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Abstract

Background:

Parkinson’s disease (PD) is characterized by brain metabolic net-
works, specifically associated with motor and cognitive manifesta-
tions. Few studies have investigated network changes in cerebral
hemispheres ipsilateral and contralateral to the clinically more
affected body side.

Objective:

We examined hemispheric network abnormalities and their relati-
onship to striatal dopaminergic deficits in PD patients at different
stages.

Methods:

45 PD patients underwent dual-tracer positron emission tomogra-
phy (PET) with 18F-fluorodeoxyglucose (FDG) and 18F-fluorodo-
pa (FDOPA) in a high-resolution PET scanner. In all patients, we
computed expression levels for the PD-related motor/cognition
metabolic patterns (PDRP/PDCP) as well as putamen/caudate
FDOPA uptake values in both hemispheres. Resulting hemisphe-
ric measures in the PD group were compared with corresponding
healthy control values and assessed across disease stages.
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Results:

Hemispheric PDRP and PDCP expressionwas significantly ele-
vated contralateral and ipsilateral to the more affected body
side in patients with unilateral symptoms (H&Y 1: p < 0.01) and
in patients with bilateral limb involvement (H&Y 2-3: p < 0.001;
H&Y 4: p < 0.003). Elevations in pattern expression were symme-
trical at all disease stages. By contrast, FDOPA uptake in the cau-
date and putamen was reduced bilaterally (p < 0.002), with lower
values on both sides at more advanced disease stages. Hemisphe-
ric uptake was asymmetrical in both striatal regions, with lower
contralateral values at all disease stages. The magnitude of hemis-
pheric uptake asymmetry was smaller with more advanced disease,
reflecting greater change ipsilaterally.

Conclusion:
Symmetrical network expression in PD represents bilateral functi-
onal effects unrelated to nigrostriatal dopaminergic asymmetries.
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Introduction

Spatial covariance analysis of 18F-fluorodeoxy glucose (FDG) po-
sitron emission tomography (PET) data has been used extensively
to identify and validate specific metabolic topographies associated
with the motor and cognitive manifestations of Parkinson’s disease
(PD) [1-4]. The PD motorrelated pattern (termed PDRP) is charac-
terized by increased pallido—thalamic and pontine metabolic activity
associated with relative reductions in premotor cortex, supplemen-
tary motor area (SMA), and parietal association regions. The PD
cognitionrelated patterns (termed PDCP) is characterized by meta-
bolic reductions in medial frontal and parietal association regions,
and relative increases in cerebellar cortex and dentate nuclei [1].
The expression of each pattern in an individual’s metabolic brain
image is denoted by a scalar measurement termed the subject
score [1, 2]. The subject scores of the PDRP/PDCP discriminate
between PD patients and healthy subjects in multiple populations
worldwide [4]. PDRP and PDCP expression levels increase with
disease progression in PD patients [1, 5, 6], correlate with clinical
and dopaminergic indices of disease severity in PD patients [6-9],
and are modulated by antiparkinsonian treatment [6, 10, 11].
There is growing evidence that network activity is elevated before
the onset of PD motor symptoms. Increased PDRP expression has
been noted in the “presymptomic” cerebral hemisphere approxima-
tely two years before the onset of symptoms on the contralateral
body side [5]. PDRP expression has also been found elevated at
levels intermediate between healthy subjects and early-stage PD in
individuals with idiopathic REM sleep behavior disorder (iRBD), a
prodromal syndrome that can precede motor onset by 5-10 years
[12—15]. Arecent study also demonstrated that PDRP expression is
abnormally elevated in both cerebral hemispheres in iRBD sub-
jects with imaging evidence of striatal dopamine deficiency [16].
Furthermore, despite published studies on whole-brain expression
of PDrelated metabolic patterns [4, 6] and its correlation with bila-
teral loss of striatal dopaminergic integrity [6—8], scant information
exists regarding the hemispheric behavior of these networks cont-
ralateral and ipsilateral to the more affected body side. Indeed, the
relationship between hemispheric asymmetries in network activity
and nigrostriatal dopaminergic deficiency is unclear. It is also unk-
nown and important to explore whether the relationship observed in
early-stage disease persists throughout the illness.

In this study, we examined the relationship between hemispheric
PDRP and PDCP expression and striatal dopamine deficiency in
a group of patients with unilateral motor symptoms (Hoehn&Yahr
stage 1; “hemi-PD”). We then examined analogous relations-
hips in individuals with moderate (H&Y 2-3) and more advanced
(H&Y 4) disease. To achieve these goals, we scanned each patient
with FDG, to quantify PDRP and PDCP metabolic network expres-
sion, and with 18F-fluorodopa (FDOPA) to measure nigrostriatal
dopaminergic function in the caudate and putamen. In each sub-
ject, we assessed these measures on a hemisphere-by-hemisphe-
re basis ipsilateral and contralateral to the worse affected limbs.
Hemispheric asymmetries were computed for each measure and
compared across the patient groups.

Methods

Subjects

We conducted a retrospective study of 45 patients with PD (sex:
31 male/14 female; age: 57.6x10.5 years (mean+SD), range 30—
75 years, H&Y: 2.4+1.2, disease duration: 7.9+6.4 years) seen in

the movement disorders clinic of the Department of Neurology at
Cologne University Hospital. All patients underwent dual tracer PET
imaging with FDG and FDOPA on a high-resolution 24 detector ring
scanner (ECAT EXACT HR, Siemens CTI, Knoxville, TN). Details of
the FDG and FDOPA PET protocols have been described previous-
ly [7]. This retrospective study was conducted under an approved
protocol of the ethics committee of the Medical Faculty of the Uni-
versity of Cologne, as described elsewhere [7, 17]. Scans from the
Cologne database were anonymized and deidentified before being
transferred to the Feinstein Institutes for Medical Research for ima-
ging analysis. All methods were performed in accordance with the
relevant guidelines and regulations of the collaborating institutions;
at no point was information provided that could lead to the identi-
fication of a participant. For this study, the inclusion criteria were:
1) clinical diagnosis of PD according to the established UK Brain
Bank Criteria [18]; 2) a clinically more affected body side could be
identified; and 3) the clinically more affected side was associated
with lower FDOPA uptake in the contralateral striatum. We exclu-
ded subjects who 1) did not show clinical response to levodopa
treatment, 2) had clinical signs and symptoms of dementia, or 3)
had a history of stroke or brain surgery. The patients were then
categorized by Hoehn and Yahr (H&Y) stages 1-4. Based on their
H&Y stages, the 45 PD patients were further assigned into three
subgroups: the Mild PD subgroup included 15 H&Y 1 patients, the
Moderate PD subgroup included 9 H&Y 2 and 9 H&Y 3 patients,
and the Advanced PD subgroup included 12 H&Y 4 patients. For
comparison with the 45 PD patients, we examined FDG PET scans
from 19 sex-matched healthy control subjects (HC1; sex: 13 male/6
female; age: 42.3+13.9 years, range: 27-70 years) studied at Colo-
gne University Hospital; the age of the HC1 group was significantly
younger (p < 0.001; Mann-Whitney U test) than the PD group. In the
FDOPA studies of the PD patients, a second independent cohort
comprised of 10 sex- and agematched healthy controls (HC2; sex:
6 male/4 female; age: 48.1£12.2, range: 36—71 years) was used.

Imaging data analysis

FDG PET scans were pre-processed using SPM 5 (Wellcome
Trust Centre for Neuroimaging, London, UK) implemented in-
MATLAB7.3 (Mathworks, Sherborn, MA). Images were spatial-
ly normalized and smoothed (FWHM 10%x10x10 mm). For the
45 PD patients and 19 HC1 subjects, wholebrain PDRP and
PDCP expression values (subject scores) were computed sepa-
rately in each scan using ScanVP software (freely available upon
request at https://feinsteinneuroscience.org). Individual pattern
scores were z-transformed with reference to the corresponding
values of the HC1 subjects, such that the HC1 group mean was
0 with a SD of 1 for the PDRP and PDCP, respectively [2, 19].

For each network, we also computed hemispheric pattern scores
in the left and right hemispheres of each subject [5]. ForPDpati-
ents, PDRP/PDCP scores computed in the hemispheres contrala-
teral and ipsilateral to the body side with more pronounced motor
symptoms were defined as Contralateral and Ipsilateral PDRP/
PDCP scores, respectively. For HC1 subjects, the average left
and right hemispheric scores of each pattern were calculated
and used as the reference values in the comparisons with hemis-
pheric PDRP/PDCP scores of PD patients. To account for the
significant difference in age (p < 0.001) seen for the PD patients
and HC1 subjects, we applied an age correction to the computed



whole-brain, contralateral, and ipsilateral PDRP and PDCP scores
in the HC1 subjects in order to minimize potential influence of he-
althy aging on pattern expression between thePDandHC1groups.
This was done using the linear relationships of whole-brain and
hemispheric pattern expression with age determined in a large, in-
dependent sample of 73 healthy subjects (sex: 36 male/37 female;
age: 51.0+£17.6, range: 20-80), as described previously [7].

For FDOPA data, two manually delineated regions of interest (ROI)
were placed in the caudate and putamen in each hemisphere of PD
and HC2 subjects. Uptake values in these ROIls were computed
relative to the mean occipital FDOPA uptake as the reference, as
described previously [7]. For each region, FDOPA uptake values
in the contralateral and ipsilateral hemispheres of the PD patients
were averaged and then compared to the left-right average uptake
values in the HC2 subjects.

Statistical analysis

We used the Shapiro-Wilk test to examine the normality of data dis-
tribution of PDRP/PDCP scores and FDOPA uptake values in the
PD and HC groups. Because PDRP scores were not normally distri-
buted in the PD group (p < 0.001), we chose to use nonparametric
statistical tests consistently for all imaging measures on compari-
sons between PD and HC groups or between the contralateral and
ipsilateral hemispheres. Using Mann—-WhitneyUtests, we compared
the whole-brain, contralateral, and ipsilateral PDRP/PDCP scores
and putamen/caudate FDOPA uptake of the PD groups/subgroups
with the left-right average values of the corresponding HC1 or HC2
group.Wilcoxon signed-rank tests were used to compare the cont-
ralateral and ipsilateral PDRP/PDCP scores and putamen/caudate
FDOPA uptake to examine differences in each measure between
hemispheres in the whole PD group and the Mild, Moderate, and
Advanced PD subgroups. We also calculated nonparametric Spe-
arman’s rank correlation coefficients (r,) to examine the relati-
onship of putamen/caudate FDOPA uptake with the PDRP/PDCP
scores on the whole-brain and hemispheric bases in the PD group.
Spearman coefficients (r,) were also calculated for correlations of
each imaging measure with H&Y ratings in the PD sample.

For comparisons across the three PD subgroups, we found that the
data distribution of all imaging measures was normally distributed
(p>0.07) in each subgroup and, therefore, chose to use analysis of
variance (ANOVA) models with post hoc Bonferroni’s correction for
these analyses. Additional justifications for ANOVAs were that 1)
there are currently no effective non-parametric forms of repeated
measures ANOVA (RMANOVA) that we used to compare the cont-
ralateral and ipsilateral data across the three PD subgroups, and 2)
ANOVA models are considered robust against violations of the data
normality assumption [20, 21]. One-way ANOVA was used to ex-
amine changes in the whole-brain and hemispheric PDRP/PDCP
scores, as well as in the contralateral-ipsilateral average and he-
mispheric putamen/caudate FDOPA uptake across the three PD
subgroups. Each ANOVA was then followed by post hoc Bonfer-
roni’s tests for the correction of multiple comparisons between
subgroups. To compare changes in PDRP/PDCP scores and pu-
tamen/caudate FDOPA uptake across the three PD subgroups
between the two hemispheres, we performed twoway, 3x2 RMA-
NOVA for each measure, with Hemispheres (contralateral and ip-
silateral) defined as the within-subject factor and PD Subgroups
(Mild, Moderate, and Advanced) as the between-subject factor. For
each network and FDOPA measure, we calculated the asymmetry

index by subtracting the contralateral and ipsilateral hemispheric
values in each subject, and then used one-way ANOVA and post
hoc Bonferroni’s tests to examine changes in this index across
the three PD subgroups. Multiple regression analyses were used
to determine whether the relationships of the PDRP/PDCP mea-
sures (whole-brain, hemispheric, or asymmetry value) with corre-
sponding putamen/caudate FDOPA measures were influenced by
clinical severity (i.e., the PD Subgroup, as categorized by the H&Y
ratings). In each multiple regression model, the predicted variable
was the PDRP/PDCP measure, and the predictor variables were
the putamen/caudate FDOPA measure, thePDSubgroup, and their
interaction term.

Statistical analyses were performed in SAS Studio, and all results
were considered significant at p < 0.05, two-tailed.

Results

Demographic and clinical data of the whole group of 45 PD patients,
and in the Mild (H&Y 1; n = 15), Moderate (H&Y 2/3; n = 18), and
Advanced (H&Y 4; n = 12) PD subgroups, are presented in Table
1. No sex difference was present across the three PD subgroups
(p =0.54; Chi-square test). Agewas significantly different (p <0.001;
one-wayANOVA) across the PD subgroups, while age at onset
(p = 0.19; one-way ANOVA) and the left/right ratio of initially affec-
ted body side (p = 0.50; Chi-square test) were not different. Both di-
sease duration and levodopa equivalent daily dosage (LEDD) were
different across the PD subgroups (p < 0.001; one-way ANOVAs).

Whole-brain metabolic network activity and contralateral-
ipsilateral average FDOPA uptake in the striatum

Compared to the 19 HC1 subjects, PDRP expression values com-
puted in the whole brain were significantly elevated in the 45 PD
patients (Fig. 1A, left; p < 0.0001, Mann-Whitney U test), and in
each of the three PD subgroups (Fig. 1A, right; Mild: p < 0.006, Mo-
derate: p < 0.0007, Advanced: p = 0.001, Mann-Whitney U tests).
Likewise, the whole-brain PDCP scores were also significantly hig-
her in the PD group (Fig. 1B, left; p < 0.0007, Mann-Whitney U
test) and each subgroup (Fig. 1B, right; Mild: p < 0.03, Moderate:
p < 0.004, Advanced: p < 0.005; Mann-Whitney U tests) than the
HC1 group. If age correction was not applied to the pattern sco-
res of the younger HC1 subjects, the whole-brain expression valu-
es of both patterns remained significantly higher in the PD group
(p < 0.0001; Mann-Whitney U tests) and each subgroup (PDRP:
p<0.0001; PDCP: p<0.001). Moreover, the PDRP expression values
were different across these PD subgroups (F(2,42) = 4.20, p < 0.03;
one-wayANOVA), with significantly higher expression values in the
Advanced patients than the Mild patients (p < 0.02, post hoc Bon-
ferroni test). The PDCP scores were also different across the three
PD subgroups (F(2,42) = 3.56, p < 0.04; oneway ANOVA), with si-
gnificantly higher expression values in the Advanced patients than
the Mild patients (p < 0.04, post hoc Bonferroni test).

Compared to the 10 age-matched HC2 subjects, putamen FDOPA
uptake (i.e., average of the contralateral and ipsilateral values) were
significantly lower in the 45 PD patients (Fig. 1C, left; p < 0.0001,
Mann-Whitney U test), and in each of the three PD subgroups (Fig.
1C, right; p < 0.0001, Mann-Whitney U tests). The putamen FDOPA
uptake was different across these PD subgroups (F(2,42) = 10.74,
p < 0.0003; one-way ANOVA), with significantly lower uptake
values in the Advanced patients than both the Mild (p = 0.0001,
post hoc Bonferroni test) and Moderate patients (p < 0.04, post hoc



Table 1. Demographic, clinical, and imaging data of Parkinson’s disease patients in the whole group and the three subgroups

All PD Mild PD Moderate PD Advanced PD
(H&Y 1) (H&Y 2-3) (H&Y 4)

N 45 15 18 12
Sex (M/F) 31/14 9/6 14/4 8/4
Age 57.6 (10.5) 52.5(9.7) 56.0 (9.7) 66.4 (6.4)
Age at onset 49.8 (9.6) 50.7 (9.3) 46.8 (9.9) 53.1(9.1)
Initially affected body side 32L/13R 9L/6R 14L/4R 9L/3R
Disease duration (years) 7.9 (6.4) 1.8 (1.1) 9.2 (5.7) 13.4 (4.6)
LEDD (mg) 470.9 (461.7) 69.8 (136.4) 607.1 (431.7) 768.2 (421.7)
PDRP Expression

Contralateral 2.58 (2.09) 1.72 (1.16) 2.50 (1.82) 3.76 (2.85)

Ipsilateral 2.73 (2.20) 1.74 (1.08) 2.74 (1.73) 3.97 (3.19)

Asymmetry Index -0.16 (1.05) -0.02 (1.18) -0.24 (0.93) -0.22 (1.14)

Whole-brain 2.69 (2.05) 1.76 (0.98) 2.64 (1.69) 3.91 (2.90)
PDCP Expression

Contralateral 2.14 (1.56) 1.52 (1.30) 2.09 (1.21) 2.99 (1.98)

Ipsilateral 2.19 (1.73) 1.52(1.32) 2.12(1.29) 3.14 (2.36)

Asymmetry Index —-0.05 (0.65) 0.00 (0.71) -0.03 (0.52) —-0.15 (0.78)

Whole-brain 1.97 (1.58) 1.34 (1.24) 1.91 (1.27) 2.87 (2.02)
Putamen FDOPA Uptake

Contralateral 0.60 (0.20) 0.70 (0.13) 0.62 (0.23) 0.45 (0.14)

Ipsilateral 0.75 (0.26) 0.95(0.21) 0.73 (0.24) 0.53(0.13)

Asymmetry Index —0.15 (0.13) -0.25 (0.17) -0.11 (0.09) —-0.08 (0.04)

Contralateral and Ipsilateral Average 0.67 (0.22) 0.82 (0.16) 0.67 (0.23) 0.49 (0.13)
Caudate FDOPA Uptake

Contralateral 0.94 (0.23) 1.12 (0.16) 0.93 (0.21) 0.75 (0.19)

Ipsilateral 1.03 (0.26) 1.26 (0.19) 1.01 (0.20) 0.77 (0.16)

Asymmetry Index —-0.09 (0.10) -0.14 (0.10) —-0.09 (0.08) —-0.03 (0.07)

Contralateral and Ipsilateral Average 0.99 (0.24) 1.19 (0.17) 0.97 (0.20) 0.76 (0.17)

Values are presented as mean (SD). H&Y Stage according to the Hoehn and Yahr scale. LEDD, Levodopa equivalent daily dosage; PD, Parkinson’s
disease; PDRP, PD-related motor pattern; PDCP, PD-related cognitive pattern; FDOPA, 18F-fluorodopa. Contralateral and Ipsilateral: hemispheric values
of each imaging measure computed in the cerebral hemispheres contralateral and ipsilateral to the more severely affected body side. Asymmetry Index:
the difference between the contralateral and ipsilateral hemispheric values of each imaging measure. Contralateral and Ipsilateral Average: the average of
contralateral and ipsilateral hemispheric values of each imaging measure. Whole-brain: PDRP and PDCP expression values computed in the whole brain.

Bonferroni test); a trend of decline (p = 0.08) was also present
between Mild and Moderate patients. Likewise, caudate FDOPA
uptake was significantly lower in the 45 PD patients (Fig. 1D, left;
p < 0.0001, Mann-Whitney U test), and in each of the three PD
subgroups (Fig. 1D, right; p < 0.0001, Mann-Whitney U tests) com-
pared to the HC2 group. The caudate FDOPA uptake was different
across these PD subgroups (F(2,42) = 18.75, p < 0.0001; one-way
ANOVA), with significantly lower uptake values in the Moderate
(p < 0.004, post hoc Bonferroni test) and Advanced patients (p <
0.0001, post hoc Bonferroni test) than the Mild patients; a signifi-
cant declinewas present between Moderate and Advanced patients
(p <0.02).

In the 45 PD patients, the whole-brain PDRP and PDCP scores
significantly correlated with each other (r, = 0.70, p < 0.0001), as
did the putamen and caudate FDOPA uptake values (r, = 0.94,
p < 0.0001). The whole-brainPDRPandPDCPscores did not cor-
relate with the putamen or caudate FDOPA uptake values in this
group (p > 0.11); these relationships remained non-significant
(F(5,39) < 1.93, p > 0.11) after adding PD Subgroup into the regres-
sion model.

Hemispheric PDRP/PDCP expression
and putamen/caudate FDOPA uptake
PDRP and PDCP scores computed on the hemispheric basis
were significantly elevated in both the contralateral and ipsilateral
hemispheres of the 45 PD patients (Fig. 2A, D, left; p < 0.0001;
Mann-Whitney U tests), as well as for each of the three PD subg-

roups (Fig. 2A, D, right; PDRP: p < 0.006; PDCP: p < 0.01) com-
pared to the corresponding values of 19 HC subjects. Without
age correction being applied, the results were still significant for
the contralateral and ipsilateral expression of both patterns in the
PD group (p < 0.0001; Mann-Whitney U tests) and each subgroup
(PDRP: p < 0.0004; PDCP: p < 0.002). The scores of both patterns
were not different between the two hemispheres in either the whole
PD group (p > 0.36; Wilcoxon signed-rank tests) or any of the three
PD subgroups (p > 0.22). For both PDRP and PDCP networks,
the hemispheric scores increased in parallel in both hemispheres
across the three PD subgroups (Fig. 2A, D, right), indicated by a
significant main effect of PD Subgroup (PDRP: F(2, 42) = 52.64, p <
0.0001; PDCP: F(2, 42) = 73.0, p < 0.0001; two-way RMANOVAs)
and a non-significant HemispherexPD subgroup interaction effect
(PDRP: F(2,42) = 0.19, p = 0.82; PDCP: F(2,42) = 0.19, p = 0.83).
Indeed, one-way ANOVAs further demonstrated that the hemisphe-
ric scores of both patterns were different across the PD subgroups
in the contralateral (PDRP: F(2,42) = 4.20, p < 0.03; PDCP: F(2,42)
= 3.31, p < 0.05) and ipsilateral (PDRP: F(2,42) = 3.89, p < 0.03;
PDCP: F(2,42) = 3.24, p < 0.05) hemispheres, with significantly
higher expression values of both networks in the Advanced patients
than the Mild patients in the two hemispheres (PDRP: p < 0.03;
PDCP: p < 0.05; post hoc Bonferroni tests). Additionally, the main
effect of Hemisphere in the RMANOVAs was not significant across
all three PD subgroups on the hemispheric scores of both patterns
(PDRP: F(1,42) = 0.94, p = 0.34; PDCP: F(1,42) = 0.32, p = 0.57;
two-way RMANOVAsS).
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Fig. 1. Whole-brain PD-related network activity and contralateral-ipsilateral average striatal FDOPA uptake. Box-whisker plots show the median whole-brain
expression values (subject scores) of the PD-related motor (A, PDRP) and cognitive (B, PDCP) spatial covariance patterns, as well as the median putamen
(C) and caudate (D) FDOPA uptake values (i.e., average of the contralateral and ipsilateral values in each region) in the 45 PD patients and the subgroups
of 15 Mild (H&Y 1), 18 Moderate (9 H&Y 2 and 9 H&Y 3), and 12 Advanced (H&Y 4) PD patients. For both metabolic networks (A, B), pattern expression was
elevated in the whole PD group (p < 0.0008) and in each of the three PD subgroups (p < 0.03), relative to 19 healthy control (HC1) subjects. Both PDRP and
PDCP expression increased significantly across the three PD subgroups (p < 0.04). By contrast, both putamen and caudate FDOPA uptake (C, D) was lower
in the PD group (p < 0.0001) and each subgroup (p < 0.0001) compared to 10 HC2 subjects. FDOPA uptake in both regions decreased significantly across
the three PD subgroups (p < 0.0004). [In each plot, dotted lines represent 25% and 75% quartiles above and below the normal median (broken line) for each
measure. Median FDOPA uptake values in each region (C, D) are shown as percent of the normal median (100%) in the PD group/subgroup.

*p <0.05,**p < 0.01, ***p < 0.001, Mann-Whitney U tests compared to healthy controls.]

Moreover, both the PDRP and PDCP asymmetry index values (i.e.,
difference between the contralateral and ipsilateral pattern scores)
remained unchanged across the Mild, Moderate, and Advanced
PD subgroups (Fig. 2B, E; PDRP: F(2,42) = 0.19, p = 0.82; PDCP:
F(2,42) = 0.19, p = 0.83; one-way ANOVAs).

FDOPA uptake values in the putamen and caudate were both signi-
ficantly lower in the contralateral and ipsilateral hemispheres of all
45 PD patients (Fig. 3A, D, left; p < 0.0001; Mann-Whitney U tests)
and for each of the three PD subgroups (Fig. 3A, D, right, putamen:
p < 0.0001; caudate: p < 0.002; Mann-Whitney U tests), compared
to the corresponding values of 10 HC subjects. In comparing FDO-
PA uptake between hemispheres, the contralateral putamen FDO-
PA uptake was significantly lower than the ipsilateral uptake values
in the whole PD group (p < 0.0001; Wilcoxon signed-rank test) and
in each of the three PD subgroups (p < 0.0005; Wilcoxon si-
gned-rank tests). Caudate FDOPAuptake in the contralateral he-
misphere was significantly lower than for the ipsilateral side in the
whole PD group (p < 0.0001; Wilcoxon signed-rank test), and in the
Mild (p < 0.0003) and Moderate (p < 0.0006) subgroups, but not in
the Advanced subgroup (p = 0.27). In both putamen and caudate

(Fig. 3A, D, right), there was a significant HemispherexPD Sub-
group interaction effect (putamen: F(2,42) = 9.05, p = 0.0005; cau-
date: F(2,42) = 5.89, p < 0.006; twoway RMANOVAs), suggesting
that the rates of decrease in the hemispheric FDOPA uptake of both
regions were different between the two hemispheres across the
three PD subgroups. In the putamen, the contralateral FDOPA
uptake was different across the PD subgroups (F(2,42) = 6.73,
p < 0.003; one-way ANOVA), with significantly lower expression
values in the Advanced patients than the Mild (p < 0.003; post
hoc Bonferroni test) and Moderate (p < 0.04) patients, while no
difference was present between the Mild and Moderate patients
(p=0.45). Inthe ipsilateral hemisphere, the putamen FDOPA uptake
was also different across the three PD subgroups (F(2,42) = 13.30,
p < 0.0001; one-way ANOVA); the Advanced patients had signifi-
cantly lhemispheres, the Advanced patients had significantly lower
uptake than the Mild (p < 0.0001; post hoc Bonferroni tests) and
Moderate (contralateral: p < 0.05; ipsilateral: p < 0.004) patients,
and the Moderate patients also showed lower uptake than the Mild
patients (contralateral: p < 0.02; ipsilateral: p < 0.002). Furthermo-
re, the asymmetry index values of both the putamen and caudate
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Fig. 2. Hemispheric PDRP and PDCP Expression. PDRP (A) and PDCP (D) scores were elevated in both the contralateral and ipsilateral hemispheres relative
to healthy controls (PDRP: p < 0.006; PDCP: p < 0.01), and were symmetrical between hemispheres in the whole PD group and the Mild, Moderate, and
Advanced PD subgroups (PDRP: p > 0.22; PDCP: p > 0.38). The hemispheric PDRP (A) and PDCP (D) scores were significantly increased across the PD
subgroups (PDRP: p < 0.03; PDCP: p < 0.05) at similar rates (PDRP: p = 0.82; PDCP: p = 0.19) in both hemispheres. PDRP and PDCP asymmetry index
values remained unchanged across the three PD subgroups (B, PDRP: p = 0.82; E, PDCP: p = 0.83), and did not correlate with H&Y ratings in the PD subjects

(C, PDRP: p = 0.93; F, PDCP: p = 0.99).

FDOPA uptake differed significantly across the three PD subgroups
(Fig. 3B, E; putamen: F(2,42) = 9.05, p < 0.0006; caudate: F(2,42)
= 5.89, p < 0.006; one-way ANOVAs). The FDOPA uptake asym-
metry in the putamen was significantly reduced in both the Mode-
rate (p < 0.005; post hoc Bonferroni test) and Advanced patients
(p < 0.002) relative to the Mild patients, while the asymmetry index
of caudate FDOPA uptake was significantly reduced only in the Ad-
vanced patients relative to the Mild patients (p < 0.005; post hoc
Bonferroni test).

For both networks, the contralateral and ipsilateral scores signifi-
cantly correlated with each other (PDRP: r, = 0.76, p < 0.0001;
PDCP: r, = 0.93, p < 0.0001) in the 45 PD patients. The cont-
ralateral and ipsilateral FDOPA uptake values also significantly
correlated in the putamen (rs = 0.91, p < 0.0001) and caudate
(r, = 0.92, p < 0.0001). Hemispheric PDRP and PDCP scores did
not correlate with putamen or caudate FDOPA uptake in the ipsila-
teral (p > 0.06) or contralateral hemisphere (p > 0.19); these relati-
onships remained non-significant (F(5,39) <1.94, p>0.11) even after
adding PD Subgroup into the regression models. Moreover, the
PDRP and PDCP asymmetry indices did not correlate with puta-
men (p > 0.09) and caudate (p > 0.84) FDOPA asymmetry measu-
res in the PD sample. These relationships remained non-significant
(F(5v3g) < 2.05, p > 0.09) after adding PD Subgroups into correspon-
ding regression models.

Asymmetry values for the PDRP (r, = -0.014, p = 0.929; Fig. 2C)
and PDCP (r, = -0.003, p = 0.986; Fig. 2F) did not correlate with
the H&Y ratings in the PD sample, consistent with the non-sig-
nificant changes of these measures across the PD Subgroups
(p > 0.82; one-way ANOVAs; Fig. 2B, E). By contrast, asymmetry

values for the putamen (r, = 0.448, p < 0.003; Fig. 3C) and caudate
(r, = 0.449, p < 0.003; Fig. 3F) correlated with the H&Y ratings,
consistent with the differences seen for these measures across
the PD Subgroups (p < 0.006; one-way ANOVAs; Fig. 3B, E). Of
note, marginal (p = 0.07) or weakly significant (p < 0.05) correla-
tions were found between whole-brain, contralateral, or ipsilateral
PDRP/PDCP expression values andH&Yratings in the PD sample,
whereas highly significant correlations (p < 0.0001) were present
between the average, contralateral, or ipsilateral putamen/caudate
FDOPA uptake and H&Y ratings (Supplementary Table 1). These cor-
relation results are also generally consistent with the increased PDRP/
PDCP expression and the decreased putamen/caudate FDOPA upta-
ke seen by comparisons of these measures across the PD subgroups.

Discussion

In this study, we demonstrated that the expression of PD-related
motor and cognitive metabolic networks was abnormally elevated in
both brain hemispheres of early PD patients with hemiparkinsonism
compared to healthy controls, particularly in the presymptomatic
hemisphere ipsilateral to the body side showing initial symptoms.
We further showed that the hemispheric expression of both net-
works remained symmetrical throughout the disease course: both
hemispheres exhibited similar increases in expression in patients
at mild, moderate, and more advanced clinical stages. By contrast,
hemispheric striatal FDOPAuptake in the same patientswas lower
than normal in early PD, with further reductions at more advanced
disease stages. Moreover, across PD groups of varying Hoehn and
Yahr stage, the magnitude of hemispheric reduction in striatal FDO-
PA uptake was greater on the ipsilateral side. Thus, while metabolic
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Fig. 3. Hemispheric Putamen and Caudate FDOPA Uptake. Putamen (A) and caudate (D) FDOPA uptake was lower in both hemispheres relative to he-
althy controls in the wholePDgroup (PDRP and PDCP: p < 0.0001) and each PDsubgroup (PDRP: p < 0.0001; PDCP: p < 0.002). Putamen FDOPA uptake
(A) had significantly lower values in the contralateral hemisphere than for the ipsilateral side in the whole PD group (p < 0.0001) and each PD subgroup
(p < 0.0005). Contralateral caudate FDOPA uptake (D) was significantly lower than the ipsilateral uptake in the whole PD group (p < 0.0001), and also in the
Mild (p < 0.0003) and Moderate (p < 0.0006) subgroups, but not in the Advanced subgroup (p = 0.27). The hemispheric putamen and caudate FDOPA uptake
was decreased in both hemispheres across the PD subgroups (PDRP: p < 0.003; PDCP: p < 0.0001), at a significantly faster rate (PDRP: p = 0.0005; PDCP:
p < 0.006) in the ipsilateral hemisphere relative to the contralateral side. The asymmetry index values of both putamen (B) and caudate (E) FDOPA uptake
diminished significantly across the PD subgroups (PDRP: p < 0.0006; PDCP: p < 0.006), and correlated significantly with H&Y ratings in the PD subjects (C,
PDRP: p < 0.003; F, PDCP: p < 0.003). [In Aand D, dotted lines represent 25% and 75% quartiles above and below the normal median (broken line) for each
measure. Median hemispheric FDOPA uptake (A, D) and asymmetry index (B, E) in the putamen and caudate are shown as percent of the normal median
(100%) in the PD group or subgroup. *p < 0.05, **p < 0.01, ***p < 0.001, Mann-Whitney U tests compared to healthy controls.]

network activity was symmetrical in all disease stages, striatal do-
paminergic asymmetries became incrementally smaller with more
severe motor disability. Our study provides new evidence that func-
tional abnormality of PD is widespread symmetrically in the brain
throughout the disease course and not restricted by local dopamine
deficiency in the basal ganglia.

The presence of elevated network activity in the presymptomatic
ipsilateral hemisphere of H&Y 1 PD patients supports our earlier
hypothesis that metabolic network abnormality in hemi-PD patients
may precede clinical onset on the opposite body side by approxi-
mately two years [5]. Furthermore, we have gained new insight into
the moderate and more advanced patients whose ipsilateral ex-
pression of PDRP and PDCP increased incrementally with more
severe clinical dysfunction. Likewise, network expression levels for
both networks were increased to a similar degree in the contrala-
teral hemispheres of the patients in each severity subgroup. While
hemispheric network expression increased symmetrically with ad-
vancing symptoms, striatal FDOPA uptake exhibited asymmetrical
reductions in the same individuals. Although caudate/putamen
FDOPA uptake was consistently lower contralaterally, the magnitu-
de of the reductions across the PD groups was greater ipsilaterally.
For the ipsilateral putamen, FDOPA uptake averaged 63% of the
normal value in the mild group and 36% in the advanced group,
whereas uptake was 52% and 31% of normal, respectively, for the
contralateral putamen. Although reductions in FDOPA uptake were
overall smaller in the caudate, differences between mild and ad-

vanced disease were likewise more pronounced on the ipsilateral
side. Despite the relatively higher (i.e., more intact) FDOPA uptake
seen ipsilaterally in early disease, hemispheric differences become
smaller at more advanced stages. Thus, for the putamen, the he-
mispheric FDOPA uptake asymmetry was 11% in mild patients and
5% in their advanced counterparts, and 8% and 2%, respectively,
for the caudate (see Figs. 3B and 3E). Our data lend further sup-
port to the findings of an earlier longitudinal PET study that, des-
pite different dopamine levels in anterior versus posterior striatal
subregions at disease onset, the side-to-side asymmetry between
these subregions became less prominent over the course of PD
[22]. Interestingly, a prior longitudinal SPECT study demonstrated
that dopamine asymmetry in the putamen had a greater decline
over time in the PD patients with predominant dopamine deficiency
in the right hemisphere than the more left-affected patients [23].
Together, these data suggest that asymmetrical loss of striatal do-
pamine is not at a constant rate for all PD patients, but can vary
depending on different clinical factors, such as disease stages and
the more deficient hemispheres.

It was hypothesized that the onset of motor symptoms in the limb
is likely associated with a loss of nigrostriatal dopamine beyond a
critical threshold of 50-60% of the normal level in the posterior stri-
atum [5, 24, 25]. Along these lines, the current data show that dopa-
mine levels in the contralateral putamen were lower than 52% at all
clinical stages, with convergence to a “floor” value of approximately
30% of normal with advanced disease. In the ipsilateral putamen,



by contrast, presynaptic nigrostriatal function was initially above
threshold (63% of normal in H&Y 1 patients) in hemi-PD patients,
perhaps reflecting a degree of dopadecarboxylase (DDC) upregu-
lation on the presymptomatic side. Upregulation involves both he-
mispheres, and therefore is not expected to have a major influence
on the striatal dopaminergic asymmetries seen in this study. Given
that ipsilateral putamen FDOPA uptake decreased to subthreshold
values in the moderate (40%) and advanced (31%) subgroups, it is
likely that these differences represent disease progression effects
in the nigrostriatal dopamine pathway, as suggested by longitudinal
studies using FDOPA PET [26, 27].

Recently, an interesting alternative hypothesis has been proposed
that relatively higher ipsilateral uptake could also reflect a compen-
satory dopamine mechanism on this side. Fox and colleagues sho-
wed that dopamine release can synchronize the two hemispheres

via cross-hemispheric dopamine projections, a possible dopami-
ne compensatory mechanism in PD [28]. FDOPA PET data from
a hemiparkinsonian monkey model suggest that the onset of mo-
tor symptoms can be influenced by dopaminergic dysfunction in
the less-affected striatum [29]. Subsequently, as motor symptoms
develop on the opposite side, the greater reduction inFDOPAu-
ptake seen in the ipsilateral putamen may reflect a failure of this
mechanism over time. Our data support the recent hypothesis by
Blesa and colleagues [30] that long-term compensation could have
a detrimental effect on the remaining dopamine neurons, as they
are prone to be overstressed and become more vulnerable to de-
teriorating disease [31].

Contrary to the local, asymmetrical dopamine depletion in the stria-
tum, the PDRP/PDCP network abnormality represents the broader,
symmetrical functional changes in the underlying pathophysiologi-
cal pathways of PD. From a technical perspective, metabolic pat-
tern scores are a composite sum of contributions from all network
areas and any asymmetry in the components, such as the putamen
and caudate, may be obscured in the overall multivariate measure.
Indeed, the current data did not show significant correlations
between hemispheric network expression and corresponding
striatal uptake values, as compared to the modest correlations
(R? = 0.20-0.30) seen previously for the whole brain in a larger
population [7] and a small longitudinal sample [32]. Similar modest
whole-brain correlations were found between network expression
and dopaminergic imaging in patients with iRBD [16]. These re-
sults, along with the absence of a correlation between the respec-
tive asymmetry index values, offer further support for the comple-
mentarity of these different imaging biomarkers in PD [6].

The hemispheric network data in the current sample are consistent
with observations from an earlier hemi-PD cohort in which sym-
metrical increases in PDRP expression were noted both ipsilateral
and contralateral to the affected body side [5]. The prior longitudinal
study and the current crosssectional analysis suggest that the in-
creases in network expression that occur with disease progression
are inherently symmetrical without any indication of a ceiling effect
[1]. Of note, the absence of discernable metabolic asymmetry at
the network level in PD is likely to apply as well to diseaserelated
subnetworks (nodules). Using graph theory, we have recently found
that the PDRP and PDCP can each be partitioned into discrete core
and periphery zones based on the relative valence of the compo-
nent network nodes [32, 33]. Separate analysis of hemispheric ac-
tivity in each subnetwork revealed no evidence of asymmetry for
the core and periphery (or active and underactive subnetworks)

of PDRP or PDCP (Supplementary Table 2). Moreover, subnetwork
asymmetries for either pattern failed to correlate with corresponding
caudate/putamen FDOPA asymmetries in the PD sample (Supple-
mentary Table 3). In aggregate, the absence of asymmetry at the
network and subnetwork levels points to the bilaterality of a functio-
nal pathology of PD at all disease stages. The asymmetrical dopa-
minergic changes, on the other hand, reflect lateralized differences
in nigrostriatal function and limb involvement, which are most pro-
nounced during the early clinical phases of the illness.

We acknowledge several limitations of the current study. Firstly,
motor ratings and neuropsychological data were not available in
this group of patients, and as a result, we were unable to explo-
re the relationships of the hemispheric network and dopaminergic
measurements to clinical disability. It was also a limitation to have
separate healthy control groups for the FDG PET and FDOPA stu-
dies. We additionally note for the FDG PET studies that the healthy
control subjects were younger than the PD patients. We, therefore,
used an age correction as done in a previous whole-brain analysis
conducted in this population [7]. This was accomplished by deter-
mining the linear relationships of the whole-brain and hemispheric
network expression with age in the FDG PET data from a large,
independent group of healthy control subjects. Nonetheless, we
found that the results of significant differences between the PD and
HC groups were not influenced by the age correction performed in
this study. Finally, we note that the current analysis was cross-sec-
tional, and a longitudinal approach analogous to our prior study
may have provided additional data regarding disease progression.
Even with these limitations, this study provides valuable information
concerning the respective roles of these biomarkers in tracking the
underlying disease process.
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