composed 

of two longitudinal iPD cohorts. The first cohort (Feinstein B1) consisted of 11 early 

(symptom duration of two years) iPD patients who were scanned with FDG-PET at baseline, 

24 months and 48 months at the Feinstein Institutes. The second cohort (Feinstein B2) 

consisted of 22 late iPD patients who were randomized to sham surgery as part of a 

double-blind gene therapy trial and scanned with FDG-PET at baseline and 12 months after 

the procedure.9,26

Feinstein C (diagnostic study; Table S1):  To compare delta in APS with corresponding 

values in iPD, we analyzed FDG-PET scans from 71 parkinsonian subjects in whom the 

clinical diagnosis was uncertain at the time of imaging. These patients were followed by 

blinded movement disorders experts until a final clinical diagnosis was made.25,29 These 

patients were subsequently diagnosed as MSA (n=41) or PSP (n=30) on clinical grounds.25

Feinstein D (genotypic Parkinson’s disease (gPD); Table S3):  We computed delta 

in FDG-PET scans from gPD patients carrying either the LRRK2-G2019S mutation (PD-
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LRRK2, n=14) or GBA1 variants (PD-GBA, n=12), associated respectively with slow and 

more rapid clinical progression.30,31 Values in this genotypic sample were compared to data 

from matched samples of sporadic iPD (sPD, n=14) and HC subjects (n=14).32

Other Datasets (iPD and atypical parkinsonian syndromes; Table S1)—For 

further validation, we measured delta in FDG-PET data from patients with clinical 

parkinsonism (iRBD, iPD, MSA, or PSP) and HC scanned at other sites: Slovenia, India 

and South Korea. As in the Feinstein C sample, values at the following sites were computed 

in patients with parkinsonism who were diagnosed with iPD or APS on strictly clinical 

grounds, blind to image analysis. Patients from Slovenia and India were recruited regardless 

of cognitive function while dementia was an exclusion criterion for patients from South 

Korea. These cohorts are described in detail in Supplementary Materials. Limited PET data 

from these samples have been reported previously.33–35

Imaging

FDG-PET—Following an overnight fast, patients and control subjects at each site were 

scanned with FDG-PET on their respective imaging site. Feinstein A-D samples were 

scanned with FDG-PET using the GE Advance tomograph (General Electric, Milwaukee, 

WI) at the Feinstein Institutes (Manhasset, NY, USA). The scanning protocol at this site 

has been detailed elsewhere.24,25,32 Scanning at other sites was conducted on local imaging 

platforms.33–35 The Feinstein A-D samples and the India sample were scanned in the 

off-state, whereas those in the Slovenia and South Korea samples were scanned on their 

usual medications.

To ensure compatibility across the sites, we used the same protocols for image preprocessing 

and network computations. The scans from each subject were realigned separately, spatially 

normalized to a standard Montreal Neurological Institute (MNI)-based PET brain template 

and smoothed with an isotropic Gaussian kernel (10 mm) in all directions to improve the 

signal-to-noise ratio. Image processing was performed using SPM5 (Wellcome Department 

of Cognitive Neurology, University College, London)36 implemented in Matlab 7.0.1 

(MathWorks, Sherborn, MA).

Resting-state fMRI—To show the potential generalizability of the FDG-PET findings and 

to prove the feasibility of non-invasive measurements of delta using rs-fMRI, we computed 

these values in 20 iPD (14M/6F, age 59.8± 8.5 [mean ± SD] years) and 20 HC subjects 

(12M/8F, age 52.6 ± 9.3 years).6 They underwent rs-fMRI on a General Electric 3.0 

Tesla Signa HDxt scanner (General Electric, Milwaukee, WI) at North Shore University 

Hospital. The iPD subjects were scanned in a medication-free (off) state, approximately 12 

h after the cessation of antiparkinsonian medication. The details of scan acquisition, network 

identification, and subject score measurements are provided elsewhere.6 As with FDG-PET, 

standardized expression values for the rs-fMRI-based PDRP and PDCP topographies were 

computed in each of the subjects; the resulting measures were used to compute delta as 

described below. For the rs-fMRI delta measure, test-retest reliability was assessed within-

session as described previously.6,27,28
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Network Computations

For FDG-PET, expression values for the PDRP and PDCP topographies were 

computed on a prospective case basis using ScAnVp software (available at http://

feinsteinneuroscience.org/). 37 To ensure comparable measures across centers, subject scores 

for both patterns were z-scored with respect to corresponding local HC values,38 and the 

resulting values were used to compute delta for each scan. Analogous computations were 

performed on the rs-fMRI scans as detailed elsewhere.6,39 Delta values were then computed 

as the difference in PDRP and PDCP z-scores for the subjects in each of the samples.

Statistics

For each sample, we evaluated within-subject differences in PDRP and PDCP expression 

using paired t-tests. In the cross-sectional samples, group differences in delta were evaluated 

using one-way ANOVA, incorporating the post-hoc Bonferroni correction for multiple 

comparisons. A similar approach was used to assess differences in delta for the iPD and 

APS groups at the four sites. In the longitudinal samples, changes in delta over time were 

evaluated using RMANOVA in the early iPD (3-time point) data and the paired t-test in the 

late iPD (2-time point) data. Longitudinal changes in delta for the combined sample were 

analyzed using a mixed model, with disease duration as a fixed effect and cohort (early/late) 

as random effects.

To capture trends in delta associated with disease duration, and to facilitate interpretation 

of measure in individual subjects, we additionally considered delta as an ordinal variable. 

To this end, individual values were categorized according to sign as being either PDRP 

predominant (delta≥+0.5), neutral (+0.5>delta>−0.5), or PDCP predominant (delta≤−0.5). 

The cut-off value ± 0.5 was chosen according to the delta distribution in HC. Differences in 

the proportion of cases in the various delta categories were evaluated by Chi-square tests. In 

the data from each site, trends across subgroups ordered by disease duration were evaluated 

using Jonckheere-Terpstra (J-T) tests.

Delta values from iPD and APS patients at each site were compared using the Kruskal-

Wallis test. For iPD and APS samples pooled across sites, the delta distributions were 

compared using the Kolmogorov-Smirnov test. Finally, the role of delta in differential 

diagnosis was assessed in the pooled data using logistic regression. We first used PDRP 

expression and imaging site as predictors and then added delta as an additional predictor. 

Models were constructed using leave-one-out cross-validation to reduce subject-dependent 

bias.40 Receiver-operating characteristic (ROC) curves were plotted for both models and the 

respective areas-under-the-curve (AUC) were compared.41

Statistical tests were performed using JMP 14 (SAS Institute Inc., Cary, NC) and SPSS 28 

(IBM Corp., Armonk, NY) and GraphPad Prism v8 (GraphPad Software, San Diego, CA). 

Results were considered significant for p<0.05 (two tailed).

Data Availability

The data that support the findings of this study are available upon request.

Rus et al. Page 5

Mov Disord. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://feinsteinneuroscience.org/
http://feinsteinneuroscience.org/


Results

PDRP Predominance in iPD and iRBD

PDRP expression in Feinstein A iPD patients was elevated relative to PDCP values 

measured in the same subjects (p<0.0001, paired t-test; Fig. 1A, top). Accordingly, delta 

was positive in these patients, with higher values compared to HC subjects (p=0.0002, 

Student’s t-test; Fig. 1A, bottom). Delta values displayed excellent test-retest reliability 

(ICC=0.91, 95% confidence interval (CI) [0.74, 0.97], p<0.0005) (see Methods). When the 

Feinstein A iPD patients were stratified by duration (Fig. 1B, top), significant increases were 

observed in the expression of both PDRP (F4,200=14.8, p<0.0001) and PDCP (F4,200=7.7, 

p<0.0001; one-way ANOVA; Table S4), with higher delta in patients with longer duration 

(F4,200=5.7, p=0.0002; Fig. 1B, bottom). A similar trend was seen when delta was treated 

as an ordinal variable (Fig. 1C). Whereas only 15% of HC subjects had delta values greater 

than +0.5, corresponding values in iPD ranged from 63% in early patients to 74% at late 

stage (p<0.0005, J-T test).

An analogous effect was present in the longitudinal Feinstein B sample (Fig. S1). PDRP 

and PDCP expression values rose over time in both early and late stage patients (Feinstein 

B1: PDRP: p<0.0001, PDCP: p=0.01, RMANOVA; Feinstein B2: PDRP: p=0.002, PDCP: 

p=0.03, paired t-tests), with increasing delta in both cohorts. To assess this effect in the 

combined longitudinal sample, we used a mixed regression model, which revealed a highly 

significant increase in delta over time (t=3.56, p=0.0007), consistent with the cross-sectional 

data.

Validation in Independent Patient Samples

For validation, we measured PDRP/PDCP expression values and delta in iPD and HC 

subjects from the Slovenia, India, and South Korea sites (Fig. 2). Mean delta was positive 

and abnormally elevated in iPD patients compared to corresponding HC subjects (p≤0.03). 

In these samples, the proportion of PDRP predominant cases ranged from 0–15% in HC, 

increasing to 28–65% in early and 70–89% in late stage iPD (Slovenia: p<0.0005, India: 

p=0.047, South Korea: p<0.005; J-T tests).

While the iRBD sample was comparatively small, the data suggest that the trend toward 

PDRP predominance was present before the onset of motor symptoms. Given the similarity 

of the Feinstein A and Slovenia iRBD data, with comparable elevations in mean delta 

in both samples (Figs. 1B, 2A), values from the two sites were combined for further 

analysis. A significant increase was noted compared to HC (p<0.04, Student’s t-test). 

Indeed, consistent with the trend toward increasing delta with disease progression, 38% of 

iRBD subjects were PDRP predominant compared to only 15% of HC (p=0.03, Chi-square 

test).

PDRP Predominance: Effect of Parkinson’s Disease Genotype

To assess the influence of the common PD susceptibility genes on delta, we measured these 

values (Feinstein D) in PD patients carrying the LRRK2-G2019S mutation (PD-LRRK2) 

or GBA1 variants (PD-GBA) and compared the measures to matched groups of sporadic 
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PD (sPD) and HC subjects in this sample. Differences in PDRP and PDCP expression 

have been reported for matched groups of PD-LRRK2, PD-GBA, and sporadic iPD patients 

(Table S3). Delta likewise differed across the groups (p=0.0003; one-way ANOVA; Fig. 

3A, top), with greater values in PD-GBA compared to PD-LRRK2 (p=0.005) but not sPD 

(p=0.15, post-hoc tests). Genotypic differences in delta were reflected in the proportion of 

PDRP predominant cases in each group (Fig. 3A, bottom). 57% of sPD patients in the 

sporadic group had delta values of +0.5 or greater, which was similar to the corresponding 

percentages in iPD subgroups of equivalent duration (Table S5). By contrast, 83% of PD-

GBA were PDRP predominant but only 43% of PD-LRRK2.

We additionally examined the relationship of delta in PD-LRRK2 and PD-GBA with 

corresponding values in non-genotypic iPD patients as a function of symptom duration. 

In PD-GBA, mean PDRP expression exceeded the 95% CI of the regression line against 

duration calculated based on the non-genotypic Feinstein A iPD sample; mean PDCP was 

on the upper bound of the corresponding regression line (Fig. 3B, top). In PD-LRRK2, by 

contrast, mean PDRP and PDCP expression levels were both below the lower bounds of the 

corresponding confidence intervals. Applying the same approach to delta (Fig. 3B, bottom), 

we found that the mean value for PD-GBA was at the upper bound of the 95% CI of the 

Feinstein A regression line, while that for PD-LRRK2 was below the corresponding lower 

bound. In aggregate, the findings suggest that PDRP predominance in PD-LRRK2 is less 

than would be predicted for patients with non-genotypic disease of comparable duration.

Delta in Atypical Parkinsonian Syndromes

In contrast to iPD, in which delta was frequently positive in all samples, this effect was 

not observed in APS patients scanned at the same sites (Fig. S2). Thus, delta differed 

significantly for iPD, MSA, and PSP patients in each of the samples (p≤0.0002; one-way 

ANOVA; Table S6). For MSA, the measure was reduced compared to iPD for patients in the 

Feinstein, Slovenia, and India sites, but not in the South Korea sample. That said, at all four 

sites, PSP patients had lower delta values compared to iPD and MSA.

We next compared the distribution of delta values for iPD and APS patients over the 

entire study population. To this end, individual subjects were categorized by their ordinal 

values, and positive, neutral, and negative cases were pooled separately across sites (Table 

S7). We found that the distribution of delta values (Fig. 4A) differed significantly for the 

pooled iPD and APS samples (d=0.36, p<0.0001; Kolmogorov-Smirnov test). 93% of the 

iPD population (Fig. 4B, top) had delta values that were either positive or neutral; negative 

values were observed in only 7% of cases. By contrast, in the APS population (Fig. 4B, 

bottom), the proportions of positive, neutral, and negative cases were similar, with 30–40% 

in each category.

To determine whether delta can be used to enhance diagnostic accuracy, we constructed a 

logistic regression model to discriminate iPD from APS based on PDRP expression and 

delta values. Indeed, this two predictor model (Fig. 4C) was accurate (AUC=0.85, 95% CI 

[0.82, 0.88]; ROC analysis) and provided better discrimination than one based on PDRP 

alone (AUC=0.80, 95% CI [0.77, 0.84], p<0.0005; paired difference).
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Non-invasive Measurements of Delta using Resting-state fMRI

Lastly, we note that delta can also be computed using PDRP and PDCP expression values 

obtained non-invasively using rs-fMRI. As with FDG-PET, expression values for PDRP 

were greater than PDCP (Fig. 5A) in rs-fMRI scans from iPD patients (p<0.002; paired 

t-test) but not HC (p>0.99). Delta values computed in the rs-fMRI data exhibited good 

test-retest reliability (ICC=0.75, 95% CI [0.65, 0.82], p=0.003). Mean delta was positive 

in the iPD group (Fig. 5B), with significantly elevated values compared to HC (p=0.004, 

Student’s t-test). Likewise, the distribution of delta values also differed across groups (Fig. 

5C), with PDRP predominance in 75% of iPD but only 30% of control subjects (p=0.002, 

Mann-Whitney U test).

Discussion

Idiopathic PD is characterized by PDRP predominance that is present consistently in 

multiple independent patient samples, both cross-sectional and longitudinal. The relationship 

between PDRP and PDCP was remarkably constant across cross-sectional cohorts regardless 

of minor local differences in patient recruitment and imaging protocols. Namely, in the 

two cohorts that underwent FDG-PET on levodopa treatment (Slovenia and South Korea), 

medication may have caused lower PDRP and consequently delta values.8 However, despite 

this effect, we were still able to capture significant PDRP predominance that increased with 

disease duration. The PDRP comprises metabolic changes in the brainstem, basal ganglia, 

and limbic regions, the functional counterparts of Braak stage III-IV pathology.7,42,43 

The PDCP on the other hand involves changes in the ventral default mode network 

(DMN), as well as other fronto-temporal regional components44,45 characterizing functional 

abnormalities that involve neocortical regions which are associated with Braak stage V.44,45 

Given that network progression in iPD is linear and the rise in PDRP expression begins 

earlier than PDCP,5,8–11 delta positivity can be viewed as representing the stereotyped 

caudo-rostral sequence of pathological involvement that characterizes this disorder.1,4 

Accordingly, Parkinson’s disease patients with clinically aggressive genotypes such as PD-

GBA have greater degree of PDRP predominance than their non-genotypic counterparts, 

consistent with faster progression in this genotype.31 While the less aggressive PD-LRRK2 

mutation exhibits PDRP predominance, delta values were lower than in sporadic iPD 

patients of comparable duration and disability, consistent with slower disease progression 

in this genotype.30 That said, longitudinal imaging studies are needed to document changes 

in delta that take place over time in each genotype. Similarly, potential differences in delta 

across different iPD phenotypes46 may be indicated by comparing the measure in iPD 

patients from different sites. While no specific criteria were used to recruit iPD patients in 

Feinstein A, Slovenia and India, those in the South Korea cohort were limited to patients 

with intermediate or late disease duration without dementia. We hypothesize that majority 

of these patients had benign mild-motor or intermediate iPD given that dementia appears 

early in the more severe phenotype.46 Consistent with the genotype analysis, the specific 

recruitment of mild or intermediate patients would explain the relatively low PDRP, PDCP 

and delta values seen in this population. Similarly, the difference in recruitment among 

sites may also explain the plateau, which was present in Feinstein A in late-stage patients 

(>8 years). The Feinstein A subjects underwent FDG-PET imaging on an outpatient basis, 
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which may have limited participation of severely affected patients with dementia. However, 

an analogous plateau was not observed in the Slovenia cohort, in which a large percentage 

of patients were hospitalized with advanced disease at the time of imaging and also had 

significant cognitive loss.

Despite a significant trend of delta progression over time in all the cross-sectional (Table 

S5) and longitudinal cohorts, we did not find significant differences between subgroups 

classified by disease duration in the cross-sectional cohorts (Table S4). This may have been 

due to relatively small number of participants in each of the subgroups.

In addition to increasing steadily with disease progression, PDRP predominance is likely 

to have begun before the onset of motor manifestations. Thus, individuals with iRBD 

studied at two independent sites had increased frequencies of positive delta compared to 

matched groups of healthy control subjects. That said, larger iRBD samples will be needed 

to substantiate this finding.

The stereotyped sequence of pathological changes inherent to iPD is not present in APS 

such as MSA and PSP.16–18 Moreover, the metabolic patterns associated with these disorders 

are distinct from the PDRP, and individual patients may express more than a single 

network in a given scan.25,34,35 That said, delta measurements from the four sites revealed 

PDRP predominance in over 60% of iPD patients compared to only 28% of APS. It is 

noteworthy that while iPD and APS patients were separable based on PDRP expression 

(AUC=0.80), diagnostic accuracy was significantly improved when delta was included in the 

logistic regression model. Superior accuracy (AUC>0.90) was achievable, however, using a 

2-level logistic regression procedure based on PDRP, MSA-related pattern (MSARP), and 

PSP-related pattern (PSPRP) expression values.25,33,34,47 Even so, the simpler model based 

on PDRP and delta has a number of advantages. Unlike PDRP and PDCP, MSARP and 

PSPRP have not been extensively validated across centers and imaging platforms.33,34,48–50 

This is particularly relevant in the rs-fMRI domain in which PDRP and PDCP networks 

have recently been identified and validated,6,39,44 whereas MSA- and PSP-related networks 

analogous to those identified using FDG-PET have yet to be characterized using this 

modality. Our preliminary results suggest that the stereotyped relationship between PDRP 

and PDCP can also be discerned using non-invasive rs-fMRI techniques, which are better 

suited for large-scale clinical trials and potential diagnostic use.

In summary, the data suggest that delta, as the difference between PDRP and PDCP 

expression in a given patients, provides unique information regarding the underlying disease 

process that is not conveyed by either measure alone. Indeed, by incorporating information 

regarding the spread of metabolic pathology rostrally beyond the PDRP space, delta can be 

used to determine whether the observed changes are consistent with an iPD reference sample 

of equivalent duration. In this regard, increased delta would denote greater progression than 

predicted based on the reference population, whereas reduced delta suggests potentially less 

aggressive disease.
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Figure 1. PDRP predominance in idiopathic Parkinson’s disease (iPD): Cross-sectional analysis.
(A) Top: PDRP and PDCP expression values measured in the cross-sectional Feinstein A 
sample (see text). The gray lines in the box plots connect PDRP and PDCP values measured 

in each of the subjects. Bold black lines connect mean PDRP and PDCP values for each 

group. Bottom: The difference between PDRP and PDCP expression values, termed delta, 

was computed for each subject. (B) Delta values from iPD patients (n=172) were stratified 

by symptom duration into early (< 4 years; n=46), intermediate (4–8 years; n=54) and 

late (> 8 years; n=69) subgroups and compared to at risk idiopathic REM sleep behavior 

disorder (iRBD) (n=16) and age- and gender-matched healthy control (HC) subjects (n=20). 

Stepwise increases in this measure were seen with longer duration (F4, 200=14.8, p<0.0001; 

one-way ANOVA). (C) PDRP predominance, measured in each group by the percentage 

of delta values ≥0.5 (red), likewise increased with advancing disease (z=4.3, p<0.0005, 

Jonckheere-Terpstra test of trends; see text).
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Figure 2. PDRP predominance in three independent Parkinson’s disease validation samples.
Bar graphs of PDRP and PDCP expression (top) and delta (middle) (mean ± SE) measured 

in idiopathic Parkinson’s disease (iPD) and healthy control (HC) validation samples from 

(A) Slovenia, (B) India, and (C) South Korea (see Table S1). For each sample, the gray lines 

in the box plots (top) connect PDRP and PDCP values measured in each of the subjects. 

Bold black lines connect mean PDRP and PDCP values for each group. As in Feinstein 

A, mean delta was positive in the validation samples, denoting greater expression in PDRP 

relative to PDCP in iPD, with increasing values in patients with longer symptom duration. 

Also as in Feinstein A, iRBD subjects in the Slovenia sample had delta that was between 

mean values for HC and early iPD. Bottom: The distribution of delta also differed across 

the patients in different disease stage (Slovenia: p<0.0005, India: p=0.047, South Korea: 

p<0.005; Jonckheere-Terpstra tests of trends; see text).
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Figure 3. Effect of genotype on PDRP predominance.
(A) Top: Bar graphs of delta (mean ± SE) computed in genotypic Parkinson’s disease (gPD) 

patients with the LRRK2-G2019S mutation (PD-LRRK2), GBA1 variants (PD-GBA), and 

a matched group with sporadic disease (sPD) as well as healthy control subjects (HC). 

Significant differences in the measure were seen across groups (F3, 50=7.5, p=0.0003; 

one-way ANOVA), with greater values in PD-GBA compared to PD-LRRK2 (**p<0.01; 

post-hoc Bonferroni test). Bottom: The distribution of delta values also differed across 

the patients with pronounced PDRP dominance (red) in PD-GBA compared to the other 

groups (χ2
3=16.6, p=0.0009; Kruskal-Wallis test). (B) Top: Mean pattern expression for 

the PD-LRRK2 and PD-GBA groups (see text) plotted with respect to regression lines of 

pattern expression against duration determined based on the Feinstein A sample (PDRP, 

black line; PDCP, red line). Bottom: Mean delta for the PD-LRRK2 and PD-GBA groups 

plotted with respect to the corresponding regression line based on the Feinstein A sample 

(blue line). Despite increased expression of both patterns in PD-GBA, delta for this genotype 

was at the upper bound of the 95% confidence interval for the non-genotypic iPD reference 

sample. In PD-LRRK2, by contrast, mean delta fell below the regression line, outside the 

95% confidence interval of the reference sample.
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Figure 4. Frequency distribution of individual delta values from pooled idiopathic Parkinson’s 
disease and atypical parkinsonian syndrome.
(A) Frequency histograms for delta values from the pooled samples of iPD (n=336) and 

APS (n=238) patients from the four sites (see Fig. S2). Delta values in each diagnostic 

category were divided into groups based on the sign and magnitude of the individual 

measurements (see text). The distribution of the individual delta values differed significantly 

for the two populations (d=0.36, p<0.0001; Kolmogorov-Smirnov test). (B) Displays of delta 

values in the pooled samples revealed a significant difference in the proportion of PDRP 

predominant cases (red), with 60% in iPD compared to 28% in APS. The proportion of 

PDCP dominant cases (yellow) also differed, with 7% in iPD compared to 31% in APS. (C) 
Receiver-operating characteristic (ROC) curve showing accurate discrimination of iPD and 

APS patients across samples based on PDRP expression and delta (AUC=0.85, p<0.0001; 

see text).
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Figure 5. Increased delta in idiopathic Parkinson’s disease: Non-invasive measurement with 
resting-state fMRI.
(A) PDRP and PDCP expression values measured in rs-fMRI scans from 20 idiopathic 

Parkinson’s disease (iPD) and 20 healthy control (HC) subjects (see Methods). The gray 

lines in the box plots connect PDRP and PDCP values measured in each of the subjects. 

Bold black lines connect mean PDRP and PDCP values for each group. (B) Delta was 

computed for each subject. Values were significantly increased in iPD subjects compared 

to HC subjects (p=0.004, Student’s t-test), even after excluding two outliers with very high 

delta values (p=0.01). (C) As with FDG-PET, the proportion of PDRP predominant cases 

was greater in iPD compared to HC (p=0.002; Mann-Whitney U test), with 75% in patients 

and 30% in control subjects. [The whiskers were plotted by the Tukey method.]
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