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ABSTRACT: BackgroundBackground: Patients with Parkinson’s disease (PD) present with a broad spectrum of nonmotor
features including autonomic disorders. More severe autonomic dysfunction in PD is associated with increased
cognitive deficits. The presence of cerebral small-vessel disease, measured by T2-weighted magnetic
resonance imaging white matter hyperintensity (WMH) burden, is also observed in patients with PD with faster
cognitive decline.
ObjectiveObjective: To investigate whether baseline orthostatic hypotension and autonomic dysfunction in early-stage
PD affect later cognitive decline via mediation through cerebral small-vessel disease.
MethodsMethods: De novo PD patients (N = 365) and age-matched controls (N = 174) with baseline T2-weighted/ fluid-
attenuated inversion recovery scans were selected from the Parkinson’s Progression Markers Initiative. WMHs
were automatically segmented. Mediation analysis was used to assess whether WMH load mediates the effect
of orthostatic hypotension and autonomic dysfunction (measured by Scales for Outcomes in Parkinson’s
Disease–Autonomic) on future cognitive decline (measured by Montreal Cognitive Assessment) in an average of
4 years of follow-up.
ResultsResults: Mediation analysis supported the existence of a full mediation of WMHs on the effect of diastolic
orthostatic hypotension in patients with PD and future cognitive decline (average causal mediation effect:
ab = −0.032, 95% confidence interval = −0.064 to −0.01, P = 0.01). There was also a partial mediation for overall
autonomic dysfunction (ab = −0.027, 95% confidence interval = −0.054 to 0.00, P = 0.02).
ConclusionsConclusions: WMHs fully mediate the effect of diastolic orthostatic hypotension and partially mediate the effect
of autonomic dysregulation on future cognitive decline in patients with PD. Our findings support the hypothesis
that autonomic dysfunction in early clinical stages predisposes the brain to WMHs through dysregulation of the
blood flow in the small vessels. This in turn increases the risk of future cognitive impairment in early PD.

In addition to motor impairment, Parkinson’s disease (PD) is
characterized as a clinical spectrum of cognitive, neuropsycholog-
ical, sleep, and a broad range of autonomic disorders including
orofacial, gastrointestinal, urinary, cardiovascular, thermoregula-
tory, respiratory, pupillomotor, and sexual dysfunctions.1

Dysautonomia has been found to manifest during the prodromal
stage of parkinsonism, years before phenoconversion to PD.2–4

The prevalence of autonomic features is associated with disease

duration and severity as well as some PD medications.5,6 More
severe autonomic dysfunction has also been shown to be associ-
ated with increased cognitive impairment.7–9

White matter hyperintensities (WMHs) are defined as areas of
increased signal observed on T2-weighted or fluid-attenuated
inversion recovery (FLAIR) magnetic resonance images. WMHs
mainly result from chronic diffuse subclinical ischemia (ie, a
restriction in blood supply to the brain tissue, creating oxygen
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and glucose shortage and consequently disturbing cellular metab-
olism) that primarily impacts periventricular regions but can
affect all regions of the brain.10,11 WMHs are commonly
observed in the elderly population as well as individuals with
Alzheimer’s disease (AD) and reflect demyelination and axonal
loss.11 The presence of WMHs can impact cognitive function of
otherwise healthy elderly individuals as well as patients with mild
cognitive impairment and dementia.12,13 The presence of
WMHs may confound diagnosis for treating physicians and
potentially hinder effective care for these patients.

In PD, WMHs have been associated with orthostatic hypo-
tension, that is, a drop in blood pressure when going from the
supine to upright position.9,14 This is the most common cardio-
vascular autonomic dysfunction in patients with PD.8,14 The
association between WMH burden and postural blood pressure
drop in patients with PD supports the vascular hypothesis that
recurrent hypotension might lead to cerebral hypoperfusion,
which might in turn cause anoxic damage to the vulnerable brain
areas and potentially lead to cognitive deficits.15 In addition to
the vascular insufficiency, degenerative processes associated with
aging and PD itself may also contribute to white matter
changes.14 Early WMHs have also been linked to cognitive defi-
cits and a later increased risk of dementia in PD.16–18

Here, using longitudinal data from a large multicenter cohort
of de novo PD patients and age-matched controls, we investigated
the relationship between autonomic dysfunction and WMH at
the time of diagnosis and future cognitive decline in PD. We also
examined the hypothesis that WMHs mediate the effects of auto-
nomic dysfunction on future cognitive decline in PD.

Methods
Patients
The Parkinson’s Progression Markers Initiative (PPMI) is a longi-
tudinal multicenter clinical study of de novo PD patients and
age-matched healthy controls (HC) (http://www.ppmi-info.
org).19 The study was approved by the institutional review board
of all participating sites, and written informed consent was
obtained from all participants before inclusion in the study. In
the present study, all PPMI subjects who had either FLAIR or
T2-weighted magnetic resonance images at their baseline
(enrolled within 7 months of the diagnosis) visit were included
(NPD = 365, NHC = 174).

Clinical Assessments
HC and PD participants underwent comprehensive clinical and
imaging assessments including Movement Disorders Society–Unified
Parkinson’s Disease Rating Scale20 as well as additional clinical tests
evaluating cognition, depression, anxiety, autonomic function, sleep,
and olfaction.19 The following are the clinical measures used:

(1) Montreal Cognitive Assessment (MoCA) measuring global
cognition, short-term memory recall (5 points), visuospatial

ability (4 points), executive function (4 points), attention and
working memory (6 points), language (5 points), and orientation
to time and place (6 points). MoCA assessments were performed
for all HC and PD subjects longitudinally (yearly follow-ups).
Higher scores indicate better cognitive performance. A cut-off
threshold of 26 (of 30) is generally used for detecting mild cogni-
tive impairment. Decline in MoCA score during follow-up visits
after an average of 4.09 ± 1.14 years was considered as the main
outcome variable in mediation analysis. Data from all available
timepoints were used to estimate the rate of change in MoCA
by performing a regression between the time from the baseline
visit and the change in MoCA scores (from baseline value) at
each timepoint. A total of 2587 of timepoints (a minimum of
3 timepoints, and a median of 5 timepoints per participant) were
used to estimate decline in MoCA scores.

(2) Scales for Outcomes in Parkinson’s Disease–Autonomic
(SCOPA-AUT) total score measuring global autonomic dysfunc-
tion and its subsections: orofacial (4 questions), gastrointestinal
(3 questions), urinary (6 questions), cardiovascular (3 questions),
thermoregulatory (4 questions), pupillomotor (1 question), and
sexual (3 questions for men, 2 for women) symptoms. Higher
scores indicate higher severity and frequency of symptoms of
autonomic dysfunction. Baseline SCOPA-AUT scores were used
to assess the relationship between autonomic dysfunction and
WMH loads. If the measurements were not obtained at the visit
when scanning was performed, the closest (in terms of time)
scores were used.

(3) Orthostatic blood pressure measurements: In PPMI, blood
pressure was measured in both supine and standing positions at
the first visit. Orthostatic changes in systolic and diastolic pres-
sures after standing from supine position were recorded for each
participant.

Image Processing
All T1-weighted, T2-weighted, and FLAIR images were
preprocessed in 3 steps: noise reduction, intensity nonuniformity
correction, and intensity normalization.21 Using a 6-parameter
rigid registration, T2-weighted and FLAIR images were linearly
coregistered to the T1-weighted images. The T1-weighted
images were first linearly22 and then nonlinearly registered to a
standard template of 152 healthy individuals (MNI-ICBM-
152).23 The WMHs were segmented using a previously validated
automatic multimodality segmentation technique.24,25 This tech-
nique combines a set of location and intensity features obtained
from a library of manually segmented scans with a random forest
classifier to detect the WMHs. The libraries used in this study
were obtained from the Alzheimer’s Disease Neuroimaging Ini-
tiative data set because the T2-weighted and FLAIR sequences
for the PPMI images follow the same acquisition protocol as the
Alzheimer’s Disease Neuroimaging Initiative. The quality of the
registrations and segmentations was visually assessed and cases that
did not pass this quality control were discarded (n = 43, mostly
the result of acquisition artifacts such as motion). WMH load
was defined as the volume of the voxels identified as WMH in
the standard space (in cm3) and are thus normalized for head size.
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All magnetic resonance imaging (MRI) processing, segmentation,
and quality control steps were blinded to clinical outcomes.

Statistical Analyses
Correlation analysis was used first to assess the relationships
between WMH load, orthostatic change in blood pressure, and
autonomic dysfunction, correcting for age, sex, and MRI modal-
ity (T2 or FLAIR) used for WMH segmentation. MoCA was
used to assess global cognitive decline. Mixed effects models
including age at baseline and time from baseline variables were
used to investigate whether and how much the total MoCA
score and its subdomains decline in the HC and patients with
PD. In a second step, mediation analysis was used to test the
hypothesis of whether vascular burden (as measured by WMH
load) mediates the effect of baseline orthostatic hypotension
(as measured by the drop in systolic or diastolic blood pressure
between supine and standing postures) and baseline global auto-
nomic dysfunction on the future rate of cognitive decline
(as measured by the rate of change per year in MoCA scores in
follow-up visits).26 A Sobel test27 was used to determine if the
relationship between the independent variables (orthostatic drops
in blood pressure and global autonomic dysfunction) and depen-
dent variable (cognition) has been significantly reduced after
inclusion of the mediator variable (WMH load). Specifically, if

WMH burden mediates much of the relationship between
orthostatic hypotension or autonomic dysfunction and future
cognitive decline, the relationship between orthostatic hypoten-
sion or autonomic dysfunction and future cognitive decline
would be reduced (partial mediation) or eliminated (full media-
tion) when the model accounts for the effect of WMH burden,
implying a causal relationship between the variables. Drop in sys-
tolic or diastolic blood pressure between supine and standing
postures was used as a measure of orthostatic hypotension. The
total SCOPA-AUT score at baseline was used as a measure of
global autonomic dysfunction, and the slope of change in MoCA
was used as the rate of cognitive decline. The mediation analysis
was performed using R Mediation package version 4.4.6 (freely
available via the Comprehensive R Archive Network at https://
cran.r-project.org/package=mediation).28 All values were nor-
malized prior to mediation analysis. A 95% bootstrap confidence
interval based on 10,000 bootstrap samples was used to estimate
significance. Mediation analysis was performed separately for the
HC and patients with PD.

Results
Table 1 summarizes the demographics and clinical characteristics
of the HC and PD subjects used in this study.

TABLE 1. Descriptive statistics for the PPMI subjects enrolled in this study

Measure Control De Novo PD P Value

Participants (NTotal) 174 365 –
Female, n (%) 57 (33) 114 (32) –
T1-weighted and FLAIR scans, NBaseline, n (%) 79 (45) 167 (46) –
T1-weighted and T2-weighted scans, NBaseline, n (%) 95 (55) 198 (54) –
Age at baseline, y, mean � SD 60.07 � 11.34 60.51 � 9.86 0.414
Education, y 16.23 � 2.81 15.66 � 3.08 0.039
MoCA at baseline, mean � SD 28.25 � 1.12 27.24 � 2.22 <0.0001
SCOPATotal at baseline, mean � SD 5.81 � 3.77 9.29 � 6.03 <0.0001
SCOPAOrofacial at baseline, mean � SD 0.31 � 0.61 1.01 � 1.27 <0.0001
SCOPAGastrointenstinal at baseline, mean � SD 0.34 � 0.67 1.05 � 1.28 <0.0001
SCOPAUrinary at baseline, mean � SD 3.07 � 2.20 4.18 � 2.99 <0.0001
SCOPACardiovascular at baseline, mean � SD 0.60 � 0.95 0.87 � 1.21 0.012
SCOPAThermoregulatory at baseline, mean � SD 0.49 � 0.74 0.73 � 0.91 0.004
SCOPAPupillomotor at baseline, mean � SD 0.29 � 0.54 0.42 � 0.65 0.039
SCOPASexual dysfunction at baseline, mean � SD 0.71 � 1.30 1.02 � 1.54 0.026
UPDRS III at baseline, mean � SD 1.17 � 2.32 20.69 � 8.91 <0.0001
Depression Scale at baseline, mean � SD 5.14 � 1.43 5.21 � 1.37 0.55
State-Train Anxiety Inventory at baseline, mean � SD 94.21 � 7.17 93.55 � 8.11 0.38
WMH load at baseline, cm3, mean � SD 7.66 � 10.38 6.93 � 8.03 0.196
Supine systolic blood pressure, mm Hg, mean � SD 132.01 � 16.50 131.17 � 15.65 0.58
Standing systolic blood pressure, mm Hg, mean � SD 129.35 � 17.71 126.34 � 16.7 0.07
Supine diastolic blood pressure, mm Hg, mean � SD 78.30 � 9.10 77.88 � 9.60 0.65
Standing diastolic blood pressure, mm Hg, mean � SD 80.42 � 10.04 78.88 � 10.57 0.13
BMI, kg/m2, mean � SD 27.37 � 4.77 27.01 � 4.38 0.415
Excessive stroke risk factors, yes/no 4/109 15/299 0.760
Hypertension, yes/no 43/116 95/239 0.83
Hypercholesterolemia, yes/no 19/140 26/308 0.18
Hyperlipidemia, yes/no 17/142 29/305 0.58
Diabetes, yes/no 8/151 16/318 0.91

Significant differences are displayed in bold. Data are number of participants in each category (N), percentage of the total population (%), and
mean � SD of key variables.
PPMI, Parkinson’s Progression Marker Initiative; PD, Parkinson’s disease; FLAIR, fluid attenuated inversion recovery; SD, standard deviation;
MoCA, Montreal Cognitive Assessment; SCOPA-AUT, Scales for Outcomes in Parkinson’s Disease–Autonomic; WMH, white matter
hyperintensity; UPDRS III, Unified Parkinson’s Disease Rating Scale–Motor.
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WMH load was significantly correlated with age in both the
HC (moderate correlation, r = 0.474, P < 0.0001) and PD (mod-
erate correlation, r = 0.455, P < 0.0001) cohorts, after correcting
for sex and segmentation modality. Of 365 patients with PD,
25 had a pathological level of decrease in systolic blood pressure
(>20 mm Hg), and 13 had a pathological level of decrease in dia-
stolic blood pressure (>10 mm Hg). No control subjects had path-
ological levels of drop in either systolic or diastolic blood pressure.
Controlling for overall blood pressure, age, sex, and segmentation
modality, WMH load was significantly associated with orthostatic
drop in diastolic blood pressure in the PD cohort (weak correla-
tion, r = 0.12, P = 0.02), but not for systolic blood pressure (no
correlation, r = 0.03, P = 0.57). There was no relationship
between diastolic or systolic blood pressure drop and WMH load
in the HC (no correlation, P > 0.23). In addition, controlling for
age, sex, and segmentation modality, there was a significant corre-
lation between body temperature and WMH load in the patients
with PD (weak correlation, r = −0.15, P = 0.004), but not in HC
(no correlation, r = 0.0379, P = 0.6235).

Table S1 summarizes the information on the use of cardiovas-
cular medications. There was no significant difference between
the HC and patients with PD in medication usage. Both the HC
and patients with PD who were on cardiovascular prophylaxis
medications had significantly lower WMH burden (P < 0.01). In

addition, patients with PD who were taking cholesterol-
lowering medications had significantly lower WMH loads
(P = 0.03). Including these medications as covariates in the cor-
relation analyses between WMH load and orthostatic hypoten-
sion measures did not change the results. When controlling for
age, sex, segmentation modality, and use of cardiovascular medi-
cations, there was no significant relationship between BMI, risk
of stroke, hypertension, hypercholesterolemia, hyperlipidemia,
diabetes, or WMH burden in either HC or patients with PD.

In both the HC and PD groups, MoCA scores decreased sig-
nificantly with age at baseline (tControl = −5.06, tPD = −6.97,
P < 0.00001) and time from the baseline visit (tControl = −2.99,
tPD = −4.70, P < 0.001), equivalent to a yearly drop of 0.096
and 0.144 in MoCA scores for the HC and patients with PD,
respectively. Table 2 shows the decline in MoCA subdomains
for the HC and PD groups.

Autonomic Symptoms
The HC and PD cohorts were significantly different in all
SCOPA-AUT subscores (ranging from P < 0.0001 to P < 0.04;
Table 1). Correcting for age, sex, segmentation sequence, and
cardiovascular medications, WMH load was correlated with the
cardiovascular subdomain in the PD cohort (weak correlation,

TABLE 2. Decline in MoCA and its subdomains for controls and patients with PD

Control PD

Domain Age at Baseline Time from Baseline Yearly Drop Age at Baseline Time from Baseline Yearly Drop

Orientation −0.92 −2.06 0.008 −3.58*** −4.77*** 0.027
Executive/visuospatial −3.62** −2.28 0.030 −4.81*** −5.78*** 0.063
Naming −2.44* −0.96 0.003 −2.76* −1.37 0.005
Attention −1.48 −1.35 0.014 −2.78* −5.14*** 0.046
Language −1.49 −2.57* 0.020 −2.76* −3.26** 0.022
Abstraction 01.42 −0.21 0.001 −1.76 −1.58 0.008
Delayed recall −4.40*** −0.74 0.016 −6.95*** −0.87 0.015
Total −5.06*** −2.99** 0.096 −6.97*** −4.70*** 0.144

Reported results are the t statistics from the mixed effects model: Score � 1 + Age at Baseline + Time from Baseline + (1|ID) as well as the esti-
mated average yearly drop in each score for each group.
*P < 0.01.
**P < 0.001.
***P < 0.0001.
MoCA, Montreal Cognitive Assessment Score; PD, Parkinson’s disease.

TABLE 3. Correlation results of WMH load and MoCA slope with SCOPA-AUT subscores, controlling for age, sex, and
segmentation sequence

WMH load MoCA slope

Score HC Cohort PD Cohort HC Cohort PD Cohort

Orofacial −0.014, P = 0.865 0.052, P = 0.348 −0.121, P = 0.071 −0.142, P = 0.006
Gastrointestinal 0.030, P = 0.292 0.076, P = 0.172 0.005, P = 0.941 −0.143, P = 0.006
Urinary −0.092, P = 0.258 0.046, P = 0.411 −0.074, P = 0.375 −0.045, P = 0.234
Cardiovascular −0.071, P= 0.384 0.148, P = 0.007 0.011, P = 0.312 −0.094, P = 0.049
Thermoregulatory 0.025, P = 0.760 −0.004, P = 0.946 −0.021, P = 0.796 −0.099, P = 0.040
Pupillomotor 0.039, P = 0.639 0.005, P = 0.932 −0.225, P = 0.007 −0.189, P = 0.0004
Sexual dysfunction 0.018, P = 0.824 0.022, P = 0.655 −0.126, P = 0.073 0.013, P = 0.824

Significant results after multiple comparison correction (false discovery rate) are shown in bold.
WMH, white matter hyperintensity; MoCA, Montreal Cognitive Assessment; SCOPA-AUT, Scales for Outcomes in Parkinson’s Disease–
Autonomic; HC, healthy control; PD, Parkinson’s disease.
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r = 0.148, P = 0.007). There was no significant relationship
between SCOPA-AUT subscores and WMH load in the HC
cohort (Table 3). Correcting for age, sex, segmentation modality,
and cardiovascular medications, the annualized MoCA slope was
significantly correlated with orofacial, gastrointestinal, cardiovas-
cular, thermoregulatory, and pupillomotor subscores in the PD
cohort, and with pupillomotor and sexual subscores in the HC
cohort, reflecting significant cognitive decline in individuals with
higher (worse) SCOPA-AUT subscores (Table 3).

Dysautonomia, WMHs, and
Cognitive Decline
Linear regression analysis showed a significant effect of WMH
load and total SCOPA-AUT score on the slope of changes in

MoCA score (during 4.09 ± 1.14 years of follow-up) in the PD
cohort (P = 0.02), but not in the HC cohort (Table 4).

Mediation analysis supported the existence of a full media-
tion (ie, a direct effect of diastolic orthostatic hypotension on
the rate of cognitive decline via WMH loads) in patients with
PD (average causal mediation effect: ab = −0.032, 95% confi-
dence interval [CI] = −0.064 to −0.01, P = 0.01; average
direct effect: C0 = −0.08, 95% CI = −0.18 to 0.01, P = 0.08;
proportion mediated = 0.281, 95% CI = 0.04–1.09, P = 0.03).
Because there was no significant relationship between ortho-
static hypotension and cognitive decline in the HC (ie, no
direct effect), there was also no mediation effect in the HC
(P = 0.14). Figure 1 summarizes the results of the mediation
analysis for the PD cohort. Including cardiovascular medica-
tions as covariates in the mediation analysis did not change the
results.

TABLE 4. Linear regression analysis assessing the relationship between the slope of changes in MoCA score after baseline
visit and baseline WMH and SCOPA-AUT scores, controlling for age, sex, and segmentation sequence

Cohort

HC PD

Measure Estimate P-Value Estimate P-Value

Intercept 0.046 0.764 0.027 0.812
Age −0.239 0.014 −0.211 0.0006
Sex 0.314 0.060 −0.186 0.114
Modality −0.248 0.128 0.003 0.976
WMH load −0.006 0.947 −0.146 0.019
SCOPA 0.094 0.221 −0.124 0.026

Model: MoCA slope � WMH load + SCOPA + Age + Sex + Sequence + Cardiovascular Medications. Significant associations are displayed
in bold.
MoCA, Montreal Cognitive Assessment; WMH, white matter hyperintensity; SCOPA-AUT, Scales for Outcomes in Parkinson’s Disease–
Autonomic; HC, healthy control; PD, Parkinson’s disease.

FIG. 1. Mediation effect of WMH loads in the relationship between diastolic orthostatic hypotension (mm hg) and future cognitive decline.
Path C shows the total effect of diastolic orthostatic hypotension associated with future cognitive decline as measured by the MoCA
slope, and path C0 shows the same path after taking the WMH load into account as a mediator. Asterisks indicate significant paths
(P < 0.05). MoCA, Montreal Cognitive Assessment Score; WMH, white matter hyperintensity.
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Regarding the global dysautonomia, mediation analysis
supported the existence of a partial mediation (ie, an indirect
effect of autonomic dysfunction on the rate of cognitive decline
via WMH loads) in patients with PD (average causal mediation
effect: ab = −0.027, 95% CI = −0.054 to 0.00, P = 0.02; aver-
age direct effect: C0 = −0.167, 95% CI = −0.26 to −0.06,
P = 0.001; proportion mediated = 0.139, 95% CI = 0.022–0.36,
P = 0.02), but not in the HC (average causal mediation effect:
ab = −0.005, 95% CI = −0.032 to 0.03, P = 0.77; average direct
effect: C0 = −0.19, 95% CI = −0.36 to −0.04, P = 0.014; pro-
portion mediated = 0.029, 95% CI = −0.18 to 0.23, P = 0.77).
Figure 2 summarizes the results of the mediation analysis for the
PD cohort. Including cardiovascular medications as covariates in
the mediation analysis did not change the results.

Discussion
Our findings demonstrate that WMH load (1) fully mediates the
effect of diastolic orthostatic hypotension on future cognitive
decline (for 4 years) and (2) partially mediates the effect of global
autonomic dysfunction on future cognitive decline in patients
with PD, but not in the HC. Direction of the mediation reveals
that patients with PD with higher burden of dysautonomia or
more severe orthostatic hypotention at the early stage present
with greater WMH burden that later results in more rapid cogni-
tive decline. The PPMI cohort comprises patients with PD who
are at the early drug-naïve stage at enrollment, ensuring that the
findings of this study are not influenced by treatment effects or
disease duration. In other words, we speculate that dysautonomia

(which may have started during the prodromal stage, ie, poten-
tially years prior to diagnosis of PD) predisposes the brain to sub-
tle injuries (ie, demyelination and axonal loss), which in turn
result in some cognitive impairment, even in the early PD stage.
This is line with previous evidence estimating the onset of auto-
nomic dysfunction as early as 11 to 20 years prior to diagnosis of
PD,2,29 years before subtle cognitive deficits become apparent.

Our findings are also in line with previous studies. Similar to
previous studies,14 we did not find significant associations
between WMH burden in patients with PD and the presence of
cerebrovascular risk factors, suggesting that other nonvascular
factors might contribute to the white matter damage
(as reflected by WMHs) in patients with PD. A retrospective
cross-sectional study has recently shown that neurogenic ortho-
static hypotension correlates with the severity of WMHs in
PD.30 It has also been proposed to subtype individuals with
simultaneous autonomic dysfunction, cognitive deficit, and rapid
eye movement sleep behavior disorder as “diffuse malignant”
PD from early stages, further emphasizing the association
between dysautonomia and cognitive impairment in PD.31,32

In the context of AD, accumulating evidence supports the
hypothesis that an autonomic vascular event manifesting with
variability in blood pressure during middle age associates with
impaired cognition and functional decline in older ages.33,34 A
multifactorial data-driven analysis has also demonstrated that
vascular dysregulation plays an important role in initiating the
pathological cascade of cognitive impairment in AD.35 This
suggests that dysautonomia, through dysregulation of cerebral
blood flow, might also lead to WMHs that over time induce
cognitive decline in PD, similar to the chain of events that
occur in AD.

FIG. 2. Mediation effect of WMH loads in the relationship between total SCOPA-AUT score and future cognitive decline. Path C shows the
total effect of SCOPA-AUT associated with future cognitive decline as measured by the MoCA slope, and path C0 shows the same path
after taking the WMH load into account as a mediator. Asterisks indicate significant paths (P < 0.05). MoCA, Montreal Cognitive
Assessment Score; SCOPA-AUT, Scales for Outcomes in Parkinson’s Disease–Autonomic; WMH, white matter hyperintensity.
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The image processing and WMH segmentation pipelines that
have been used in this study were specifically designed to process
data from multicenter studies, that is, they are able to deal with
biases attributed to the differences in acquisition parameters
across acquisition sites and have previously been applied to other
multisite projects.25,36–39 The robust WMH segmentation pipe-
line has been developed using data from multiple scanners with
different acquisition parameters to ensure intersite and inter-
scanner generalizability.25

We acknowledge there are limitations to the present study.
First, although their differences were accounted for, the segmen-
tations were based on either T2-weighted or FLAIR images, of
which the latter has the better contrast for detecting WMHs.
Second, participants had T2-weighted and FLAIR scans only at
their baseline visit; therefore, we were only able to investigate
the impact of baseline orthostatic hypotension and autonomic
dysfunction on baseline WMH burden. Future studies with lon-
gitudinal clinical and MRI assessments are necessary to further
establish the longitudinal impact and interplay of orthostatic
hypotension, autonomic dysfunction, WMHs, and cognition.
Also, the population under study included only recently diag-
nosed de novo patients, which limited our ability in investigating
WMH changes during the earlier prodromal stage or in the later
stages of disease progression when the majority of patients with
PD develop dementia. Longer follow-ups might further increase
the observed differences. Furthermore, clinical trials are
warranted to investigate whether targeting dysautonomia in the
prodromal or early stages can slow down or postpone cognitive
decline in PD.

Controlling for overall blood pressure, age, sex, and segmen-
tation modality, WMH load, and cognitive decline were signifi-
cantly associated with orthostatic drop in diastolic blood pressure
in the PD cohort, but not systolic blood pressure. This is in line
with previous studies reporting a greater impact of diastolic
orthostatic hypotension on WMH severity than systolic ortho-
static hypotension.14 Orthostatic hypotension leads to recurrent
blood pressure drops, which could consequently result in cerebral
hypoperfusion and neurocirculatory failures. Although systolic
orthostatic hypotension is generally thought to be more closely
related to cerebral hypoperfusion and orthostatic hypotension
symptoms, and some studies in patients with multiple system
atrophy report an impact of systolic blood pressure changes dur-
ing orthostasis and WMHs,40,41 our results and another similar
study did not show this relationship in PD.41 Further studies
with a prospective design and more comprehensive and longitu-
dinal measures are warranted to disentangle these relationships.

WMH load in different lobes as well as periventricular and
deep WMHs are generally highly correlated with the overall
WMH load (rFrontal = 0.96, rParietal = 0.91, rTemporal = 0.85,
rOccipital = 0.74, rPeriventricularWMHs = 0.97, rDeepWMHs = 0.92, all
P < 0.00001), and to avoid increasing the number of assessments
performed, we used total WMH load as the overall measure of
WMH burden. We also observed similar relationships between
regional WMHs, orthostatic hypotension, and cognitive decline.

MoCA score was used as a measure of global cognition.
MoCA has been previously validated as a sensitive measure for

detecting and monitoring cognitive change over time42 in gen-
eral and MCI or dementia in PD specifically.43 An important
follow-up question would be to assess which specific cognitive
domains are more affected in PD. However, controlling for age
and sex, we did not find any direct effect of either orthostatic
hypotension or SCOPA-AUT on any of the other cognitive
tasks acquired within the PPMI study (ie, the Hopkins Verbal
Learning Test Revised, Benton Judgment of Line Orientation,
Letter Number Sequencing, and Symbol Digit Modalities Test),
which is a necessary condition before performing a mediation
analysis. Further studies in patients with more advanced PD are
required to establish whether such associations occur in later
stages of the disease.

To ensure that other factors that might affect cognitive perfor-
mance such as education level, motor performance, depression,
and anxiety did not impact the findings, all the analyses were
repeated including years of education, Unified Parkinson’s Dis-
ease Rating Scale–Motor, Geriatric Depression Scale, and State–
Trait Anxiety scores as covariates. As expected, a decline in
global cognition was associated with education (P = 0.01) and
Unified Parkinson’s Disease Rating Scale–Motor (P = 0.01);
however, other associations with WMH burden, orthostatic
hypotension, and autonomic function remained similar. Another
potential confounding factor might be PD medication. How-
ever, previous studies have found no significant difference
between patients with PD on PD medications and patients with
PD off medications in MoCA and several other cognitive tasks.44

Similarly, we found no relationship between MoCA and medi-
cation dosage in patients with PD.

Understanding the temporal and causal relationships between
dysautonomia, WMHs, and cognitive decline might elucidate
some of the underlying mechanisms of these important non-
motor symptoms in PD. Our results suggest that dysautonomia
and orthostatic hypotension (particularly in diastolic blood pres-
sure), even at the early unmedicated stages of the disease, might
predispose the brain to subtle white matter injuries that in turn
result in increased cognitive impairment. In clinical practice, the
screening and management of orthostatic hypotension in patients
with PD should be considered as early as possible for both future
prognostication and to potentially slow down cognitive impair-
ment with timely interventions (after approval by future clinical
trials).■
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