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Neuroanatomical changes in
early Parkinson’s disease with
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matter and white matter damage
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Objectives: This study aims to investigate gray matter (GM) and white matter
(WM) changes in early Parkinson's disease (PD) patients with mild cognitive
impairment (PD-MCI) using high-resolution T1-weighted and diffusion-
weighted MR images.

Methods: We recruited 40 PD-MCI patients, 26 PD patients with normal
cognition (PD-NC), and 40 healthy controls (HC). Voxel-based morphometry
(VBM) and surface-based morphometry (SBM) were performed to assess the
relationship between gray matter volume, cortical thickness, and cognitive
ability. Microstructural white matter changes were evaluated using tract-based
spatial statistics (TBSS) with diffusion tensor imaging measures.

Results: White matter structural abnormalities were widespread in PD-MCI
patients (corpus callosum, corona radiata, superior longitudinal fasciculus,
left cerebral peduncle, and left corticospinal tract), with more pronounced
involvement in the left cerebral hemisphere compared to healthy controls.
Additionally, PD-MCI patients exhibited localized cortical atrophy in the
left parieto-occipital region (calcarine, lingual gyrus, and precuneus), left
parahippocampal gyrus, fusiform gyrus and entorhinal cortex. A significant
positive correlation was observed between reduced gray matter volume (GMV)
in the left parieto-occipital region and lower MoCA scores in the PD-MCI group
(p <0.001, R = 0.565).

Conclusion: Even in early-stage disease, our study demonstrates widespread
WM microstructural damage but only subtle GM atrophy in PD-MCI, particularly
in the left hemisphere. These findings provide new evidence to enhance our
understanding of the pathogenic mechanisms and pathological basis underlying
cognitive impairment in Parkinson'’s disease.
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1 Introduction

Cognitive impairment is one of the more common non-motor
symptoms of Parkinson’s disease (PD), which can appear in the early
stages of PD, even earlier than the onset of motor symptoms (1).
Cognitive impairment associated with PD can be divided into
subjective cognitive decline, mild cognitive impairment (PD-MCI),
and PD dementia (PDD) according to its severity. Studies have shown
that about 25% of PD patients have mild cognitive impairment at the
time of early diagnosis (2), and up to 83% of patients develop dementia
after 20 years (3). The occurrence of PDD increases the disability rate
and mortality rate of PD patients, seriously affects patients’s quality of
life, and is a risk factor for early death. Therefore, early identification
of PD-MCI crucial for preventing or delaying its progression to
PDD. At present, the diagnosis of PD-MCI mainly relies on
neuropsychological assessments. Early clinical diagnosis is difficult,
and its specific mechanisms remain unclear, with a lack of objective
indicators for early diagnosis.

In recent years, with the development of neuroimaging
technologies and the widespread application of various magnetic
resonance imaging techniques, early diagnosis of PD-MCI has become
possible. Numerous studies have identified both structural brain
changes and functional abnormalities in PD-MCI patients. Previous
Voxel-based morphometry (VBM) studies have indicated a significant
association between cognitive decline and gray matter atrophy in PD
patients. Patients with PD-MCI show reduced gray matter volume
(GMV) in the frontal, parietal, and temporal lobes, and even involving
limbic system regions (including the amygdala, hippocampus, and
cingulate gyrus) and the cerebellum (4, 5). Surface-based
morphometry (SBM) studies associated with Parkinson’s disease-
related cognitive impairment have also indicated that the progression
of cognitive impairment is associated with degeneration in cortical
regions of the bilateral frontal and temporoparietal areas (6). In
diffusion imaging studies, some research has shown that PD-MCI
exhibits an extensive pattern of white matter (WM) abnormalities
(7-9), and WM diffusion changes may contribute to predict cognitive
decline (9, 10). Moreover, studies have reported abnormal
synchronization of neuronal activity and functional connectivity in
multiple brain regions in PD-MCI patients, including the parietal
lobe, temporal lobe (including the fusiform gyrus), and insula (11, 12).
These findings collectively suggest that patients with PD-MCI exhibit
widespread structural brain changes and functional disturbances,
which may serve as important indicators for the early identification of
PD-MCI patients.

VBM enables automatic measurement of brain structure and
morphology, and is an imaging analysis technique for objectively
detecting changes in gray matter volume. However, in the early stages
of cognitive impairment, SBM may be more sensitive than VBM in
identifying cortical structural changes related to PD (13). Moreover,
the brain exists in three-dimensional space and has folds, therefore
VBM alone is insufficient to detect early cortical changes in PD, as it
can only detect voxels with low sensitivity to overlapping areas under
specific predictive effects (14). SBM analysis provides more detailed
structural information of the brain using structural MRI (sMRI) data,
including local anatomical changes and microstructural features of the
cortical surface. VBM focuses on overall structural information of
brain regions, while SBM focuses on analyzing cortical morphological
features. Therefore, combining various parameters from both VBM
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and SBM can enable a more comprehensive and systematic study of
changes in gray matter structure, which helps reveal pathological
features of the disease from a neuroanatomical perspective.

Diffusion-weighted imaging (DWI) is a non-invasive and effective
method for capturing microstructural properties of white matter in
the brain. It detects microstructural changes in tissues by utilizing the
anisotropic diffusion of water molecules in biological tissues. Diffusion
tensor imaging (DTI), a common model applied to DWI data,
provides quantitative metrics such as fractional anisotropy (FA) and
mean diffusivity (MD). FA reflects the overall directionality of water
diffusion, with values ranging from 0 (isotropic) to 1 (highly
anisotropic). Higher FA values indicate more organized structures like
white matter (WM) tracts, while lower values are typical of gray
matter (GM) or cerebrospinal fluid (15). FA is highly sensitive to
changes in axonal diameter, density, and myelin integrity (16), and has
been shown to detect microstructural brain changes in Parkinson’s
disease, with lower FA values significantly correlated with greater
disease severity (17). MD measures the overall diffusion rate, with
increased MD often indicating pathological changes such as edema or
tissue loss (18). Axial Diffusivity (AD) reflects diffusion along fiber
tracts and is linked to axonal integrity, while Radial Diffusivity (RD)
represents diffusion across fibers and relates to myelin health (18).
Together, these DTI parameters (FA, MD, AD, RD) provide a more
complete view of white matter microstructure. Tract-based spatial
statistics (TBSS), based on fiber tract tracing, skeletonizes the white
matter fibers to ensure that each voxel on the FA skeleton map
represents the FA value at the center of the nearest white matter fiber
tract. This improves the accuracy of image smoothing and registration
in previous DTI techniques, making it more sensitive to
microstructural changes in white matter. White matter structural
changes can be detected even before gray matter changes are observed
through SBM or VBM (19). Furthermore, it has been hypothesized
that TBSS might provide higher sensitivity than SBM or VBM in
identifying early microstructural changes in PD-MCI patients.
However, there have been relatively few TBSS studies on cognitive
impairment in PD, and existing studies have small sample sizes (20).
Its clinical efficacy as a sensitive biomarker for cognitive impairment
in PD patients still needs further validation.

The current research on structural brain changes in PD-MCI is
limited, and no consensus has been reached so far. Filippi et al. (21)
reported that patients who converted from PD to PD-MCI showed
cortical atrophy in the parietal and occipital lobes, while those who
converted from PD to PDD exhibited additional involvement of the
frontal and temporal lobes, Zhou et al. (22) found that PD-MCI
converters had early atrophy in the right temporal lobe and
progressive atrophy in the frontal lobe. However, some researchers
did not find any gray matter atrophy in PD-MCI (23). This
inconsistency may be attributed to several factors, including
differences in sample size, severity of cognitive impairment,
variability of the techniques used, and differences in the criteria
used to assess cognitive impairment. In addition, previous studies
mainly focused on analyzing GMV or cortical thickness as a single
indicator, and rarely conducted joint analyses of gray and white
matter structural damage. It has been reported that in the early
stages of the disease, widespread changes in the microstructure of
white matter have already occurred in the absence of gray matter
atrophy and cognitive impairment (19). Structural damage to white
matter may lead to trans-synaptic axonal degeneration and neuronal
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degeneration, which in turn affect the microstructure of gray matter
(19). Given the hypothesis that white matter damage precedes
neuronal loss in the corresponding gray matter regions,
investigating microstructural alterations in both gray and white
matter during the early stages of Parkinson’s disease may provide
deeper insights into the underlying mechanisms of
disease progression.

This study employs a combination of TBSS, VBM, and SBM
analysis methods to conduct a comprehensive assessment of whole-
brain gray and white matter microstructural alterations in PD-MCI
in the early stages of Parkinson’s disease. This multifaceted approach
examines the sensitivity of these methods, with the aim of enhancing
early identification of mild cognitive impairment in Parkinson’s
disease, identifying imaging biomarkers for PD-related mild
cognitive impairment, and exploring potential neuropathological
mechanisms underlying the progression of cognitive decline in

Parkinson’s disease.

2 Materials and methods

2.1 Study subjects

This study was approved by the Medical Ethics Committee of the
Second Xiangya Hospital of Central South University. Written
informed consent was obtained from all participants. Early-stage
patients with primary PD patients who attended our Hospital between
December 2020 and November 2024 were recruited, including 41
males and 25 females, aged 38-78 years, with a mean age of
57.30 + 11.44 years.

According to the Level I diagnostic criteria for PD-MCI
proposed by the Movement Disorder Society (MDS) in May 2012
(24), which simplified the classification without specifying
PD-MCI subtypes. PD-MCI is defined as subjective or objective
cognitive impairment with a MoCA score below 26 and no
impairment in activities of daily living (ADL). PD-CN is defined
as a MoCA score >26 and no ADL impairment (25). The enrolled
early-stage PD patients (Hoehn and Yahr stage 1-2.5) were
classified into two groups: those with mild cognitive impairment
(PD-MCI group, n =40) and those with normal cognition
(PD-NC group, n = 26) (Figure 1).

The inclusion criteria for PD were as follows: (1) met the 2015
MDS clinical diagnostic criteria for PD and Hoehn and Yahr stage
1-2.5; (2) had not received antiparkinsonian medication or had
withdrawn from such treatment for more than 12 h; and (3) were
right-handed.

Exclusion criteria for PD included: (1) presence of dementia, as
indicated by Mini-Mental State Examination (MMSE) scores below
17 for illiterate individuals, below 20 for those with 1-6 years of
education, and below 23 for those with 7 or more years of education;
(2) evidence of organic brain lesions or a history of neurological or
psychiatric disorders; and (3) inability to complete MRI scanning or
contraindications to MRL

In addition, 40 healthy controls (HC group), matched for age and
sex with the PD participants, were recruited, comprising 18 males and
22 females, aged 42-79 years, with a mean age of 54.98 + 7.53 years.

The inclusion criteria for HC were as follows: (1) matched in
terms of age, gender with PD patients; (2) right-handedness.
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The exclusion criteria for HC were as follows: (1) presence of
significant structural brain lesions or other neurologic or psychiatric
diseases; (2) presence of cognitive impairment based on MMSE or
MoCA scores.

Before MRI scanning, all PD participants underwent the following
assessments: the Unified Parkinson’s Disease Rating Scale (UPDRS),
Hoehn and Yahr staging (HY), Mini-Mental State Examination
(MMSE), Montreal Cognitive Assessment (MoCA), and Hamilton
Depression Rating Scale (HAMD).

2.2 MRI acquisition

All imaging was performed using a 3.0 T Signa Premier MRI
scanner (GE Healthcare, United States). Participants were instructed
to lie supine with their heads positioned first into the scanner bore.
Foam padding was placed around the head to minimize motion, and
earplugs were provided to reduce scanner noise.

Initially, all subjects underwent conventional MRI sequences
(T1WI, T2WI, and T2-FLAIR) to screen for overt structural brain
abnormalities. Subsequently, high-resolution three-dimensional
T1-weighted magnetization-prepared rapid gradient echo
(3D-MPRAGE) images and diffusion tensor imaging (DTI) data
were acquired.

3D-MPRAGE parameters: Number of layers (Sagittal) = 176, slice
thickness = 1.0 mm with no inter-slice gap, repetition time
(TR) = 1,900 ms, echo time (TE) = 2.01 ms, flip angle = 9°, field of
view (FOV) = 256 x 256 mm?>.

DTI parameters: At each location, 64 diffusion-weighted
directions with b = 1,000 s/mm? plus 1 b0 images per individual were
acquired with the following parameters: TR = 6,400 ms, TE = 86 ms,
FOV =256 x 256 mm?, matrix = 128 x 128, voxel size =2 x 2 x 2.5 mm’,
slice thickness = 2.5 mm with no inter-slice gap.

2.3 Data processing and statistical analysis

2.3.1 Tract-based spatial statistics

Diffusion tensor imaging (DTI) data were processed using the
FMRIB Software Library (FSL).! DTI data were preprocessed using
FSL software, including motion correction, eddy current distortion
correction, and brain extraction to remove non-brain tissues.
Subsequently, individual FA, MD, AD, and RD maps were generated
based on the preprocessed data. Tract-Based Spatial Statistics (TBSS)
was subsequently performed to analyze group differences.

The analysis followed standard TBSS procedures: the FMRIB58_
FA_lmm template was opened as the standard space, and all
individual FA maps were registered to this template. Non-linear
registration was conducted, followed by the creation of a mean FA
image and a mean FA skeleton. The mean FA skeleton was thresholded
at FA > 0.2 to exclude peripheral tracts and non-white matter regions,
resulting in a skeletonized representation of the major white matter
pathways. Each participant’s aligned FA data were projected onto this
skeleton to obtain subject-specific skeletonized FA maps. Next, the

1 https://fsl.fmrib.ox.ac.uk
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FIGURE 1

Flowchart of participants inclusion and exclusion criteria.

same procedures were applied to create mean templates and
corresponding skeleton maps for MD, AD, and RD.

TBSS statistical analyses were conducted using gender, age and
education years as covariates. A general linear model (GLM) design
matrix was constructed using FSL, and two-sample t-tests were
performed between each pair of the three groups (PD-MCI, PD-NC,
and HC) for FA, MD, RD, and AD maps using the FSL randomize
program with 5,000 permutations, generating Family-wise Error
(FWE) corrected statistical maps. A result was considered statistically
significant when the corrected p < 0.05 and the number of contiguous
voxels in the cluster exceeded 30. For intergroup comparisons,
anatomical localization of significant white matter regions was
determined using the Johns Hopkins University (JHU) ICBM-DTI-81
white matter atlas as a reference. For the white matter regions showing
statistically significant differences based on TBSS analysis, further
correlation analyses were performed using Spearman correlation
analysis to assess the associations between these diffusion metrics and
Montreal Cognitive Assessment (MoCA) scores.
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2.3.2 Surface-based morphometry and
voxel-based morphometry

All original MRI images in DICOM format were converted to the
standard NIfTI format using the dem2niix medical image conversion
tool. Image preprocessing was conducted using the Computational
Anatomy Toolbox (CAT12)* implemented in SPM12 (Wellcome
Centre for Human Neuroimaging, London, United Kingdom) running
on the MATLAB 2013b platform.

For voxel-based morphometry (VBM) analysis, preprocessing
included tissue segmentation using Tissue Probability Maps (TPMs),
followed by spatial normalization to the standard Montreal
Neurological Institute (MNI) space using the DARTEL algorithm.
This yielded modulated normalized gray matter (GM), white matter
(WM), and cerebrospinal fluid (CSF) volume maps for each subject.

2 http://www.neuro.uni-jena.de/cat/
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For surface-based morphometry (SBM) analysis, preprocessing
included segmentation, surface reconstruction, topological correction,
spherical registration, and spatial normalization (26), Central surfaces
and cortical thickness maps were generated for both cerebral
hemispheres. Image quality was assessed using both visual inspection
and the automated quality control module in CAT12, with all included
images achieving a quality rating of grade B or higher.

Using the “Surface Tools” module in CAT12, additional surface-
based morphological parameters were derived from the central
surfaces, including the gyrification index (GI), fractal dimension (FD),
and sulcal depth. Smoothing was applied to all morphological maps:
GM volume maps were smoothed with an 8-mm full-width at half
maximum (FWHM) Gaussian kernel, while cortical thickness, GI, FD,
and sulcal depth maps were smoothed using a 20-mm FWHM
Gaussian kernel.

Statistical analyses of smoothed GMYV, cortical thickness, GI, FD,
and sulcal depth were performed using one-way analysis of variance
(ANOVA) in SPM12/CAT12. Age, sex, and years of education were
included as covariates in all models. Additionally, total intracranial
volume (TIV) was included as a covariate in the GMV analysis.
Multiple comparisons were corrected using the family-wise error
(FWE) rate, and statistically significant clusters were identified. Post
hoc tests were conducted on extracted values from significant clusters.
Finally, Spearman correlation analysis was used to assess the
relationships between MoCA scores and morphological indices
(GMYV, cortical thickness, GI, FD, sulcal depth), with significance set
at two-tailed p < 0.05.

2.3.3 Statistical analysis of clinical data

All statistical analyses were performed using SPSS version 25.0.
Data with normal distributions are presented as mean + standard
deviation (x+s), while non-normally distributed data are reported as
median and interquartile range (lower quartile and upper quartile).
One-way analysis of variance (ANOVA) was used to compare age
and years of education among the three groups. The chi-square (x?)
test was used to assess differences in sex distribution.

TABLE 1 The demographic and clinical data of all participants.

10.3389/fneur.2025.1641820

Independent-samples t-test was employed to compare UPDRS-III
scores between the PD-MCI and PD-NC groups. The Kruskal-Wallis
H test and Mann-Whitney U test were used to evaluate between-
group differences (either among all three groups or pairwise
comparisons) in disease duration, total UPDRS scores, Hoehn and
Yahr (HY) stage, and MMSE scores. Bonferroni correction was
applied for multiple comparisons, with a corrected significance
threshold of p < 0.017 (0.05/3).

3 Results

3.1 Demographic and clinical
characteristics

The demographic and clinical characteristics of all participants are
summarized in Table 1. There were no significant differences among
the PD-MCI, PD-NC, and HC groups in terms of age or sex
distribution, indicating successful group matching on these variables.
No significant differences were observed between the PD-MCI and
PD-NC groups with respect to disease duration, modified Hoehn and
Yahr (H-Y) staging, UPDRS-III scores, or HAMD scores.

However, significant group differences were found in years of
education (p = 0.001), as well as MMSE and MoCA scores (p < 0.001).
Specifically, the PD-MCI group exhibited lower education levels and
MoCA scores compared to the PD-NC group (p < 0.001).
Furthermore, MMSE scores in the PD-MCI group were significantly
lower than those in both the PD-NC and HC groups (p < 0.001).

3.2 Group comparisons and correlation
analysis of white matter damage based on
TBSS

Whole-brain TBSS analysis of DTI data revealed statistically
significant white matter differences in multiple parameters (FA, MD,

Variable PD-MCI (N = 40) PD-NC (N = 26) HC (N = 40)

Age 58.40 +9.14 54.57 +9.96 54.98 +£7.53 0.169°
Sex (M/F) 27113 14/12 18/22 0.126°
Duration (yrs) 1.75 (0.56, 3.00) 1.50 (1.00, 3.00) NA 0.847¢
Education (yrs) 7.33+3.77 10.73 £3.32 8.46 + 3.60 0.001°
MMSE 26.50 (25.00, 27.75) 29.00 (29.00, 30.00) 29.00 (26.25, 30.00) <0.001¢
H-Y stage 2.00 (1.13, 2.50) 1.75 (1.50, 2.13) NA 0.294¢
UPDRS-III 20.85 + 14.49 17.80 +9.58 NA 0.3494
HAMD 4.00 (2.25, 6.75) 4.50 (1.50, 10.00) NA 0.621¢
MoCA 21.00 (16.25, 23.00) 27.00 (26.75, 29.00) NA 0.000°
Side (R/L) 16/14 11/15 NA 0.4102

Data are presented as mean + standard deviation, median (lower quartile and upper quartile) for continuous variables, or frequencies for categorical ones. For comparisons of demographics:
*p-value for the gender difference was obtained by chi-square test. "p-values were obtained by one-way analysis of variance (ANOVA) tests. ‘p-value was obtained by Mann-Whitney U test.
dp-values were obtained by two-sample f-test. °p-values were obtained by Kruskal-Wallis H test. PD-MCI, Parkinson’s disease with mild cognitive impairment; PD-NC, Parkinson’s disease with
normal cognition; HC, healthy controls; MMSE, Mini-Mental State Examination; H-Y, Hoehn-Yahr stage; UPDRS-III, Unified Parkinson’s Disease Rating Scale motor section; HAMD,
Hamilton Depression Rating Scale; MoCA, Montreal Cognitive Assessment; NA, not applicable.
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AD, and RD) between the PD-MCI and HC groups (p < 0.05, TFCE
corrected; Table 2 and Figure 2). The affected regions were as follows:

FA (Fractional Anisotropy):

Significant decreases were observed in the corpus callosum
(including the genu, body, and splenium), the left anterior, superior,
and posterior corona radiata, and the left posterior thalamic radiation
(including the optic radiation).

MD (Mean Diftusivity):

Increased MD values were detected in the corpus callosum (genu
and body), the left anterior, superior, and posterior corona radiata, the
left retrolenticular part of internal capsule, the left posterior thalamic
radiation (including the optic radiation), and the superior
longitudinal fasciculus.

AD (Axial Diffusivity):

Significant differences were identified in the left corticospinal tract
and cerebral peduncle.

RD (Radial Diffusivity):

Affected regions included the corpus callosum (genu, body,
splenium), bilateral anterior, superior, and posterior corona radiata,
bilateral superior longitudinal fasciculus, posterior thalamic radiation
(including the optic radiation), the right sagittal stratum (including
the inferior longitudinal fasciculus and inferior fronto-occipital
fasciculus), and the left retrolenticular part of internal capsule.

No significant differences were observed in FA, MD, AD, or RD
values between the PD-NC and HC groups, or between the PD-MCI
and PD-NC groups.

Spearman correlation analysis between the mean values of altered
AD regions in the PD-MCI group and their MoCA scores revealed a
positive correlation in the left corticospinal tract and cerebral
peduncle (p < 0.05, R = 0.277).

3.3 Group comparisons and correlation
analysis of gray matter volume based on
VBM

Compared with the HC and PD-NC groups, the PD-MCI group
exhibited localized reductions in gray matter volume (GMV) in the
left parieto-occipital region, including the calcarine, lingual gyrus, and
precuneus (p < 0.05, FWE corrected; Table 3 and Figure 3). No regions
with significantly increased GMV were found in the PD-MCI group.

TABLE 2 Significant clusters based on TBSS parameters between PD-MCI an

Metric Cluster

Anatomical region

10.3389/fneur.2025.1641820

There were no statistically significant GMV differences between the
PD-NC and HC groups.

Table 3 and Figure 3 illustrate the cortical regions with GMV
reductions in the PD-MCI group. Spearman correlation analysis
showed that GMV reductions in the left medial parieto-occipital
cortex were positively correlated with MoCA scores (p < 0.001,
R =10.565) (Figure 4), suggesting that structural atrophy in this region
may be associated with cognitive decline in early-stage
Parkinson’s disease.

3.4 Cortical thickness and cortical
complexity group comparisons and
correlation analysis based on
surface-based morphometry

SBM analysis revealed a cortical thickness (CT) reduction region
in the left cerebral hemisphere comprising 325 vertices (p = 0.00002,
FWE corrected; Table 4 and Figure 5), involving the following brain
areas: the left parahippocampus (53%), fusiform gyrus (35%), and
entorhinal cortex (12%). Post hoc analysis showed that the CT value
in the PD-MCI group was significantly lower compared with both the
PD-NC group (p = 0.004, Bonferroni corrected) and the HC group (p
< 0.001, Bonferroni corrected). There were no statistically significant
group differences in fractal dimension (FD), gyrification index (GI),
or sulcal depth (SD). No significant correlation was found between the
reduced CT region in the left hemisphere of the PD-MCI group and
MoCA scores (p > 0.05).

4 Discussion

This study employed a combination of tract-based spatial statistics
(TBSS), voxel-based morphometry (VBM), and surface-based
morphometry (SBM) to systematically investigate alterations in
whole-brain gray and white matter structures in early-stage PD
patients with mild cognitive impairment (PD-MCI). The aim was to
identify potential neuroimaging biomarkers associated with early
cognitive decline in PD. Our findings revealed widespread
microstructural disruptions in white matter across both cerebral
hemispheres in the PD-MCI group, with a predominance in the left

d HC groups.

MNI coordinates, mm p-value Cluster sizes

FA 1 CC (genu and body), Left CR, Left PTR -19 37 10 0.029 3,113
CC (genu and body), Left CR, Left PTR,
MD 2 =25 -37 26 0.046 1,882
Left SLE Left RLIC
1 Left CP -9 -21 -25 0.048 34
AD
2 Left CST, Left CP —13 —14 —12 0.047 62
2 CC (genu), Left PCR —-33 —68 24 0.043 1,669
RD CC, CR, SLE, PTR, Right ILF and IFO,
3 —-14 20 24 0.024 12,991
Left RLIC

Tract-based spatial statistics (TBSS) analysis. FA, fractional anisotropy; AD, axial; MD, mean and RD, radial diffusion; CC, corpus callosum; CR, anterior corona radiata; PCR, posterior corona
radiata; SLE, superior longitudinal fasciculus; PTR, posterior thalamic radiation; RLIC, retrolenticular part of internal capsule; CP, cerebral peduncle; CP, cerebral peduncle; CST, corticospinal
tract; IFO, Inferior fronto-occipital fasciculus; ILE, inferior longitudinal fasciculus; MNI, Montreal Neurologic Institute.
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FIGURE 2

Significant white matter differences between PD-MCI and HC groups (p < 0.05, FWE controlled). FA, fractional anisotropy; AD, axial; MD, mean and RD,
radial diffusion. The background image is the standard MNI152 brain template. Green voxels represent the white matter skeleton of all subjects; Red
colors denote decreased and blue colors increased cortical thickness in patients compared with controls; L, left; R, right; (P), posterior; (A), anterior.

TABLE 3 Brain regions with reduced gray matter volume in the PD-MCI group.

Anatomic region Cluster sizes

MNI coordinates

Y

Left calcarine * 241
Left lingual gyrus 305
Left precuneus 145

0.046 =15

—61.5 10.5

VBM, voxel-based morphometry; PD-MCI, Parkinson’s disease with mild cognitive impairment; MNI, Montreal Neurologic Institute; *represents the peak points. And the X, Y, and Z

coordinates of MNI represent the position of peak points.

hemisphere. These alterations likely reflect compromised white matter
integrity, including axonal degeneration and demyelination. Moreover,
regional gray matter atrophy was localized to the medial
occipitoparietal cortex of the left hemisphere, encompassing the
pericalcarine cortex, lingual gyrus, and precuneus. Surface-based
analysis further identified cortical thinning in the left parahippocampal
gyrus, entorhinal cortex, and fusiform gyrus. Together, these
structural abnormalities may underlie the cognitive deficits observed
in early PD and highlight candidate imaging biomarkers for the early
detection of cognitive impairment.

Our study reveals that even at early stages of cognitive decline, PD
patients may exhibit widespread white matter (WM) alterations,
particularly in the corpus callosum, corona radiata, and superior
longitudinal fasciculus (SLF), consistent with previous findings (7, 9).

Frontiers in Neurology

These results support the hypothesis that cognitive impairment in PD
is associated with disruptions in widespread cognitive-related fiber
tracts, particularly those subserving attention, visuospatial processing,
and executive function. The corpus callosum, the largest commissural
fiber bundle in the brain, facilitates interhemispheric transmission of
visual and somatosensory information across the frontal, parietal, and
occipital cortices. It is critically involved in memory, attention, motor
coordination, and sensory integration (27, 28). Fibers in the splenium
connect the medial occipitoparietal cortices of both hemispheres,
which are crucial for processing speed and executive control (29).
Bledsoe et al. used DTTI to characterize WM microstructure in the
corpus callosum and found that impaired interhemispheric and
callosal-cortical connectivity may contribute to cognitive dysfunction
in PD (30). The corona radiata plays a central role in mediating
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FIGURE 3

Gray matter volume (GMV) reduction regions in PD-MCI compared with HC group (p < 0.05, FWE corrected).

p<0.001
R =0.565

800
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The left medial parieto-occipital cortex GMV
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FIGURE 4

A plot for the significant correlation analysis within PD-MCI patients,
GMV reductions in the left medial parieto-occipital cortex were
positively correlated with MoCA scores (p < 0.001, R = 0.565).

TABLE 4 Cortical thickness reduction regions in patients with PD-MCI (p
< 0.05, FWE corrected).

Anatomic Cluster F- MNI coordinates
region sizes o |
Parahippocampal

ppocamp 658 0.00002 21 —27 -23
(53%)

Fusiform gyrus
(35%)
Entorhinal cortex

(12%)

communication and coordination between different cortical regions.
Previous studies have linked alterations in the anterior, superior, and
posterior corona radiata with impairments in attention, executive
function, and visuospatial abilities (27). Similarly, the superior
longitudinal fasciculus (SLF), a major association fiber tract
connecting the frontal, parietal, and temporal cortices, is known to
support a broad range of cognitive processes, including visual
attention, language, and complex reasoning (31-34).

It is well established that the neuropathological hallmarks of PD
include the accumulation of a@-synuclein-containing Lewy bodies
and the degeneration of dopaminergic neurons. Pathological

Frontiers in Neurology

evidence suggests that misfolded a-synuclein can propagate along
axonal pathways, potentially explaining WM alterations as a result
of trans-synaptic spread of pathology from the brainstem to the
telencephalon and neocortex (35). WM microstructural changes
may thus serve as indicators of the pathological progression of PD
and could potentially predict cognitive decline. However, further
studies with larger samples are required to validate these findings.
Importantly, our study revealed that axial diffusivity (AD)
reductions in the left cerebral peduncle and corticospinal tract were
positively correlated with MoCA scores in PD-MCI patients,
suggesting a link between microstructural integrity and global
cognitive performance. The corticospinal tract (CST) is responsible
for conveying motor signals from the primary motor cortex to the
spinal cord and plays a critical role in voluntary motor control.
Recent evidence suggests that cortical projections from
somatosensory, cingulate, and insular regions also contribute to the
CST (36). Emerging studies highlight that the basal ganglia are
intricately connected with cortical regions through parallel cortico-
basal ganglia-thalamo-cortical loops (37), allowing for integration
of sensorimotor, associative, and limbic information. This
interconnectivity implies that damage to either motor or cognitive
circuits could result in impairments across both domains (38).
Future research should investigate how corticospinal tract
abnormalities may contribute to the co-occurrence of cognitive and
motor dysfunction in PD, particularly in the context of PD-related
cognitive impairment (PD-CI).

In contrast to the widespread white matter alterations, our VBM
and SBM analyses revealed focal cortical structural abnormalities in
PD-MCI patients, mainly in the temporal and parieto-occipital
regions. These included gray matter volume (GMYV) reduction in the
left medial parieto-occipital cortex (involving the pericalcarine cortex,
lingual gyrus, and precuneus), and cortical thinning in the left
parahippocampal gyrus, fusiform gyrus, and entorhinal cortex-
regions that may serve as potential imaging biomarkers for cognitive
decline in early PD.

Recent studies have consistently reported associations between
cortical atrophy in the frontal, temporal, and parieto-occipital regions
and cognitive impairment in PD (4, 39, 40). However, we did not
observe significant frontal thinning in our cohort. This may reflect
differences in disease stage, as our participants were at an earlier phase
of PD. Furthermore, variability in individual disease trajectories,
diagnostic criteria, imaging methods, and sample sizes may account
for this discrepancy. Longitudinal studies have shown that PD patients

who later converted to MCI (PD-NC to MCI) exhibited patterns of
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FIGURE 5
Cortical thickness reduction regions in patients with PD-MCI (p < 0.05, FWE corrected). LH, left hemisphere; RH, right hemisphere

cortical alterations involving posterior brain regions (such as the
parietal and occipital cortices), compared to healthy controls and
PD-NC, indicating that these regions may be the earliest sites affected
during the progression of cognitive decline (21). Our results further
support this notion. Recent studies in early-diagnosed PD patients
have suggested that posterior cortical atrophy in the early stages of PD
is associated with reduced striatal dopamine transporter uptake,
which may help explain the posterior pattern of cortical atrophy
observed in our study. Moreover, we found a strong correlation
between reduced GMV in the left medial parieto-occipital cortex and
lower MoCA scores in PD-MCI patients. This provides further
evidence for the neuropathological basis of cognitive impairment and
may aid in disease severity prediction. We also observed thinning of
the left fusiform gyrus, involved in visual cognition such as face
recognition (41). A similar finding was reported in a study on drug-
naive early-stage PD-MCI patients (42).

Interestingly, our findings revealed that white matter tract damage
in PD-MCI patients was predominantly localized in the left cerebral
hemisphere. In addition, structural abnormalities were observed in
the left medial parieto-occipital cortex, as well as in the left
parahippocampal gyrus, entorhinal cortex, and fusiform gyrus. This
study further extends and supports the conclusion proposed by
Claassen et al. that the left hemisphere may exhibit increased
vulnerability in early-stage PD. One possible explanation is that the
left nigrostriatal system may be more susceptible to early
neurodegeneration compared to the right side (43). Similar patterns
of left-lateralized early neuropathological changes have also been
described in other neurodegenerative diseases, including Alzheimer’s
disease (44) and frontotemporal dementia (45). Moreover,
neurodegeneration in PD may be influenced by both handedness and
asymmetrical dopaminergic depletion. In our study, all participants
were right-handed. Parkinson’s disease is known to involve
asymmetric degeneration of dopaminergic neurons in the nigrostriatal
pathway, and evidence from DAT-SPECT studies has shown that a
significantly greater proportion of right-handed PD patients exhibit
predominant dopaminergic loss in the left hemisphere (46). This
suggests that the interaction between hemispheric dominance and
asymmetrical neurodegeneration may render the dominant (typically
left) hemisphere more vulnerable to early pathological changes.
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Our results showed no significant cortical structural differences
between the PD-NC group and healthy controls, which is consistent
with several previous studies (47, 48). However, other research has
reported reduced cortical thickness in PD-NC patients compared to
healthy controls (5). Several factors may account for these inconsistent
findings in the literature, including sample size, heterogeneity within
PD-NC cohorts—particularly with respect to disease stage—as well as
methodological variability in techniques used to assess gray matter
changes. For instance, studies including more advanced PD patients
may fail to capture early anatomical alterations that occur at the onset
of the disease. Moreover, we did not detect significant differences in
gray matter volume or cortical thickness between the PD-MCI and
PD-NC groups. Notably, several prior studies have also reported subtle
or inconsistent structural differences between these groups (21, 49),
possibly due to heterogeneity in disease stage, cognitive profiles, and
sample sizes. These findings suggest that while structural MRI may
detect changes in PD-MCI, such alterations can be subtle, and larger
or longitudinal studies may be necessary to identify consistent group-
level effects. Additionally, one possible reason for the absence of
significant structural differences in our study may be the inclusion of
age, sex, and years of education as covariates in our statistical model.
Previous studies have demonstrated that both age and educational
attainment influence cognitive impairment and cortical atrophy in PD
(50, 51), which may have reduced between-group variance and
contributed to the lack of significant findings in our analysis.

This study has several limitations. An important limitation is the
use of level I PD-MCI criteria instead of level II criteria. Although the
level II criteria provide a more comprehensive assessment, they can
be challenging to apply in routine clinical practice for every patient
with PD. This limitation may have contributed to potential
misclassification or under-detection of cognitive changes. Another
important limitation concerns the sensitivity of the structural imaging
methods employed. Both SBM and VBM are primarily designed to
detect macroscopic gray matter atrophy, and may lack sensitivity to
subtle or early microstructural changes. This limitation could partly
explain the relatively sparse and localized cortical changes observed
in the present study. Neurite Orientation Dispersion and Density
Imaging (NODDI) have shown greater sensitivity to microstructural
degeneration in both white and gray matter and may provide
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complementary insights in future investigations. Additionally, as a
cross-sectional study, it cannot provide insights into longitudinal
changes. Future longitudinal studies are needed to validate our
findings. Despite these limitations, our findings suggest that alterations
in cortical thickness, gray matter volume, and white matter
microstructure in key brain regions may serve as useful MRI-based
anatomical markers for identifying patients with mild cognitive
impairment in Parkinson’s disease.

5 Conclusion

In summary, even at an early stage of the disease, patients with
Parkinson’s disease and mild cognitive impairment (PD-MCI) exhibit
widespread white matter microstructural abnormalities and localized
cortical atrophy in the left parietal-occipital cortex, parahippocampal
gyrus, entorhinal cortex, and fusiform gyrus. These changes may
be closely associated with the pathogenesis of cognitive impairment in
PD. Additionally, the lateralized nature of white matter damage—
predominantly affecting the left hemisphere—further supports the
hypothesis of left-hemispheric vulnerability in early-stage PD. These
structural alterations provide morphological evidence for understanding
the pathophysiological mechanisms underlying cognitive decline in PD
and hold promise as non-invasive neuroimaging biomarkers for
identifying and monitoring PD-related cognitive impairment.
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