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Abstract

Background: The stage-specific dynamics of functional brain networks in early Parkinson’s disease cognitive impairment (PD-CI) re-
main unclear. This study investigated caudate-centric hierarchical functional network reconfiguration across early PD-CI stages using si-
multaneous ['®F]fluoropropyl-(+)-dihydrotetrabenazine positron emission tomography (!*F-FP-DTBZ PET) and resting-state functional
magnetic resonance imaging (rs-fMRI). Methods: Forty-six Parkinson’s disease (PD) patients underwent simultaneous *®F-FP-DTBZ
PET/MR with rs-fMRI sequences. Patients were categorized as normal cognition (PD-NC, n = 15), subjective cognitive decline (PD-
SCD, n = 16), and mild cognitive impairment (PD-MCI, n = 15). PET-identified striatal regions with significant dopaminergic deficits
were used as seeds for stepwise functional connectivity (SFC) analysis. Associations with cognitive factors and network coupling in early
PD-CI were evaluated. Results: ‘®F-FP-DTBZ PET revealed that the caudate nucleus was a critical dopaminergic hub in early PD-CI.
Caudate seed-based SFC analysis revealed a triphasic reconfiguration: stable integration in PD-NC, compensatory hyperconnectivity
in PD-SCD, and global inefficiency with rigidity in PD-MCI. Key circuits showed reduced connectivity in PD-MCI including caudate
linkages with the globus pallidus, thalamus, right superior frontal gyrus, left inferior temporal gyrus, right superior orbitofrontal cortex,
supplementary motor area, and right hippocampus. Clinical analysis showed that both global cognitive efficiency and memory control
were associated with specific short- and long-range caudate connectivity. Conclusions: The caudate nucleus is central to the interplay
between dopaminergic metabolic deficits and functional network reconfiguration during early PD-CI progression, shifting from compen-
satory hyperconnectivity to network rigidity. These findings provide a mechanistic framework for targeted neuromodulation strategies
in early PD-CIL.
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1. Introduction considerable socioeconomic burden, driven by increased
functional disability, carer burden, and healthcare costs
[3.4].

Given the typically irreversible nature of PDD, early
intervention during the PD-SCD and PD-MCI stages is es-
sential. Notably, PD-SCD affects 36% of PD patients and
correlates with a threefold increased risk of PDD onset
within three years, relative to cognitively normal PD pa-
tients (PD-NC) [5]. This gradual progression highlights the
necessity to examine the fundamental neurodegenerative
mechanisms across the continuum of early PD-CI stages,
rather than focusing solely on discrete clinical categories.

Parkinson’s disease (PD) is the world’s second most
prevalent neurodegenerative illness, presenting as a multi-
system syndrome with progressive motor deterioration and
heterogeneous non-motor symptoms [1,2]. Cognitive im-
pairment in PD (PD-CI) is a notably detrimental character-
istic that affects more than 80% of patients [3,4]. The pro-
gression of PD-CI encompasses three clinically acknowl-
edged stages: subjective cognitive decline (PD-SCD), de-
fined by self-reported deficits without objective impairment
[5]; mild cognitive impairment (PD-MCI), distinguished by
objective cognitive decline with preserved daily function-
ing [6]; and ultimately, dementia (PDD). PDD presents a
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Mounting evidence has suggested that striatal
dopaminergic degeneration plays a pivotal role in driving
network-level dysfunction in PD-CI [7,8]. Recent break-
throughs in multimodal neuroimaging have facilitated the
unparalleled merging of dopaminergic molecular imaging
with functional network analysis. The quantification of
vesicular monoamine transporter type 2 (VMAT2) avail-
ability with ['8F]fluoropropyl-(+)-dihydrotetrabenazine
positron emission tomography (®F-FP-DTBZ PET)
enables precise mapping of striatal dopaminergic termi-
nals [9]. Simultaneously, resting-state functional MRI
(rs-fMRI) reveals dynamic functional connectivity patterns
via blood-oxygen-level-dependent (BOLD) signals. Al-
though previous rs-fMRI investigations identified altered
connectivity between the default mode and the frontopari-
etal networks in PD-MCI [10,11], traditional functional
connectivity analyses are limited by their inability to
distinguish direct and indirect connections.

To address these limitations, we conducted a multi-
modal neuroimaging study that integrated '*F-FP-DTBZ
PET and rs-fMRI across the early PD-CI continuum, us-
ing the novel stepwise functional connectivity (SFC) ana-
lytical approach. SFC overcomes the constraints of con-
ventional functional connectivity methods by reconstruct-
ing hierarchical connectivity architectures from disease epi-
centers. This method has been effectively used in the study
of Parkinsonian motor subtypes [ 12] and frontotemporal de-
mentia [13], but it remains unexplored in the context of PD-
CI staging.

In this study, we identified striatal subregions that ex-
hibited the most severe dopaminergic deficits across the
early stages of PD-CI by VMAT?2 topographic profiling.
These regions were subsequently used as seed points for
SFC analysis to map hierarchical functional network dis-
connections along the early PD-CI continuum, spanning
PD-NC to PD-SCD and PD-MCI. Finally, we examined the
cognitive factors associated with these network alterations.
By integrating molecular imaging with advanced connec-
tivity analytics, our study attempted to delineate the neural
network mechanisms underlying early PD-CI progression
and identify potential neuroimaging biomarkers for early
therapeutic intervention.

2. Methods
2.1 Participants

From June 2024 to May 2025, 46 PD patients were
recruited from Shenzhen People’s Hospital to participate in
this cross-sectional study. Inclusion required: (1) proba-
ble PD diagnosis based on the 2015 Movement Disorder
Society (MDS) criteria [14], and (2) reduced striatal ‘3F-
FP-DTBZ uptake. Exclusions were major systemic dis-
eases, cognitive assessment incompatibility, cerebrovascu-
lar/atrophic changes, magnetic resonance (MR) contraindi-
cations, and claustrophobia. Clinical assessments, '3F-FP-
DTBZ PET, and rs-fMRI were performed on all individu-

als. Neurologists who were blind to the participants’ con-
dition collected demographics, levodopa equivalent daily
dose (LEDD) data, disease duration, and OFF-state Uni-
fied Parkinson’s Disease Rating Scale Part III (UPDRS-III)
scores [15].

2.2 Neuropsychological Assessments and Diagnostic
Classification

Cognitive examinations were done in the ON-state to
minimize motor symptom interference. SCD was defined
as an SCD-Scale-9 score >3 [16]. Objective cognitive
function was measured by standardized tests [6], including
the Verbal Fluency Test-Alternating (VFT), Boston Naming
Test (30-item version, BNT), Loewenstein-Acevedo Scales
for Semantic Interference and Learning (LASSI-L), Digit
Span Test (DST), Symbol Digit Modalities Test (SDMT),
Judgement of Line Orientation (JLO), Shape Trails Test
(STT), and Stroop Color and Word Test (SCWT). Depres-
sive and anxiety symptoms were assessed using the Hamil-
ton Depression Scale (HAMD) and Hamilton Anxiety Scale
(HAMA), respectively.

Diagnostic classifications followed established crite-
ria: PD-MCI: impairment on >2 neuropsychological tests
according to MDS Level II criteria (2012) [6], with pre-
served activities of daily living; PD-SCD: SCD-Scale-9
score >3 without meeting PD-MCI criteria [16]; PD-NC:
absence of SCD (SCD-Scale-9 score <3) and normal ob-
jective cognition.

2.3 Image Acquisition

All imaging was performed on a 3.0 T PET/MR scan-
ner (uPMR 790, United Imaging, Shanghai, China) with a
24-channel head coil. To minimize acute medication ef-
fects, all participants were required to discontinue their anti-
Parkinson’s medications for at least 12 h before undergoing
the '8F-FP-DTBZ PET scan. All participants underwent
simultaneous PET and MRI scanning. PET scanning com-
menced 90 min post-intravenous *F-FP-DTBZ injection,
with participants positioned supine and instructed to remain
still throughout the scan [17]. Images were reconstructed
using ordered subset expectation maximization (OSEM)
with time-of-flight (TOF), and Dixon-based MR attenua-
tion correction (acquisition: 10 min; matrix: 192 x 192;
slice thickness: 2 mm; iterations/subsets: 4/20; full width
at half maximum (FWHM): 3.0 mm). Simultaneous MR
imaging included both structural and functional sequences.
Resting-state BOLD-fMRI was acquired using a gradient-
echo echo-planar imaging (EPI) sequence with the follow-
ing parameters: repetition time (TR) = 2000 ms; echo time
(TE) = 30 m; field of view (FOV) = 224 x 224 mm?; ma-
trix = 64 x 64; slice thickness = 3.5 mm; and slice gap =0.7
mm. High-resolution T1-weighted structural images were
obtained with the following parameters: TR = 7.8 ms; TE
=3 ms; flip angle (FA) = 10°; FOV =240 x 240 mm?; ma-
trix =240 x 240; and slice thickness = 1 mm. Participants
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were told to close their eyes, stay awake, and avoid head
motion during scanning. Standard hybrid PET/MR proto-
cols ensured accurate co-registration and quantitation.

2.4 PET Images Processing and Quantification

PET images were preprocessed with the Statistical
Parametric Mapping 12 (SPM12) toolbox implemented in
MATLAB R2023b (Wellcome Trust Centre for Neuroimag-
ing, London, UK; https://www.fil.ion.ucl.ac.uk/spm) [17].
Initially, for each subject, the PET image was rigidly coreg-
istered to the corresponding T1-weighted anatomical MRI
using normalized mutual information. Subsequently, tis-
sue segmentation of the T1-weighted image was performed
to generate probabilistic maps of gray matter, white mat-
ter, and cerebrospinal fluid, which were also utilized for
partial volume effect (PVE) correction. The coregistered
PET images were then normalized to the Montreal Neuro-
logical Institute (MNI) standard space with isotropic vox-
els of 2 mm using the forward deformation fields derived
from tissue segmentation. Finally, the normalized PET im-
ages were smoothed using an isotropic Gaussian kernel with
an 8 mm FWHM. Preprocessed PET images were coreg-
istered to the Automated Anatomical Labeling (AAL 116)
template for region-based analysis. '®*F-FP-DTBZ binding
ratios were calculated using the following formula, based
on standardized uptake value (SUV):

['® F] FP — DTBZ binding ratio — - e —S¥ocpmine
Striatal subregions included the caudate nucleus and
putamen. The occipital reference region comprised all oc-
cipital lobe areas in the AAL 116 atlas, including the cal-
carine, cuneus, lingual gyrus, superior occipital gyrus, mid-
dle occipital gyrus, and inferior occipital gyrus. Regions
exhibiting significant group differences in **F-FP-DTBZ
binding were defined as regions of interest (ROIs).

2.5 fMRI Preprocessing and SFC Analysis

Rs-fMRI images were preprocessed with the Data Pro-
cessing & Analysis for Brain Imaging toolbox (DPABI
V8.2, http://www.rfmri.org/dpabi). The first 10 time points
were discarded to allow for signal equilibration and par-
ticipant habituation. Slice timing correction was applied,
followed by realignment for head motion correction. Nui-
sance covariates, including 24 head motion parameters,
white matter, cerebrospinal fluid, and global mean signals,
were regressed out of the time series. The normalized func-
tional images were then spatially smoothed with a 4-mm
FWHM Gaussian kernel. Finally, a temporal band-pass fil-
ter (0.01-0.1 Hz) was applied to the time series to retain
low-frequency fluctuations relevant for resting-state con-
nectivity analysis. Participant data with excessive head mo-
tion (more than 30% of frames with framewise displace-
ment exceeding 0.3 mm) were excluded from further anal-
yses.
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SFC quantifies direct and indirect (multi-step) brain
area functional interactions using fMRI-derived functional
connectivity matrices [12,13]. After fMRI data preprocess-
ing, a whole-brain functional connectivity matrix was con-
structed for each participant by calculating the Pearson cor-
relation coefficients between the BOLD time series of all
brain region pairs. Only positive connections that were sta-
tistically significant (false discovery rate (FDR)-corrected
with q < 0.001) were retained, and binarized matrices were
used to identify important connections. The striatal re-
gions exhibiting significant group differences in '*F-FP-
DTBZ binding ratios were selected as seed regions. For
each participant, SFC matrices were generated by counting,
for each brain region, the number of unique paths of exact
step length / that connect the seed region to the target node
(where [ = 1 represents direct connectivity, and / = 2—7 rep-
resents indirect multi-step connections; after 7 steps, SFC
patterns tend to reach a stable state). Specifically, at any
step-distance /, the SFC degree of a target node i is defined
as the total number of unique paths of length / connecting i
to the seed. In the current study, the findwalks.m function
from the Brain Connectivity Toolbox was used to compute
SFC for each participant [ 18,19]. At each step, the SFC ma-
trix was standardized using a z-transformation: for each re-
gion, the SFC value was centered by subtracting the whole-
brain mean SFC and dividing by its standard deviation at
that step. This normalization provided a measure of the rel-
ative increase or decrease of connectivity degree under a
given step-distance. Multi-step connections were grouped
as short-range (2-3), medium-range (4-5), and long-range
(6-7); only odd-numbered steps were reported to reduce re-
dundancy.

In line with previous studies [20], the stable step was
calculated for each participant to quantify the convergence
rate of SFC patterns. The stable step was defined as the
minimum step k at which the Pearson correlation coeffi-
cient between SFC spatial maps remained >0.999 for three
consecutive steps [r(k, k+ 1), r(k + 1, k + 2), and r(k + 2, k
+ 3) all >0.999], indicating pattern stabilization.

2.6 Mapping SFC Patterns Onto Yeo-7 Intrinsic Networks

To interpret SFC patterns within the context of canon-
ical cortical functional networks, we quantified the overlap
between the SFC maps and the seven intrinsic networks de-
fined by the Yeo-7 atlas [21]. Specifically, for each group-
level SFC map at multiple-step distances, the SFC image
derived from the AAL template was resampled to match
the spatial resolution and orientation of the Yeo-7 network
template. During this process, each AAL-based SFC image
was spatially aligned to the Yeo-7 template, and nearest-
neighbor interpolation was used to preserve the discrete la-
beling of network regions. For each step and each group,
mean SFC values were computed separately within each
of the seven canonical Yeo-7 network masks. To facilitate
group- and step-wise comparison of hierarchical network
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involvement, the mean SFC values for each network and
each step were visualized as heatmaps. These visualizations
enabled a systematic comparison of SFC pattern evolution
across cortical networks and between diagnostic groups.

2.7 Factor Analysis of Clinical Neuropsychological
Measures

Factor analysis is used to reduce the number of clin-
ical indicators and extract key features. The suitability
of the dataset for factor analysis was first evaluated using
the Kaiser-Meyer-Olkin (KMO) measure and Bartlett’s test
of sphericity. Only datasets meeting standard thresholds
(KMO >0.6 and Bartlett’s test p < 0.05) proceeded to fur-
ther multivariate analysis [22]. To determine the optimal
number of latent factors, a scree plot and parallel analysis
were performed (as Supplementary Fig. 1), and the eigen-
values and explained variance of each factor were calcu-
lated. Exploratory factor analysis was then conducted using
the principal axis factoring method with oblimin (oblique)
rotation to allow for correlations among the factors. The
magnitude and pattern of the factor loadings were used to
characterize the underlying clinical cognitive dimensions.

2.8 Statistics

Differences among groups in demographics and neu-
ropsychology were assessed using one-way analysis of vari-
ance (ANOVA), Kruskal-Wallis tests, or x? tests as ap-
propriate. Comparing '8F-FP-DTBZ binding ratios and
SFC values between groups were performed with analy-
sis of covariance (ANCOVA), using sex, age, and educa-
tion as covariates, and FDR-correction for multiple com-
parisons (significance threshold: p < 0.05). Effect sizes
were calculated using Cohen’s d. Covariate-adjusted par-
tial correlation analyses were used to examine the rela-
tionships between SFC metrics and caudate '®F-FP-DTBZ
binding ratios, as well as cognitive factors, respectively.
All analyses were performed in MATLAB R2023b (Math-
Works, Inc., Natick, MA, USA) and R 4.2.0 (R Foundation
for Statistical Computing, Vienna, Austria), with visualiza-
tions generated using the BrainNet Viewer toolbox (V1.7,
https://www.nitrc.org/projects/bnv/).

3. Results

3.1 Demographic and Clinical Characteristics

This study included 46 PD patients divided into three
cognitive subgroups: PD-NC (n = 15), PD-SCD (n = 16),
and PD-MCI (n = 15). As shown in Table 1, the groups
exhibited comparable demographics (age, sex, education)
and clinical parameters (disease duration, levodopa dosage;
all p > 0.05). However, the PD-MCI group demonstrated
significantly more severe motor deficits (UPDRS-III: PD-
MCI, 35.6 vs. PD-NC, 24.9, and PD-SCD, 24.4; p=0.013).

Neuropsychological assessments revealed significant
cognitive differences in all five domains (PD-MCI vs. PD-
SCD/PD-NC; all p < 0.001). Executive dysfunction in PD-

MCI was characterized by prolonged STT completion times
(400.0 s vs. 237.0/174.0 s) and increased SCWT interfer-
ence (34.0 s vs. 30.0/20.0 s). PD-MCI patients exhibited
pathological LASSI-L memory patterns, including exag-
gerated proactive semantic interference (B1 recall: 2.0 vs.
5.0/6.0), impaired interference recovery (B2 recall: 4.0 vs.
8.0/10.0), and amplified retroactive semantic interference
(A3 recall: 3.0vs. 5.0/5.0). Language deficits were evident
in reduced VFT (7.0 vs. 11.0/15.0) and BNT scores (16.0
vs. 22.5/25.0). Attention and working memory impair-
ments (DST: 9.0 vs. 11.0/12.0; SDMT: 16.0 vs. 26.5/31.0)
and visuospatial deficits (JLO: 15.0 vs. 20.0/24.0) fur-
ther delineated the multidomain cognitive profile of PD-
MCI. No statistically significant differences were observed
in HAMD and HAMA scores among the three groups.

3.2 Quantitation of "8 F-FP-DTBZ PET

Quantitative analysis of the '®F-FP-DTBZ specific
uptake ratio in the dorsal striatum revealed significant dif-
ferences in caudate nucleus VMAT?2 availability across cog-
nitive subgroups of PD (Table 2). PD-MCI patients had sig-
nificantly lower caudate nucleus VMAT?2 activity than PD-
NC and PD-SCD cohorts (left caudate: ANCOVA FDR p
= 0.0320; right caudate: ANCOVA FDR p =0.0357, Sup-
plementary Fig. 2). We also observed increased VMAT2
activity in the bilateral caudate nucleus in patients with
PD-SCD. In contrast, putamen showed no significant in-
tergroup variations. These findings supported the selection
of the caudate nucleus as the seed region for SFC analy-
ses. The left and right caudate masks were merged to form
a single bilateral composite seed for all SFC analyses.

3.3 SFC Patterns in Each Group

SFC analysis revealed progressive alterations in
caudate-centered network across the PD cognitive sub-
groups (Fig. 1). In PD-NC, the caudate nucleus main-
tained stable moderate-strength connections with the pre-
frontal (orbitofrontal cortex, OFC; inferior frontal gyrus,
IFG), motor (supplementary motor area, SMA), subcorti-
cal (lentiform nucleus), and limbic regions. As connection
steps increased, connectivity with temporal lobe decreased,
whereas the thalamic connectivity strengthened at longer
path distances, indicating preserved network adaptability.
In PD-SCD, direct connectivity between the caudate and
OFC was lower than in PD-NC. Nevertheless, widespread
hyperconnectivity with limbic and frontal regions emerged,
reflecting early compensatory reorganization of brain net-
works. In contrast, PD-MCI exhibited globally attenuated
connectivity, with notable disconnection between the cau-
date and SMA, as well as disrupted distance-dependent net-
work organization. Collectively, this delineated a tripha-
sic trajectory of network dysfunction in early PD-CI: sta-
ble connectivity in PD-NC developed into hyperconnected
reorganization in PD-SCD, then progressed to broad-scale
network inefficiency in PD-MCI.

&% IMR Press


https://www.nitrc.org/projects/bnv/
https://www.imrpress.com

Table 1. Baseline demographic characteristics and neuropsychological data.

Characteristics PD-NC PD-SCD PD-MCI Statistics p-value
N 15 16 15
Age,y 63.9 (1.6) 64.3 (1.7) 68.7 (1.6) F(2,43)=2.63 0.084
Sex, F:M 7:8 9:7 7:8 x2(df=2)=0.38 0.826
Education, y 11.0 (6.5-13.0) 8.0 (5.5-11.0) 8.0 (8.0-11.0) H(df=2)=2.28 0.320
Age at PD onset, y 59.1(1.4) 59.6 (2.2) 64.2 (1.5) F(2,43)=2.53 0.092
PD duration, y 5.0 (3.0-5.5) 4.0 (2.0-5.5) 5.0 (3.0-5.0) H(df=2)=0.21 0.901
LEDD, mg/d 375.0 (212.5-537.5)  381.3 (137.5-648.5)  400.0 (349.6-542.0) H(df=2)=0.24 0.885
UPDRS-III 249 (3.2) 24.4(2.5) 35.6 (2.8) F(2,43)=4.83 0.013
Neuropsychological assessments

SCD-Scale-9 0.0 (0.0-1.0) 5.0 (3.5-6.0) 6.5 (5.5-7.0) H(df=2)=33.01 <0.001
Language

VET 15.0 (11.0-16.0) 11.0 (10.0-12.5) 7.0 (3.5-8.5) H(df=2)=22.80 <0.001

BNT 25.0 (23.0-27.0) 22.5(20.0-24.5) 16.0 (12.0-19.0) H(df=2)=17.06 <0.001
Memory

LASSI-L B1 recall 6.0 (5.0-6.5) 5.0 (4.0-7.0) 2.0 (2.0-3.0) H(df=2)=19.48 <0.001

LASSI-L B2 recall 10.0 (9.0-12.0) 8.0 (7.0-10.5) 4.0 3.0-5.5) H(df=2)=24.00 <0.001

LASSI-L A3 recall 5.0 (5.0-8.5) 5.0 (4.0-6.0) 3.0 (2.04.0) H(df=2)=14.71 0.001
Attention/Working memory

DST 12.0 (11.5-13.0) 11.0 (10.0-12.0) 9.0 (6.0-10.5) H(df=2)=13.40 0.001

SDMT 31.0 (28.0-36.5) 26.5 (24.5-29.5) 16.0 (12.0-18.0) H(df=2)=30.17 <0.001
Visuospatial ability

JLO 24.0 (23.0-26.5) 20.0 (20.0-23.5) 15.0 (10.0-19.0) H(df=2)=20.82 <0.001
Executive function

STT 174.0 (152.5-200.0)  237.0 (199.0-281.5)  400.0 (378.5-412.0) H(df=2)=28.09 <0.001

SCWT 20.0 (12.0-27.0) 30.0 (21.0-35.0) 34.0 (27.542.5) H(df=2)=13.54 0.001
Mood assessments

HAMD 8.0 (5.0-11.0) 11.0 (6.0-13.0) 10.0 (6.0-14.0) H(df=2)=2.94 0.230

HAMA 7.0 (4.0-8.0) 12.0 (9.0-13.0) 12.0 (6.0-12.0) H(df=2)=4.96 0.084

Values are presented as mean (standard error) or median (interquartile range, IQR). The H statistic is for the Kruskal-Wallis test, the F

statistic for one-way analysis of variance, and the x? statistic for the Chi-square test. PD, Parkinson’s disease; NC, normal cognition;
SCD, subjective cognitive decline; MCI, mild cognitive impairment; LEDD, levodopa equivalent daily dose; UPDRS III, Unified
Parkinson’s Disease Rating Scale part III; VFT, Verbal Fluency Test; BNT, Boston Naming Test; LASSI-L, Loewenstein-Acevedo
Scales for Semantic Interference and Learning; DST, Digit Span Test; SDMT, Symbol Digit Modalities Test; JLO, Judgement of Line
Orientation; STT, Shape Trails Test; SCWT, Stroop Color and Word Test; HAMD, Hamilton Depression Scale; HAMA, Hamilton

Anxiety Scale; F, female; M, male.

Table 2. Specific uptake ratios of '*F-FP-DTBZ in dorsal

striatal subregions across groups.

Region PD-NC  PD-SCD PD-MCI p-value p-FDR
Caudate L 0.73(0.24) 1.18(0.22) 0.29(0.24) 0.016 0.032
Caudate R 0.64 (0.25) 0.99(0.24) 0.21 (0.19) 0.036 0.036
Putamen L 0.97 (0.27) 1.10(0.12) 1.26(0.4) 0.776 0.776
Putamen R 0.74 (0.15) 0.94(0.12) 1.17(0.38) 0.483  0.776

Values are presented as mean (standard error). Intergroup compar-
isons were performed using analysis of covariance, adjusted for age,
sex, and years of education. FDR correction for multiple compar-
isons. FDR, false discovery rate; L, left; R, right.

To further contextualize caudate-centered network dy-
namics in early cognitive progression of PD, we mapped
the stepwise functional connectivity of the caudate nucleus
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onto the Yeo-7 networks (Fig. 2). PD-NC showed moderate
caudate overlap with several functional networks, includ-
ing the frontoparietal, somatomotor, salience, limbic, and
default mode networks—with spatial overlap ranging from
11% to 39%. PD-SCD exhibited marked hyperintegration
(up to 59%), particularly in the salience, frontoparietal, and
somatomotor networks. In contrast, PD-MCI showed re-
duced and scattered integration (2%—-30%) across all net-
works.

3.4 Intergroup Functional Connectivity Differences

Fig. 3 illustrates significant intergroup differences in
caudate-centered stepwise functional connectivity (FDR,
p < 0.05). In direct pathways, PD-SCD patients exhib-
ited lower caudate—right superior orbitofrontal (ORBsup)
connectivity but greater caudate—thalamic connectivity than
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Fig. 1. SFC strength for odd-step distances in PD-NC, PD-SCD, and PD-MCI groups. Color bar: Represents SFC value, ranging
from 0 to 1. The color scale transitions from blue to red, encode the increasing magnitude of SFC value. SFC, stepwise functional

connectivity.

did PD-NC. Moreover, SFC analysis from step 3 to step
7 revealed that progressive hyperconnectivity emerged be-
tween the caudate and the SMA, right superior frontal gyrus
(SFG), right hippocampus, and globus pallidus (GP). PD-
SCD also exhibited transient hyperconnectivity in the right
middle cingulate cortex (MCC, step 3) and right middle
frontal gyrus (MFG, step 5). Mid-to-long-range connec-
tions (steps 5—7) in PD-SCD further showed increased cou-
pling with the left inferior temporal gyrus (ITG).

PD-MCI had fewer direct caudate-thalamus and
caudate-right ORBsup connections than did PD-NC. From
step 3 to step 7, progressive disengagement was observed
in the connections between the caudate and the SMA,
right hippocampus, and GP. Mid-to-long-range connec-
tions (steps 5—7) demonstrated decreased left ITG integra-
tion. Right MCC (step 3) and MFG (step 5) showed phase-
specific decreases, whereas the right SFG exhibited initial
hyperconnectivity at step 3, followed by progressive atten-
uation at step 7.

The intergroup analysis between PD-MCI and PD-
SCD revealed that the patterns of functional connectivity
alterations were largely consistent with those identified in
the PD-MCI versus PD-NC comparisons. Two notable ex-
ceptions were identified: PD-MCI exhibited more acceler-
ated disconnection of the right SFG at step 3 and attenuation
of right IFG connectivity at step 5.

Stable steps for caudate nucleus connections varied
significantly among PD early cognitive subgroups (Fig. 4).
PD-MCI patients had longer stable steps than did PD-NC
and PD-SCD (ANCOVA; p < 0.05). This delayed stabiliza-

tion of PD-MCI reflected rigidified functional connection
patterns and limited adaptive state transitions, indicating
impaired dynamic network reconfiguration capacity. No-
tably, PD-NC and PD-SCD showed similar stable steps, in-
dicating preserved neural flexibility in preclinical stages.

3.5 Correlations Between '8 F-FP-DTBZ Uptake and SFC
Values

Partial correlation analyses were performed to as-
sess metabolic-functional coupling between caudate nu-
cleus ®F-FP-DTBZ uptake ratios and SFC metrics (Ta-
ble 3). We observed a significant negative correlation
of stable steps with left caudate uptake (r = —0.366, p
= 0.019). Furthermore, bilateral caudate '8F-FP-DTBZ
uptake demonstrated positive correlations with multi-step
SFC values in the right hippocampus and GP (all p < 0.05).
These findings collectively suggested robust coupling be-
tween dopaminergic metabolism and functional connectiv-

ity.

3.6 Cognitive Factor Analysis and Neurocognitive
Coupling

Factor analysis addressed multicollinearity among the
10 neuropsychological parameters, extracting two oblique
cognitive factors that collectively explained 87.75% of
the variation (Table 4). Factor 1 (global cognitive effi-
ciency; 78.15% variance) integrated high-loading scores
from five cognitive domains: language (VFT, BNT), atten-
tion/working memory (DST, SDMT), visuospatial process-
ing (JLO), memory (LASSI-L A3), and executive control
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Table 3. Partial correlation analysis between caudate nucleus
!8F-FP-DTBZ uptake ratios and SFC metrics.

. Caudate L Caudate R
SFC metrics — —
Rvalue pvalue Rvalue pvalue
Stable Step —0.366 0.019
Step 1
Step 3
Hippocampus R 0.445 0.004 0.390 0.012
Step 5
Hippocampus R 0.425 0.006 0.357 0.022
Pallidum_R 0.325 0.038
Step 7
Hippocampus R 0.414 0.007 0.345 0.027
Pallidum R 0.350 0.025 0.312 0.047

Adjusted for age, sex, and years of education.

(STT, SCWT). Factor 2 (memory control; 9.6% variance)
was primarily driven by LASSI-L indices of proactive se-
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mantic interference and recovery, reflecting inhibitory effi-
ciency during memory encoding and retrieval.

Partial correlation analyses were performed to assess
the relationships between SFC values of each brain region at
each step and cognitive factor scores (Fig. 5). Global cog-
nitive efficiency (Factor 1) was positively correlated with
left GP connectivity at step 3 (r = 0.3156, p = 0.0422)
and right ORBsup connectivity at step 7 (» = 0.3244, p =
0.0366), suggesting that striatal-OFC networks integration
mediate advanced cognitive operations across early pro-
cessing through late-stage coordination. Memory control
(Factor 2) demonstrated robust associations with the left
ITGatstep 5 (r=0.3738,p=0.0153) and step 7 (»=0.3503,
p = 0.0235), indicating that caudate-ITG circuit engage-
ment supports interference-resistant memory during mid-
to-long-range connections.
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4. Discussion

In the present study, we used integrated PET/MR
imaging to combine molecular and functional information,
enabling us to trace both the metabolic epicenters and the
patterns of functional connectivity disruption at increasing
topological distances across different stages of early PD-
CI. 'F-FP-DTBZ PET molecular imaging highlighted the

Table 4. Factor structure and scores of neuropsychological

tests.
Variable Factor 1 Factor 2
VFT 0.9191 -0.0325
BNT 0.8989 -0.1229
LASSI-L B1 ~ —0.0341 1.0096
LASSI-L B2 0.3251 0.6793
LASSI-L A3 0.6061 0.1441
DST 0.8475 —0.0898
SDMT 0.7413 0.1706
JLO 0.7610 0.0374
STT —-0.8257 —-0.0983
SCWT —0.7146 0.0570

Factor loadings with absolute values
higher than 0.6 are in bold characters.

caudate nucleus as a critical dopaminergic hub in early PD-
Cl, providing direct evidence of region-specific dopamin-
ergic deficits associated with early cognitive decline. SFC
analysis further delineated a triphasic trajectory of caudate
nucleus connection with whole-brain networks; preserved
network stability in PD-NC transitioned to compensatory
hyperconnectivity in PD-SCD, and then to widespread net-
work inefficiency and rigidity in PD-MCI. Key circuits
connecting the caudate to the GP, thalamus, right SFG,
left ITG, right ORBsup, SMA, and right hippocampus
were dysregulated. Elevated caudate '8F-FP-DTBZ uptake
mediated metabolic-functional coupling with stable steps,
right hippocampal, and GP connectivity. Integrating clini-
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cal neurocognitive correlations with imaging results further
revealed distinct hierarchical connections: Global cogni-
tive efficiency was associated with short-range caudate-left
GP connection and long-range caudate-right ORBsup inte-
gration, whereas memory control was positively correlated
with mid-to-long-range caudate-left ITG connection.

To our knowledge, this study was the first to provide
a thorough mapping of SFC features across the PD early
cognitive continuum, including PD-NC, PD-SCD, and PD-
MCI. A major contribution of this study was the identifi-
cation of the core dopaminergic metabolic impairment re-
gions in early PD-CI, as well as a triphasic trajectory of cau-
date functional network reorganization across these stages.
Mechanistically, our findings showed that early caudate hy-
perconnectivity is linked to neuronal reserve before clini-
cally detectable cognitive decline.
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We observed a reduction in *¥F-FP-DTBZ binding in
the caudate nucleus of PD-MCI patients, supporting previ-
ous evidence of caudate specific dopaminergic deficits in
PD-CI [23,24]. Crucially, the caudate nucleus dynamically
integrates sensory, motor, and cognitive inputs to man-
age executive control, episodic memory, and attentional
allocation in the striatal-thalamo-cortical circuits [23-25].
Dopaminergic neuron degeneration in the substantia nigra
pars compacta affects integrative function, causing exec-
utive inflexibility and memory dysfunction. Additionally,
increased bilateral caudate nucleus *F-FP-DTBZ binding
in PD-SCD patients possibly indicated compensatory neu-
rochemical mechanisms prior to measurable cognitive de-
cline. Therefore, considering the crucial role of the caudate
in the dopaminergic circuitry underlying early PD-CI, we
used this region as the seed in our SFC analysis.
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The distance-dependent connectivity gradient in PD-
NC showed largely sustained network efficiency. In
this state, brain areas develop local connections to save
metabolic costs and maintain restricted long-range connec-
tions for effective information transfer. Our study showed
that the caudate nucleus retains moderate-strength func-
tional connectivity across multiple resting-state networks.
Cognitively intact PD patients show retained connection
between critical networks (salience, limbic, somatomotor,
default mode, frontoparietal), supporting inter-network in-
tegration and complex cognition through effective resource
allocation [26,27]. Although PD-NC showed network ab-
normalities compared to healthy controls [28], adopting it
as the baseline reference is methodologically justified for
this study. Our strategy targeted early PD-CI continuum
network changes, not general PD-related connectivity al-
terations.

In the PD-SCD stage, we observed that enhanced
caudate-cortical connections may be the earliest neural al-
terations of preclinical cognitive decline. According to the
neural efficiency hypothesis [28,29], cognitively efficient
individuals (PD-NC) have stable, moderate connection and
simplified brain processing. With emerging cognitive im-
pairments (PD-SCD), neural resources increase, causing
hyperconnectivity. Compensatory hyperconnectivity may
mobilize neural reserves to preserve cognition in early neu-
rodegeneration. As in Alzheimer’s disease, neural hyperac-
tivity often precedes clinical decline [30]. It is important to
note that the transient hyperconnectivity of PD-SCD may
offset early damage. However, concurrent disconnection
from the OFC indicates sensitivity to functional degenera-
tion, improving our understanding of network-level patho-
physiology in early PD-CI.

The clinical transition to PD-MCI, characterized by
increasing connection deficits, may be caused by neural
resource depletion and compensatory mechanisms failing.
The global connectivity attenuation and longer stable steps
in PD-MCI imply exhausted network reconfiguration ca-
pacity and reduced cross-network integration efficiency
[31,32]. This functional pattern is consistent with estab-
lished anatomical findings [33,34], that include broad corti-
cal thinning (especially fronto-temporo-parietal) and thala-
mus and hippocampal volumetric reduction. Notably, PD-
MCI has demonstrable residual connections despite global
diminished connectivity strength. This reflects a transi-
tional phase with reduced inter-network connectivity and
functional rigidity that may wane with treatment or lead to
irreversible PDD.

By integrating SFC connectivity findings across the
three clinical stages, we observed progression abnormali-
ties involving the caudate nucleus and its connections with
the GP, thalamus, right SFG, left ITG, right ORBsup, SMA,
and right hippocampus. Five parallel, topographically orga-
nized circuits connect the basal ganglia to the cerebral cor-
tex: two motor (skeletomotor and oculomotor) and three
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non-motor circuits involving the caudate nucleus, which
originate from the dorsolateral prefrontal cortex, anterior
cingulate cortex, and OFC, as previously described [35].
Critically, the regions we found correspond to key nodes
in these three non-motor circuits, revealing broad basal
ganglia-cortical-limbic networks disruption. Our results
also showed marked laterality in brain regions. This sug-
gests the dysfunction may start unilaterally and progress to
bilateral involvement, a hypothesis requiring further study.

The accumulation of iron in the brain may represent
a pathophysiological factor in PD-CI. A study by Uchida
et al. [36] demonstrated that PD-MCI patients exhib-
ited significantly higher quantitative susceptibility values in
the cuneus, precuneus, head of caudate nucleus, fusiform
gyrus, and OFC than did PD-NC patients, and these val-
ues negatively correlated with cognitive scores. Notably,
the iron deposition observed in the head of the caudate nu-
cleus and OFC aligned with regions that are also key foci
in our current study of PD-CI. This convergence suggests
a potential mechanism whereby iron accumulation in these
areas may lead to altered functional connectivity between
the caudate and OFC, ultimately contributing to cognitive
decline in PD. This plausible mechanism warrants further
investigation.

Our findings explored metabolic-functional relation-
ships in early PD-CI. Specifically, the inverse correla-
tion between left caudate VMAT?2 availability and stable
step reflected integrated dopaminergic-connectivity cou-
pling, with left-lateralized dominance potentially. Concur-
rently, positive associations of bilateral caudate VMAT?2
availability with multi-step SFC in the right hippocam-
pus/GP demonstrated regionally selective dopaminergic
sensitivity.  Neuroanatomically, hippocampal circuitry
mediates episodic memory processing [37], whereas the
GP regulates neural gating within basal ganglia networks
[38]. Dysfunction in both structures underlies critically
dopaminergically-mediated PD-CI.

The combination of clinical cognitive scores and SFC
results revealed specific patterns of brain connectivity un-
derlying cognition in PD. Our findings showed that fast
subcortical information gating via basal ganglia circuits
and OFC-guided cognitive resource allocation contribute
to cognitive efficiency in PD. Enhanced caudate-GP con-
nection may optimize neural gating by suppressing task-
irrelevant activity and facilitating resource allocation for
executive functions, thereby boosting cognitive flexibil-
ity [38]. The ORBsup, a major OFC subregion, guides
decision-making by integrating affective, motivational, and
cognitive inputs [39]. It optimizes cognitive resource de-
ployment in the basal ganglia by dynamically evaluating
task value and effort costs [40]. The memory control pos-
itively associations with caudate-left ITG connection, sup-
porting interference-resistant semantic consolidation. The
ITG integrates visual and linguistic information to general-
ize semantics from concrete instances to abstract categories
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while suppressing irrelevant competitors [41]. Neuroimag-
ing studies have shown that this region’s cortical thinning
may cause category-specific deficiencies in visual recogni-
tion memory [42].

Our findings have important therapeutic implications
for PD-CI. Targeted dopaminergic circuit modulation and
compensatory neural processes may slow PD-CI. Identifi-
cation of disturbed functional connectivity networks is es-
sential for restoring neural communication treatment [43].
Non-invasive neuromodulation techniques, such as tran-
scranial magnetic stimulation (TMS) could be strategically
applied to the circuit-specific disruptions revealed in this
study as a means to restore neural communication in PD-CI
[44].

Several limitations of the present study should be con-
sidered. First, the cross-sectional method prevents causal
inferences about network-cognition links, hence longitudi-
nal validation is needed to corroborate the triphasic trajec-
tory. Second, the interpretation of the subgroup-specific
SFC patterns should be considered in the context of the
sample sizes. Our study included 46 participants in to-
tal, which was reasonable for a complex PET/fMRI pro-
tocol; however, when divided into subgroups, the sample
size in each group (n = 15-16) became relatively modest.
This may have affected the generalizability of the identified
SFC maps. Consequently, these findings should be viewed
as preliminary and require replication in larger, indepen-
dent cohorts. Third, although levodopa doses were simi-
lar, existing dopaminergic medication may have distorted
connectivity results. Fourth, other cognition-related brain
regions, such as the thalamus and hippocampus, deserve
focused investigation in future studies. Future research
should combine longitudinal multimodal imaging and neu-
ropathology to investigate synucleinopathy, network dy-
namics, and cognitive trajectories.

5. Conclusions

In summary, this study integrated PET-based
dopaminergic mapping with SFC analysis to identify the
caudate nucleus as a neural hub in early PD-CI, outlining
a triphasic trajectory of stable integration, compensatory
hyperconnectivity, and widespread fragmentation. These
stage-specific signatures provide a mechanistic foundation
for developing precise neuromodulation therapies targeting
PD-CI progression.
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