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ABSTRACT: Background: White matter hyperinten-
sities (WMHs) have a role in cognitive impairment in nor-
mal brain aging, while the effect on Parkinson’s disease
(PD) progression is still controversial.
Objective: To investigate the longitudinal evolution of
micro- and macrostructural damage of cerebral white mat-
ter (WM) and its relationship with the clinical picture in PD.
Methods: A total of 154 PD patients underwent clinical,
cognitive, and magnetic resonance imaging (MRI) assess-
ment once a year for up to 4 years. Sixty healthy controls
underwent the same protocol at baseline. WMHs were
identified and total WMH volume was measured. WMHs
were also used as exclusion masks to define normal-
appearing white matter (NAWM). Using tract-based spatial
statistics, diffusion tensor (DT) MRI metrics of whole-brain
WM and NAWM were obtained. Linear mixed-effects
models defined the longitudinal evolution and association
between variables. WM alterations were tested as risk fac-
tors of disease progression using linear regression and
Cox proportional hazards models.

Results: At baseline, PD patients showed alterations of
all DT MRI measures compared to controls. Longitudi-
nally, DT MRI measures did not vary significantly and no
association with clinical variables was found. WMH vol-
ume changed over time and was associated with impair-
ment in global cognition, executive functions, and
language. Baseline WMH volume was a moderate risk
factor for progression to mild cognitive impairment.
Conclusions: Our study suggests an association
between WMHs and cognitive deterioration in PD,
whereas WM microstructural damage is a negligible con-
tributor to clinical deterioration. WMHs assessed by
MRI can provide an important tool for monitoring the
development of cognitive impairment in PD patients.
© 2021 International Parkinson and Movement Disorder
Society

Key Words: Parkinson’s disease; MRI; normal-
appearing white matter; white matter hyperintensity; lon-
gitudinal study

Among the most common white matter (WM)
macrostructural alterations, white matter hyperintensities
(WMHs) of presumed vascular origin are easily recognized
on T2-weighted magnetic resonance imaging (MRI) scans.
WMHs are associated with increasing age and cognitive
decline in normal aging.1 In Parkinson’s disease (PD), pre-
vious evidence from cross-sectional studies suggests an
association between total WMH volume and cognitive
and/or motor impairment.2-5 One previous longitudinal
MRI study showed no association between motor or cog-
nitive decline and WMH volume increase in PD.4

WM microstructural alterations have also been
related to neurodegeneration in PD.6,7 Cross-sectional
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studies, using diffusion tensor (DT) MRI, have shown
diffuse WM microstructural damage, associated with
the degree of motor and cognitive impairment in PD
patients.7-9 Only a few studies investigated the longitu-
dinal evolution of DT MRI alterations, showing a
decrease in diffuse fractional anisotropy (FA) and an
increase in mean diffusivity (MD) over time,10-12

reflecting PD severity.12 However, these studies evalu-
ated the whole brain WM, and did not consider the
location and severity of WMHs affecting DT MRI
metrics. Only a few reports assessed specifically the
involvement of normal-appearing white matter
(NAWM) in PD, and they did not find significant alter-
ations in PD patients compared to healthy controls,13,14

nor any association with clinical features.14

Within such a framework, this study aimed to investi-
gate systematically the evolution of both WMHs and
NAWM DT MRI alterations and their relationship to
the progression of motor and cognitive deficits in a
large cohort of PD patients followed up longitudinally
for up to 4 years.

Methods
Participants

A cohort of 154 PD patients was prospectively
enrolled at the Clinic of Neurology, School of Medi-
cine, University of Belgrade, Belgrade, Serbia as previ-
ously described.15,16 Patients were diagnosed according
to the UK Parkinson’s Disease Society Brain Bank Diag-
nostic Criteria,17 had positive levodopa response, and
did not meet diagnostic criteria for vascular parkinson-
ism.18 Patients underwent a comprehensive clinical
evaluation in ON medication state including clinical,
neuropsychological, and MRI assessment at study entry
and once a year for at least 1 year and a maximum of
4 years. The study protocol is summarized in Supple-
mentary Figure S1 and extensively described in the Sup-
plementary Material. All 154 patients were included in
the study. A cohort of 60 age- and sex- matched
healthy controls was recruited from the friends and rel-
atives of the patients and by word of mouth. Healthy
controls underwent the same MRI protocol and neuro-
psychological assessment as PD patients.
The local ethical standards committee on human

experimentation approved the study protocol and, prior
to study inclusion, all participants provided written
informed consent.

Clinical Evaluation
At each visit, an experienced neurologist blinded to

the MRI results performed the clinical assessment.
Patients were examined in ON state. Demographic and
clinical data were obtained using a semi-structured inter-
view described in detail in the Supplementary Material.

Neuropsychological Evaluation
At baseline, patients and healthy controls underwent

a comprehensive neuropsychological evaluation within
48 hours of MRI scan. The same test battery protocol
was applied at each follow-up visit in PD patients. Eval-
uations were performed by expert neuropsychologists,
blinded to the clinical and MRI data. Details regarding
the neuropsychological test battery are reported in the
Supplementary Material.

MRI Analysis
Brain MRI scans were acquired at baseline and at

each follow-up visit on the same 1.5 T scanner. The
Supplementary Material reports the MRI protocol.
MRI analysis was performed at the Neuroimaging
Research Unit, IRCCS Scientific Institute San Raffaele,
Milan, Italy by a single experienced observer, blinded
to the subject’s identity. The identification of WMHs,
DT MRI analysis, and lesion maps were obtained
as reported in the Supplementary Material. The
framework of MRI analysis is summarized in Supple-
mentary Figure S2. In brief, WMHs, considered to be
markers of small vessel disease,19 were identified on
T2-weighted scans using a local thresholding segmenta-
tion technique, obtaining a WMH volume at each time
point for each subject. Tract-based spatial statistics
(TBSS) version 1.2 (http://www.fmrib.ox.ac.uk/fsl/tbss/
index.html) was used to perform the multi-subject
whole-brain WM DT MRI analysis.20 Previously
detected WMHs were used to create exclusion masks in
DT MRI analysis in order to obtain DT MRI metrics
of NAWM.

Statistical Analysis
Differences between groups at baseline in socio-

demographic, clinical, neuropsychological, and MRI
data (ie, DT MRI metrics of whole-brain WM,
NAWM) were assessed using independent samples t-
test for continuous variables with normal distribution
according to the Shapiro–Wilk test and Mann–Whitney
U-test for other continuous variables (ie, Unified
Parkinson’s Disease Rating Scale [UPDRS] and sub-
scores). Categorical variables were compared between
groups using Pearson’s chi-square test. In each group,
DT MRI metrics of whole-brain WM and NAWM
were also compared by means of paired samples t-test,
to explore the differences in microstructural WM archi-
tecture due to the presence of WMHs.
In each group, the correlation between MRI variables

and age was assessed by Pearson’s correlation analysis.
To assess the relationship between structural MRI and
clinical/neuropsychological variables at baseline, a par-
tial correlation analysis was performed separately in PD
patients and healthy controls, adjusting for age.
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In PD patients, changes over time of clinical, neuropsy-
chological, and MRI variables (WMH volume, mean
values of whole-brain WM and NAWM FA, MD, axial
diffusivity [axD], and radial diffusivity [radD] at each
time point) were assessed using linear mixed-effects
models with random intercept, using time as a continu-
ous fixed variable. A similar model was applied to inves-
tigate the association between the WMH volume changes
and the progression of the clinical picture. Such models
were adjusted for age, sex, disease duration, and disease
severity (UPDRS III score for motor variables and
UPDRS I for cognitive variables) at baseline. Analyses
involving cognitive data were also adjusted for education,
whereas those involving motor variables were also
adjusted for levodopa equivalent daily dose (LEDD).
Finally, the capability to predict a clinical outcome

using baseline clinical and MRI variables was investi-
gated using linear mixed-effects models with random
intercept and Cox proportional hazard models. In the
prediction analysis with linear mixed-effects models,
global motor (ie, UPDRS total score), and cognitive vari-
ables (ie, Mini Mental State Examination [MMSE],
Addenbrooke’s Cognitive Examination [ACE-R]), as
well as UPDRS subscores and domain-specific cognitive
performance at the last available time point were consid-
ered, separately, as the dependent fixed variable and
baseline MRI metrics as independent variables. The
models included as fixed variables also age, sex, individ-
ual follow-up duration, and baseline disease duration,
disease severity (UPDRS III basal score when assessing
motor variables, and UPDRS I basal score for cognitive
variables), LEDD, and education (only for cognitive vari-
ables). The Cox proportional hazard analysis was
established to estimate the hazard ratio (HR) and the
95% confidence intervals (95% CIs) of MRI variables at
baseline for progression to Hoehn and Yahr (H&Y)
score ≥ 3, H&Y score ≥ 4, development of mild cogni-
tive impairment (MCI), or dementia (PD-D), separately.
Such models were adjusted for age, sex, disease duration,
disease severity (defined by the baseline UPDRS III score
for motor variables and UPDRS I for cognitive variables)
and LEDD at baseline. The analyses involving cognitive
variables were also adjusted for education.
All statistical analyses were performed using R Statis-

tical Software (version 4.0.3; R Foundation for Statisti-
cal Computing, Vienna, Austria; https://www.r-project.
org/) and adjusted for multiple comparisons controlling
the false discovery rate (FDR) at the level of 0.05.

Results
Demographic, Clinical, and Cognitive Data

at Baseline
The main demographic, clinical, and cognitive data

of subjects at baseline are summarized in Table 1.

The patient group included 154 PD patients at differ-
ent disease stages (mean H&Y score = 1.70).
Twenty-six patients (17%) had an H&Y score ≥ 3,
only one of whom had a score = 4. PD patients and
healthy controls were age- and sex-matched, although
controls had higher education than patients. Average
MMSE and ACE-R total scores, as well as specific
cognitive domains, were lower in PD patients relative
to controls (P ranging from 0.03 to <0.001), with the
exception of language. Ninety-four patients were
classified as cognitively normal (PD-CN), and 58 as
PD-MCI; two PD patients could not be classified due
to incomplete cognitive data.

MRI Measures at Baseline
At baseline, MRI variables representing macroscopic

and microscopic WM damage were compared between
PD patients and healthy controls (Supplementary
Table S1). No differences between groups were found
in WMH volume (Table 1), while all the DT MRI met-
rics differed significantly considering both whole WM
and NAWM (P values ranging from 0.005 to <0.001)
(Supplementary Figure S3).
In both PD patients and healthy controls, DT MRI

metrics were different in NAWM relative to the whole
WM (PD: P < 0.001; healthy controls: P values ranging
from 0.02 to 0.002), showing lower FA and higher
MD, axD, and radD values in whole WM. Differences
were more prominent in PD patients (Supplementary
Table S2).

WMH Distribution
The WMH distribution map of PD patients at base-

line (Fig. 1) showed that the probability of lesions
occurring in the same spatial location was highest in
the frontal and parieto-occipital periventricular areas
bilaterally, with a prevalence in the frontal lobes, where
the local probability reached a maximum of 15%. The
WMH map of the control group showed lesions with
similar location but more focused in discrete areas, with
the highest lesion probability of 12% in the frontal and
peritrigonal regions. Visual comparison of WMH maps
showed a more scattered hyperintensity pattern in PD
patients, with a diffuse involvement of subcortical
WM (Fig. 1).

Baseline Correlation Analysis
In PD patients, age at baseline showed a significant

direct correlation with WMH volume (P = 0.002), as
well as with alterations of NAWM mean DT MRI
metrics (P values ranging from 0.01 to <0.001)
(Supplementary Table S3). Adjusting for age, the
WMH volume of PD patients was directly correlated
with UPDRS III tremor subitem (P = 0.02), while alter-
ations in NAWM DT MRI metrics correlated with
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H&Y stage (FA and radD, P = 0.04 and P = 0.03,
respectively), LEDD (FA, P = 0.03), UPDRS III tremor
subitem (axD, P = 0.04), and memory performance
(MD and radD, P = 0.03) (Supplementary Tables S3

and S4). In healthy controls, WMH volume and alter-
ations in NAWM mean FA, MD, and radD were
directly correlated with age (P values ranging from 0.01
to 0.001, Supplementary Table S5).

TABLE 1 Main sociodemographic and clinical data of Parkinson’s disease patients and healthy controls at baseline

Variable PD Healthy controls P value

N 154 60 �
Age (y) 61.58 (7.95) 61.78 (8.98) 0.88

Education (y) 12.46 (2.59) 13.52 (2.57) 0.01

Disease duration (y) 4.95 (4.84) � �
Age at onset (y) 56.64 (8.26) � �
Sex (M/F) 91/63 29/31 0.17

UPDRS I 4.12 (3.15) � �
UPDRS II 9.21 (5.53) � �
UPDRS III 28.59 (15.81) � �
UPDRS IV 1.17 (1.88) � �
UPDRS total score 43.09 (21.51) � �
Hoehn & Yahr stage 1.70 (0.81) � �
Tremor 4.31 (4.78) � �
Postural and gait disturbances 4.70 (3.87) � �
Axial symptoms 5.11 (3.28) � �
Rigidity 20.10 (8.11) � �
Bradykinesia 7.59 (4.04) � �
LEDD (mg) 512.61 (414.58) � �
FoG-Q score 2.86 (3.82) � �
Cognitive status at baseline (normal/MCI) 94/58 60/0 �
MMSE 28.40 (1.59) 29.62 (0.72) <0.001

ACE-R 89.52 (7.21) 96.28 (3.00) <0.001

Memory �0.34 (2.26) 1.21 (2.345) 0.001

Executive functions �0.57 (3.12) 1.10 (2.29) 0.001

Language �0.04 (1.45) 0.15 (0.90) 0.27

Fluency �0.07 (1.07) 0.21 (0.71) 0.03

Visuospatial functions �0.27 (1.64) 0.88 (1.02) <0.001

Baseline WMH volume (mL) 484.53 (74.34) 388.89 (62.82) 0.22

1-y WMH volume (mL) 592.05 (88.42) � �
2-y WMH volume (mL) 624.17 (81.57) � �
3-y WMH volume (mL) 587.87 (87.52) � �
4-y WMH volume (mL) 871.77 (121.7) � �
Data are expressed as mean value (standard deviation) or frequency. Raw scores from patients’ neuropsychological tests were converted to z scores based on mean and standard
deviation of the correspondent score derived from our control group. Comparisons were made using independent samples t-test and Mann–Whitney U-test for continuous vari-
ables, as appropriate. Categorical variables were compared using F-Fisher’s exact test.
Abbreviations: PD, Parkinson’s disease; y, year; M, male; F, female; UPDRS, Unified Parkinson’s Disease Rating Scale; LEDD, levodopa equivalent daily dose; FoG-Q, Freezing
of Gait Questionnaire; MCI, mild cognitive impairment; MMSE, Mini Mental State Examination; ACE-R, Addenbrooke’s Cognitive Examination Revised; WMH, white mat-
ter hyperintensities.
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Longitudinal Clinical, Neuropsychological, and
MRI Findings

PD patients showed a progressive worsening over
follow-up in terms of global clinical (UPDRS total score
and subscores) and cognitive scores (MMSE, ACE-R –

P values <0.001) (Table 2). Moreover, all UPDRS III
subitems, with the exclusion of tremor, showed a
significant worsening, while the progression of cogni-
tive impairment was more prominent regarding execu-
tive and visuospatial functions, as shown by the
corresponding composite scores (Table 2). Regarding
disease stage, 26 patients with baseline H&Y ≤ 2 prog-
ressed to H&Y disease stage≥3 (20%), and two
patients initially staged as H&Y = 3 progressed to
H&Y ≥ 4 (8%). None of the initially H&Y ≤ 2 patients
progressed to H&Y ≥ 4. At the end of the follow-up,
41 patients were classified as H&Y ≥ 3 (27%) and
3 patients ≥4 (2%). During follow-up, 37 PD-CN sub-
jects converted to PD-MCI (39%) and 24 PD patients
initially classified as PD-MCI converted to PD-dementia
(PD-D) (41%). None of the initially PD-CN patients
converted to PD-D during the observation period. At
the end of the follow-up, 57 PD subjects were cogni-
tively normal (37%), while 73 were classified as PD-
MCI (47%) and 24 as PD-D (16%).
WMH volume increased significantly over time

(P < 0.001). By contrast, the evolution of DT MRI

metrics in both the whole WM and NAWM did not
show a significant progression over time (Table 2).

Longitudinal Association Analysis
According to the observation of increased WMH vol-

ume over time in PD patients, its association with clini-
cal evolution was investigated longitudinally (Fig. 2,
Supplementary Table S6). The global cognitive worsen-
ing (UPDRS I, P = 0.01; MMSE, P = 0.02; ACE-R,
P = 0.003) was associated with WMH volume increase
over time. Regarding the evaluation of different cogni-
tive domains, the worsening in executive functions
(P = 0.01) and language (P = 0.03) was associated
with WMH volume increase. No other associations
were observed.

Prediction Analysis
WMH volume at baseline predicted UPDRS I score at

the last follow-up visit (β = 1.48; P = 0.004). No sig-
nificant associations were found between any other
MRI variable at baseline and clinical and cognitive vari-
ables at the end of follow-up (Supplementary Tables S7
and S8).
In the Cox proportional hazards analysis (log

rank<0.001, Supplementary Table S9), higher UPDRS
III score at baseline showed a negative influence on the

FIG. 1. Probability lesion maps at baseline. The figure shows the probability lesion maps of white matter hyperintensities in both Parkinson’s disease
(A) and healthy control (B) groups. The lesion probability is encoded by color intensity. [Color figure can be viewed at wileyonlinelibrary.com]
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4-year progression to H&Y ≥ 3 (HR 1.09, 95% CI
1.06–1.12), similar to longer disease duration (HR
1.11, 95% CI 1.03–1.20). Greater WMH volume at
baseline showed an independent, negative influence on
the progression from normal cognition to MCI during
the 4-year follow-up (HR 1.51, 95% CI 1.14–2.00)
(Fig. 3). Moreover, also higher age (HR 1.08, 95% CI
1.05–1.11) showed a negative influence on progression

to MCI status, while male sex (HR 0.50, 95% CI 0.32–
0.80) and higher education level (HR 0.73, 95% CI
0.67–0.79) were protective factors. The other variables
at baseline (including DT MRI measures) did not show
any influence on progression to H&Y ≥ 3 and conver-
sion to MCI. No significant predictors of progression to
H&Y ≥ 4 and dementia (log rank = 0.20) were
identified.

TABLE 2 Longitudinal evolution of motor, cognitive, and magnetic resonance imaging variables in Parkinson’s disease patients

Parameter Slope SE P value

Motor variables

UPDRS I 0.0027 0.0003 <0.001

UPDRS II 0.0049 0.0004 <0.001

UPDRS III 0.0082 0.0007 <0.001

UPDRS IV 0.00048 0.0001 <0.001

UPDRS total score 0.01658 0.0011 <0.001

Tremor 0.0003 0.0002 0.38

Postural and gait disturbances 0.0010 0.0002 <0.001

Axial symptoms 0.0014 0.0001 <0.001

Rigidity 0.0042 0.0004 <0.001

Bradykinesia 0.0010 0.0002 <0.001

Cognitive variables

MMSE �0.0011 0.0001 <0.001

ACE-R �0.0024 0.0005 <0.001

Memory �0.0004 0.0031 0.89

Executive functions �0.0034 0.0004 <0.001

Language �0.0008 0.0008 0.26

Fluency �0.0005 0.0007 0.53

Visuospatial functions �0.0034 0.0004 <0.001

MRI variables

WMH volume 0.0002 0.0001 <0.001

Whole WM mean FA 0.0000003 0.0001 0.53

Whole WM mean MD �0.0000039 0.0001 0.11

Whole WM mean axD �0.0000077 0.0001 0.12

Whole WM mean radD �0.0000020 0.0001 0.14

NAWM mean FA 0.00000003 0.0001 0.54

NAWM mean MD �0.00000004 0.0001 0.57

NAWM mean axD �0.00000008 0.0001 0.54

NAWM mean radD �0.00000002 0.0001 0.59

Longitudinal evolution of variables are described by slope and standard error (SE) of the linear mixed-effects model with random intercept. P values <0.05 are considered statisti-
cally significant after false discovery rate correction.
Abbreviations: SE, standard error; UPDRS, Unified Parkinson’s Disease Rating Scale; MMSE, Mini Mental State Examination; ACE-R, Addenbrooke’s Cognitive Examination
Revised; MRI, magnetic resonance imaging; WMH, white matter hyperintensities; WM, white matter; FA, fractional anisotropy; MD, mean diffusivity; axD, axial diffusivity;
radD, radial diffusivity; NAWM, normal-appearing white matter.
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Discussion

Our study investigated the longitudinal evolution of
WM macro- and microstructural damage in a large
cohort of well-characterized PD patients, as well as the
relationship between MRI measures and the evolution
of the motor and cognitive clinical picture. Increased
WMH volume over time in PD patients was associated
with the progression of global cognitive impairment
and worsening in specific cognitive domains, including
executive functions and language. Moreover, WMH
burden at baseline predicted cognitive worsening at the
end of the follow-up (as measured by the UPDRS I
score) and acted as a moderate risk factor for the con-
version from normal cognition to MCI in PD patients.
Although NAWM DT MRI alterations were found at
baseline in PD patients relative to healthy controls, they
did not show a significant progression over follow-up
and were not associated with longitudinal changes in
motor or cognitive impairment. The results of this study
offer interesting insights regarding the influence of WM
alterations over the clinical evolution of idiopathic PD.
At baseline, our results showed the presence of exten-

sive damage in WM, which impacted motor and

cognitive functions. Despite a slightly more diffuse pat-
tern of damage being observed in PD patients on visual
inspection of WMH distribution maps, no differences
in whole-brain WMH volume were found when com-
paring PD patients with the age- and sex-matched
group of healthy controls. This observation is in agree-
ment with previous studies that support the view that
the total WMH volume is not significantly higher in PD
patients compared to controls.4,21 On the contrary, our
study showed significant differences in NAWM DT
MRI metrics when comparing PD patients and healthy
controls, highlighting microstructural alterations of
WM in PD extending beyond WMHs. The comparison
between our findings and previous studies investigating
NAWM in PD13,14 is hampered by the different sam-
ples and methodological approaches (eg, average
NAWM skeleton vs. regional DT MRI analysis13,14).
After adjusting for the effect of age, the correlation

analysis of baseline MRI measures showed that DT
MRI metrics were mainly associated with disease stage,
the presence of tremor, and memory impairment,
whereas WMH volume was significantly correlated
with the degree of tremor. Taken together with previ-
ous studies,2,3,8,9,12 our results expand the notion that

FIG. 2. Lollipop chart showing longitudinal association analysis between white matter hyperintensities volume, clinical, and cognitive variables.
P values <0.05 are considered statistically significant after false discovery rate correction. UPDRS, Unified Parkinson’s Disease Rating Scale; MMSE,
Mini Mental State Examination; ACE-R, Addenbrooke’s Cognitive Examination – Revised. [Color figure can be viewed at wileyonlinelibrary.com]
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WM micro- and macrostructural alterations contribute
to motor features, alongside the well-known influence
on cognitive impairment.2,3,8,9,12

PD patients experienced a worsening of both motor
and non-motor symptoms over time, with a significant
progression of UPDRS and related subscores, as well as
global cognitive test scores, and executive and visuospa-
tial functions, as expected in consideration of PD’s nat-
ural course.22-27 The longitudinal analysis of WMH
volume showed a significant progression over time,
which was associated with the cognitive decline, espe-
cially regarding executive functions and language. By
contrast, WMH volume increase was not correlated
with the worsening of motor variables. Most previous
longitudinal studies investigating the relevance of
WMHs on motor and cognitive progression in PD con-
sidered only WMHs at baseline, and did not assess
their changes over time.2,3,5,28 To date, only one study
investigated the relationship between changes in WMH
burden and clinical picture in a small cohort of PD
patients with a 18-month follow-up, showing no associ-
ation between WMH volume changes and cognitive
progression, even though WMH increase over time
showed a significant interaction with UPDRS motor

subscores.4 The larger sample and the longer clinical
and MRI follow-up in our study may explain the differ-
ent findings. Interestingly, in our cohort, the affected
domains that showed a significant association with
WMH volume increase were the ones usually most
affected in vascular cognitive impairment.29,30 This
observation suggests an additional negative influence of
WMH burden on the natural course of PD-related cog-
nitive impairment, with a more prominent impairment
in executive and language functions.
The longitudinal analysis of DT MRI metrics of the

whole WM and NAWM did not show significant
changes in PD patients. The few previous longitudinal
studies assessing the evolution of WM microstructural
damage in PD patients adopted a regional approach,
using either TBSS or regions of interest.10,12,31 Increased
MD was associated with progressive motor impairment,
while reduced FA was associated with motor impairment
and cognitive decline in PD-CN and PD-MCI.10,12,31

Thus, although we cannot exclude that additional micro-
structural WM damage has occurred in our patients, we
may conclude that either such a progression was not dif-
fuse in our sample or mean NAWM DT MRI metrics
are not the appropriate measures to detect such changes.

FIG. 3. Cox proportional hazard analysis. The figure shows the forest plot of the Cox proportional hazard analysis that describes the progression to
mild cognitive impairment (MCI) status. Among the considered covariates, the total volume of white matter hyperintensities at baseline appears to be a
relevant risk factor. WMH, white matter hyperintensities; UPDRS, Unified Parkinson’s Disease Rating Scale; LEDD, levodopa equivalent daily dose.

322 Movement Disorders, Vol. 37, No. 2, 2022

S C A M A R C I A E T A L



Interestingly, the longitudinal increase of WMH vol-
ume was not accompanied by a comparable worsening
of DT MRI alterations in PD patients. Therefore, we
suppose that DT MRI abnormalities and WMH
increase may follow different patterns of evolution,
with an earlier development of DT MRI alterations
conferring vulnerability to later accumulation of WMH
burden. This supposition is in line with a previous
study that showed, in cognitively normal elderly indi-
viduals, the association between baseline DT MRI alter-
ations with the subsequent WMH growth over time.32

However, future investigation will be necessary to fully
clarify these relationships.
Baseline DT MRI variables were unable to predict the

4-year motor and cognitive outcome, whereas baseline
WMH volume successfully predicted the UPDRS I score
at the end of the follow-up and acted as a moderate risk
factor for conversion from PD-CN to PD-MCI. Simi-
larly, in a previous study, baseline WMH volume was a
marker of cognitive decline over 4 years, predicting the
Montreal Cognitive Assessment score and cognitive sta-
tus (ie, normal cognition, MCI, or dementia).33 Another
study reported the capability of WMH burden at base-
line to predict conversion to PD-D, although such a
finding did not survive statistical correction for con-
founders.5 A third study showed a negative impact of
higher baseline WMH volume on cognition over a mean
follow-up time of 29.8 months.28

The added value of our study is the quantification of
the importance of variables as risk factor of progres-
sion. Using a multivariate model, we showed the impor-
tance of baseline WMH volume as a moderate
independent risk factor (HR = 1.51) of conversion to
PD-MCI, with a prominent role compared to the classi-
cal risk factors of disease progression, such as age. In
addition, our analysis showed a protective role of edu-
cation and female sex. As expected, higher levels of
education were associated with better cognitive perfor-
mance and a slowing in cognitive decline.34 The role of
sex in progression to cognitive impairment is unclear,
even though our result of the protective effect of male
sex is unexpected. In fact, in PD patients, an association
between male sex and cognitive impairment has been
generally observed, as reported in a recent meta-
analysis of 15 studies.35 However, it should be consid-
ered that such influence was mild, compared to other
factors (eg, age, degree of motor impairment, educa-
tion, and so on).35

UPDRS III score at baseline acted as a risk factor for
the progression to advanced motor disease stages.
These results are concordant with previous studies that
associated disease severity at baseline with motor pro-
gression.36 As expected, our results confirmed that
patients with more severe baseline impairment continue
to be more impaired later in the disease course and are
more likely to progress to advanced disease stages.36

As is evident, the relationship between WMHs and
motor and cognitive impairment in PD still remains
unclear, even though a role in disease progression may
be supposed. It is unlikely that WMHs represent an
epiphenomenon of abnormal protein aggregates deposi-
tion, rather than vascular risk factor-related small-
vessel disease. In fact, pathological studies found
evidence of an association between WMHs and loss of
vascular integrity, indicating a vascular origin for these
lesions.37 Interestingly, a previous study showed a link
between low levels of amyloid beta in the cerebrospinal
fluid, WMHs, and dementia in PD.38 This observation
supports the hypothesis that vascular pathology associ-
ated with WMHs might lead to a reduction in amyloid
clearance and subsequent accumulation and deposition
in brain tissue.39 A similar interaction between
α-synuclein deposition and vascular damage might rep-
resent a pathophysiological mechanism capable of
explaining the synergic or additive role of vascular
damage on disease progression in PD.
Our study is not without limitations. First, our data

lack follow up of the healthy control cohort, therefore
we were unable to compare impairment in PD with
normal aging. Moreover, we focused on the role of
WM alteration on PD progression without taking into
account other factors related to damage (ie, modifi-
able vascular risk factors). Moreover, we assessed
WMH volume and mean DT MRI metrics of the
whole-brain WM skeleton without regional analysis.
Finally, we assessed WMHs on 1.5 T scans, even
though higher scan fields allow a more accurate
identification.
In conclusion, we demonstrated in a large sample of

PD patients that the increase over time of WMH vol-
ume is associated with cognitive deterioration, and
WMH volume at baseline represents a moderate risk
factor of progression to MCI. Therefore, the progres-
sion of macroscopic WM damage in PD may represent
a quantifiable biomarker with a key prognostic value.
Based on the present findings, we strongly support the
need for prevention and treatment of vascular risk fac-
tors that might aggravate WMH burden in patients
with PD, in order to avoid a faster disease evolution.

Data Availability Statement
The dataset used and analyzed during the current

study will be made available by the corresponding
author upon request to qualified researchers (i.e., affili-
ated to a university or research institution/hospital).

References
1. Garde E, Mortensen EL, Krabbe K, Rostrup E, Larsson HB. Rela-

tion between age-related decline in intelligence and cerebral white-
matter hyperintensities in healthy octogenarians: a longitudinal
study. Lancet 2000;356:628–634.

Movement Disorders, Vol. 37, No. 2, 2022 323

W M D A M A G E E V O L U T I O N I N P D



2. Shin J, Choi S, Lee JE, Lee HS, Sohn YH, Lee PH. Subcortical white
matter hyperintensities within the cholinergic pathways of
Parkinson’s disease patients according to cognitive status. J Neurol
Neurosurg Psychiatry 2012;83:315–321.

3. Kandiah N, Mak E, Ng A, et al. Cerebral white matter
hyperintensity in Parkinson’s disease: a major risk factor for mild
cognitive impairment. Parkinsonism Relat Disord 2013;19:680–683.

4. Pozorski V, Oh JM, Okonkwo O, et al. Cross-sectional and longitu-
dinal associations between total and regional white matter
hyperintensity volume and cognitive and motor function in
Parkinson’s disease. Neuroimage Clin 2019;23:101870

5. Lee SJ, Lee DG. The cross-sectional and longitudinal relationships
between white matter hyperintensities and dementia in patients with
Parkinson’s disease: a retrospective analysis of 132 patients in a sin-
gle center. Arch Gerontol Geriatr 2016;62:133–137.

6. Sarasso E, Agosta F, Piramide N, Filippi M. Progression of grey and
white matter brain damage in Parkinson’s disease: a critical review
of structural MRI literature. J Neurol 2021;268:3144�3179.

7. Atkinson-Clement C, Pinto S, Eusebio A, Coulon O. Diffusion ten-
sor imaging in Parkinson’s disease: review and meta-analysis.
Neuroimage Clin 2017;16:98–110.

8. Agosta F, Canu E, Stojkovi�c T, et al. The topography of brain dam-
age at different stages of Parkinson’s disease. Hum Brain Mapp
2013;34:2798–2807.

9. Melzer TR, Watts R, MacAskill MR, et al. White matter microstruc-
ture deteriorates across cognitive stages in Parkinson disease.
Neurology 2013;80:1841–1849.

10. Minett T, Su L, Mak E, et al. Longitudinal diffusion tensor imaging
changes in early Parkinson’s disease: ICICLE-PD study. J Neurol
2018;265:1528–1539.

11. Pozorski V, Oh JM, Adluru N, et al. Longitudinal white matter
microstructural change in Parkinson’s disease. Hum Brain Mapp
2018;39:4150–4161.

12. Taylor KI, Sambataro F, Boess F, Bertolino A, Dukart J. Progressive
decline in gray and white matter integrity in de novo Parkinson’s dis-
ease: an analysis of longitudinal Parkinson progression markers initia-
tive diffusion tensor imaging data. Front Aging Neurosci 2018;10:318

13. de Schipper LJ, Hafkemeijer A, Bouts M, et al. Age- and disease-
related cerebral white matter changes in patients with Parkinson’s
disease. Neurobiol Aging 2019;80:203–209.

14. Salsone M, Caligiuri ME, Vescio V, et al. Microstructural changes
of normal-appearing white matter in vascular parkinsonism.
Parkinsonism Relat Disord 2019;63:60–65.

15. Filippi M, Basaia S, Sarasso E, Stojkovic T, Stankovic I, Fontana A.
Longitudinal brain connectivity changes and clinical evolution in
Parkinson’s disease. Mol Psychiatr 2021;26:5429–5440.

16. Filippi M, Sarasso E, Piramide N, et al. Progressive brain atrophy
and clinical evolution in Parkinson’s disease. Neuroimage Clin
2020;28:102374

17. Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of clinical diag-
nosis of idiopathic Parkinson’s disease: a clinico-pathological study
of 100 cases. J Neurol Neurosurg Psychiatry 1992;55:181–184.

18. Zijlmans JC, Daniel SE, Hughes AJ, Révész T, Lees AJ. Clinicopath-
ological investigation of vascular parkinsonism, including clinical
criteria for diagnosis. Mov Disord 2004;19:630–640.

19. Wardlaw JM, Smith C, Dichgans M. Small vessel disease:
mechanisms and clinical implications. Lancet Neurol 2019;18:
684–696.

20. Smith SM, Jenkinson M, Johansen-Berg H, et al. Tract-based spatial
statistics: voxelwise analysis of multi-subject diffusion data.
Neuroimage 2006;31:1487–1505.

21. Chahine LM, Dos Santos C, Fullard M, et al. Modifiable vascular
risk factors, white matter disease and cognition in early Parkinson’s
disease. Eur J Neurol 2019;26:246-e218

22. Aarsland D, Brønnick K, Larsen JP, Tysnes OB, Alves G. Cognitive
impairment in incident, untreated Parkinson disease: the Norwegian
ParkWest study. Neurology 2009;72:1121–1126.

23. Muslimovic D, Post B, Speelman JD, Schmand B. Cognitive profile
of patients with newly diagnosed Parkinson disease. Neurology
2005;65:1239–1245.

24. Kalia LV, Lang AE. Parkinson’s disease. Lancet 2015;386:896–912.

25. Piramide N, Agosta F, Sarasso E, Canu E, Volontè MA, Filippi M. Brain
activity during lower limb movements in Parkinson’s disease patients
with and without freezing of gait. J Neurol 2020;267:1116–1126.

26. Leocadi M, Canu E, Donzuso G et al. Longitudinal clinical, cognitive,
and neuroanatomical changes over 5 years in GBA-positive
Parkinson’s disease patients. J Neurol 2021. doi: 10.1007/s00415-
021-10713-4.

27. Agosta F, Sarasso E, Filippi M. Functional MRI in atypical Parkin-
sonisms. Int Rev Neurobiol 2018;142:149–173.

28. Sunwoo MK, Jeon S, Ham JH, et al. The burden of white matter
hyperintensities is a predictor of progressive mild cognitive impair-
ment in patients with Parkinson’s disease. Eur J Neurol 2014;21:
e922–e950.

29. Sachdev PS, Brodaty H, Valenzuela MJ, et al. The neuropsychologi-
cal profile of vascular cognitive impairment in stroke and TIA
patients. Neurology 2004;62:912–919.

30. Looi JC, Sachdev PS. Differentiation of vascular dementia from AD
on neuropsychological tests. Neurology 1999;53:670–678.

31. Chan LL, Ng KM, Yeoh CS, Rumpel H, Li HH, Tan EK. Putaminal
diffusivity correlates with disease progression in Parkinson’s disease:
prospective 6-year study. Medicine 2016;95:e2594

32. Promjunyakul NO, Dodge HH, Lahna D, et al. Baseline NAWM
structural integrity and CBF predict periventricular WMH expan-
sion over time. Neurology 2018;90:e2119–e2126.

33. Dadar M, Zeighami Y, Yau Y, et al. White matter hyperintensities
are linked to future cognitive decline in de novo Parkinson’s disease
patients. Neuroimage Clin 2018;20:892–900.

34. Hindle JV, Martyr A, Clare L. Cognitive reserve in Parkinson’s dis-
ease: a systematic review and meta-analysis. Parkinsonism Relat Dis-
ord 2014;20:1–7.

35. Marinus J, Zhu K, Marras C, Aarsland D, van Hilten JJ. Risk fac-
tors for non-motor symptoms in Parkinson’s disease. Lancet Neurol
2018;17:559–568.

36. Marras C, Rochon P, Lang AE. Predicting motor decline and dis-
ability in Parkinson disease: a systematic review. Arch Neurol 2002;
59:1724–1728.

37. Bohnen NI, Albin RL. White matter lesions in Parkinson disease.
Nat Rev Neurol 2011;7:229–236.

38. Compta Y, Buongiorno M, Bargall�o N, et al. White matter hyper-
intensities, cerebrospinal amyloid-β and dementia in Parkinson’s
disease. J Neurol Sci 2016;367:284–290.

39. Grimmer T, Faust M, Auer F, et al. White matter hyperintensities
predict amyloid increase in Alzheimer’s disease. Neurobiol Aging
2012;33:2766–2773.

Supporting Data

Additional Supporting Information may be found in
the online version of this article at the publisher’s
web-site.

324 Movement Disorders, Vol. 37, No. 2, 2022

S C A M A R C I A E T A L


	 Longitudinal White Matter Damage Evolution in Parkinson's Disease
	Methods
	Participants
	Clinical Evaluation
	Neuropsychological Evaluation
	MRI Analysis
	Statistical Analysis

	Results
	Demographic, Clinical, and Cognitive Data at Baseline
	MRI Measures at Baseline
	WMH Distribution
	Baseline Correlation Analysis
	Longitudinal Clinical, Neuropsychological, and MRI Findings
	Longitudinal Association Analysis
	Prediction Analysis

	Discussion
	Data Availability Statement

	References


