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Abstract.
Background: Investigation of sex-related motor and non-motor differences and biological markers in Parkinson’s disease
(PD) may improve precision medicine approach.
Objective: To examine sex-related longitudinal changes in motor and non-motor features and biologic biomarkers in early
PD.
Methods: We compared 5-year longitudinal changes in de novo, untreated PD men and women (at baseline N = 423; 65.5%
male) of the Parkinson’s Progression Markers Initiative (PPMI), assessing motor and non-motor manifestations of disease;
and biologic measures in cerebrospinal fluid (CSF) and dopamine transporter deficit on DaTscanTM uptake.
Results: Men experienced greater longitudinal decline in self-reported motor (p < 0.001) and non-motor (p = 0.009) aspects
of experiences of daily living, such that men had a yearly increase in MDS-UPDRS part II by a multiplicative factor of 1.27
compared to women at 0.7, while men had a yearly increase in MDS-UPDRS part I by a multiplicative factor of 0.98, compared
to women at 0.67. Compared to women, men had more longitudinal progression in clinician-assessed motor features in the
ON medication state (p = 0.010) and required higher dopaminergic medication dosages over time (p = 0.014). Time to reach
specific disease milestones and longitudinal changes in CSF biomarkers and DaTscanTM uptake were not different by sex.
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Conclusion: Men showed higher self-assessed motor and non-motor burden of disease, with possible contributions from
suboptimal dopaminergic therapeutic response in men. However, motor features of disease evaluated with clinician-based
scales in the OFF medication state, as well as biological biomarkers do not show specific sex-related progression patterns.
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INTRODUCTION

Sex as a pivotal variable in biomedical research
and sex differences are acknowledged as important
determinants of the clinical and therapeutic man-
agement of neurodegenerative diseases [1, 2]. In
Parkinson’s disease (PD), a thorough investigation
of sex-related motor and non-motor differences and
biological markers beginning at the earliest stages
may support the stratification of patients for diag-
nosis, treatment, and prevention in the context of a
multifactorial precision medicine approach [3].

Available evidence on motor symptoms suggests
later disease onset and higher prevalence of tremor-
dominant phenotype in women, supporting a more
benign female phenotype in the early stages, possibly
due to the effect of estrogens [4–8]. However, as PD
progresses, women display greater risk of develop-
ing disabling levodopa-related complications, such as
motor fluctuations and dyskinesia [9–12]. Notwith-
standing, women are less likely to receive effective
treatments for motor fluctuations such as deep brain
stimulation (DBS), possibly in part due to differ-
ent healthcare seeking and provider behaviors and
weaker social support demonstrated for women with
PD [13–15]. Taken together, these findings challenge
the classic definition of a more benign phenotype in
women and suggest that additional study is needed
[16].

Investigations of sex-related differences in non-
motor symptoms in PD suggest that women are more
likely to experience mood symptoms such as anxi-
ety, apathy, and sadness, as well as fatigue, pain, and
non-motor fluctuations [11, 17–19]. In contrast, men
may be more likely to experience excessive daytime
sleepiness, cognitive dysfunction and decline, sexual
and urinary complaints, impulse control disorders,
and olfactory impairment [12, 19–22]. Longitudi-
nally, men report more non-motor symptoms over
time [23]. Specific to cognition, many studies find
that woman perform better in measures of global cog-
nition, memory, executive function, and language,
while men exhibit better performance in visuospatial
function [19, 24]. Overall, men appear to be at higher

risk of developing dementia, with male sex emerging
as a longitudinal risk factor for dementia in PD [12,
25, 26].

While several studies have addressed sex-related
differences in motor and non-motor symptoms of PD,
scant data are available investigating the impact of
sex on longitudinal changes of cerebrospinal fluid
(CSF) markers or dopamine transporter deficit on
123I ioflupane imaging (DaTscanTM) uptake [4, 27,
28]. Biological markers of disease provide additional
insight into potential sex differences in the patho-
physiology of PD.

Unfortunately, due to the epidemiological higher
prevalence of PD in men, available data on motor
and non-motor features as well as biological markers
in the early stage of disease is largely driven by men
[29]. Furthermore, the majority of studies are cross-
sectional, single-center involving small sample sizes
[3, 16]. As a result, available evidence on the topic
is inconclusive. To date, only limited longitudinal
data are available exploring sex-related progression
of motor and non-motor impairment and CSF mark-
ers and DaTscanTM uptake in large samples of de
novo, untreated PD patients.

Taking advantage of the longitudinal data of the
Parkinson’s Progression Markers Initiative (PPMI),
the present analysis aims to describe sex-related 5-
year longitudinal changes in 1) motor features and
motor aspects of experiences of daily living, 2)
non-motor symptoms, and 3) biologic measures as
CSF biomarkers and dopamine transporter deficit on
DaTscanTM uptake in de novo, untreated PD patients.

METHODS

Study population

Data used in the preparation of this article were
obtained from the PPMI database (ppmi-info.org/
data). PPMI is an observational, inter-national, mul-
ticenter investigation of clinical, biological, and
neuroimaging markers of PD progression [30]. For
up-to-date information on the study, visit ppmi-
info.org. Briefly, newly diagnosed, untreated PD
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patients (n = 423) and age- and sex-matched healthy
controls (n = 196) were included in the study. For
PD, enrollment required at least two of three car-
dinal signs of disease (bradykinesia, rigidity, and/or
rest tremor), diagnosis within two years of enroll-
ment, no dopaminergic treatment for PD for at least
60 days prior to enrollment, absence of dementia per
site investigator’s clinical assessment, and dopamine
transporter deficit on DaTscanTM. PD participants
were excluded for medical conditions precluding
study participation, atypical or secondary parkinson-
ism, dopaminergic therapy for more than 60 days, or
clinically significant MRI abnormality. The current
analyses included baseline and longitudinal data up
to 5-year follow up collected as of May 31, 2019 and
available from the PPMI database (ppmi-info.org).

Standard protocol approvals, registrations, and
patient consents

Approval was received from the ethical standards
committee on human experimentation for all exper-
iments with human participants. Written informed
consent was obtained from all study participants
(consent for research). The study is registered in clin-
icaltrials.gov as NCT01141023.

Clinical assessment measures

The assessment measures administered to enrolled
participants are described in detail on the PPMI
website. In brief, assessments included the Move-
ment Disorder Society–Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS) parts I to IV. Once
PD participants started dopaminergic treatment,
defined as levodopa and/or dopamine agonists, the
MDS-UPDRS part III was assessed in both OFF
medications state (i.e., more than 6 h post–last
dose) and ON state (i.e., approximately an hour
after treatment). Participants treated with other PD
medications (non-dopaminergic therapies such as
monoamine oxidase inhibitors and/or anticholiner-
gics and amantadine) were examined only in the ON
state. Stage of disease was evaluated with the Hoehn
and Yahr scale (H&Y) and activities of daily living
with the modified Schwab and England (S&E).
Based on previously described algorithms, patients
were classified as belonging to either tremor domi-
nant (TD) or non-TD (including Postural Instability
and Gait Disorders and Indeterminate) phenotypes
[31]. Additional assessments included the University
of Pennsylvania Smell Identification Test (UPSIT)
(administered at baseline only), Scales for Outcomes

in Parkinson’s Disease-Autonomic (SCOPA-AUT),
Geriatric Depression Scale (GDS), State-Trait Anx-
iety Inventory (STAI), Questionnaire for Impulsive-
Compulsive Disorder in Parkinson’s disease (QUIP),
REM sleep behavior disorder screening question-
naire (RBDSQ), and the Epworth Sleepiness Scale
(ESS). Cognitive assessment included the Montreal
Cognitive Assessment (MoCA), Hopkins Verbal
Learning Task (HVLT), Benton Judgement of
Line Orientation, Symbol Digit Modalities test,
Letter Number Sequencing, and semantic fluency.
Additional variables considered for these analyses
included weight (kg), body mass index (BMI) and
the vascular risk factor score (VRFS). VRFS was
generated based on the modified Framingham Risk
Score accounting for age, sex, self-reported hyper-
tension and diabetes, BMI, measured blood pressure,
and smoking history as previously described [32].

At baseline, all PD patients were untreated.
Once participants started dopaminergic treatment,
daily therapy was reported as cumulative lev-
odopa equivalent dose (LED) as well as LED by
dopamine-agonists agents (LED-DA) [33]. Medica-
tion reconciliation was performed at each visit for
all participants and categorized by class as appro-
priate, including anti-depressants, medications for
cognition, anxiolytics, and antipsychotics.

For a more comprehensive evaluation of motor-
related disease progression, time to reach the
following clinical milestones was considered: 1)
start of any anti-parkinsonian therapy (including lev-
odopa, dopamine-agonist and monoamine oxidase
inhibitors); 2) onset of motor complications (defined
as MDS-UPDRS part IV > 0); 3) onset of dyskine-
sias (defined as MDS-UPDRS item 4.1 or 4.2 > 0);
4) onset of motor fluctuations (defined as MDS-
UPDRS item 4.3, 4.4 or 4.5 > 0); 5) initiation of
any device-aided treatment for PD (i.e., DBS or lev-
odopa/carbidopa intestinal gel).

Dopamine SPECT imaging

Participants were also evaluated with DaTscanTM

at screening and years 1, 2, and 4 to assess the
degree of presynaptic dopa-minergic dysfunction,
analyzed as per the imaging technical operations
manual (www.ppmi-info.org).

Biological samples

Biological samples included CSF biomarkers
(�-amyloid1–42 (A�1–42), total tau (T-tau), phos-
phorylated tau (P-tau181) and unphosphorylated total

www.ppmi-info.org
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�-synuclein (�-syn). The details of sample collec-
tion, processing and biomarker analyses have been
reported elsewhere. These measures are available
only for baseline and years 1, 2, and 3.

Statistical analysis

Data were examined for motor function, non-
motor symptoms, cognition, CSF biomarkers, and
DatScan response variables from baseline to year
5 using summary statistics. Two sample t-tests and
Chi-square tests were used for continuous and cat-
egorical variables respectively to compare baseline
characteristics between men and women. General-
ized linear models were applied to evaluate whether
the longitudinal trajectory of mean response vari-
ables differs between genders under the assumption
that a link function of each mean response changes
linearly over time. Specifically, gender, time, and
these interactions were included in generalized lin-
ear models while adjusting for significant baseline
characteristics (side most affected, VRFS, and BMI
obtained from the two-sample t-test at a nominal level
of 0.05). As appropriate, models were also adjusted
for LED. An identity link and logit link were chosen
for continuous response variable and binary response
variable, respectively. Generalized estimating equa-
tions under the auto regression working correlation
structure were applied to fit generalized linear models
to data and Wald tests were used to assess if the inter-
action term between gender and time in generalized
linear models was statistically significant. Significant
gender effects from the same generalized linear mod-
els for non-motor symptoms were also provided when
the interaction term was not significant. Due to skew-
ness of CSF biomarker variables, each biomarker
was ranked prior to employing the generalized lin-
ear models. Multiple hypotheses are being tested at
once which increases the probability of committing
false statistical inferences, namely Type I error. To
account for inflation of Type I error rate, a Bonferroni
corrected p-value (0.05 divided by the total number
of comparisons provided for each table) was used for
each group of outcomes, i.e., 0.05/8 = 0.006 for motor
symptoms, 0.05/9 = 0.006 for non-motor symptoms,
0.05/9 = 0.006 for cognitive testing, 0.05/7 = 0.007
for CSF Biomarkers, 0.05/5 = 0.01 for DatScan out-
comes, and 0.05/5 = 0.01 for time to event outcomes.
Although the Bonferroni method is very conserva-
tive, it was selected for simplicity. Since this analysis
is purely observational, interpretation of significant
p-values prior to the Bonferroni adjustments are

provided and may provide some clinically meaning-
ful insight. Counts, percent, gender effect p-values,
Cox Proportional Hazard Ratios as well as Kaplan
Meier curves were provided for time to event
analyses.

Data availability statement
Any data not published within the article is avail-

able at ppmi-info.org/data.

RESULTS

Demographic features at baseline of the 423 par-
ticipants stratified by sex (65.4% men) are shown
in Table 1. There were no significant differences
between men and women in terms of age, educa-
tion, ethnicity, race, family history of PD, duration of
PD, age at time of PD diagnosis, or ApoE4 genotype.
Compared to men, women had significantly lower
weight, BMI, and VRFS (all p < 0.001), while men
were more likely to have the right side as the most
affected (p = 0.017). Thus, all the subsequent analyses
are adjusted for baseline VRFS, side most affected,
and BMI.

Motor symptoms

The 5-year longitudinal data on clinical measures
according to sex are shown in Table 2. MDS-UPDRS
part III ON assessment increased over time in men
(i.e., for every year increase, the mean MDS-UPDRS
part III ON score increased by a multiplicative fac-
tor of 1.81 in men, compared to 1.03 in women,
p = 0.010) (Fig. 1A). However, after adjusting for
multiple comparisons, the time and sex interaction
p-value is no longer significant. MDS-UPDRS part
III (Motor Examination) OFF assessment signifi-
cantly increased over time in both sexes (p < 0.001).
Similarly, MDS-UPDRS part II (Motor Aspects of
Experiences of Daily Living) increased over time
in both men and women, with men experiencing a
larger increase (i.e., for every year increase, the mean
MDS-UPDRS part II increases by a multiplicative
factor of 1.27 in men, compared to 0.70 in women,
p < 0.001) (Fig. 1B). The odds of experiencing H&Y
stages 3–5 (p < 0.001), TD classification (p = 0.038),
and the mean S&E (p < 0.001) increase over time,
with no significant sex interaction. After adjusting
for multiple comparisons, TD/non-TD classification
was no longer significant. Both LED and LED-DA
(each adjusted for age and BMI) increased over time,
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Table 1
Demographic and clinical features at baseline

Parkinson’s Disease Healthy Control

Variable Men Women p Men Women p
(N = 277) (N = 146) (N = 126) (N = 70)

Age (y)
Mean (SD) 62.2 (9.7) 60.7 (9.6) 61.6 (10.9) 59.4 (11.7)
Min–Max 34.8–84.9 33.5–81.8 30.6–82.7 31.0–83.7
Missing 0 0 0.142 0 0 0.180

Education∗
< 13 y 46 (17%) 29 (20%) 15 (12%) 14 (20%)
13–23 y 229 (83%) 116 (79%) 110 (87%) 56 (80%)
> 23 y 2 (1%) 1 (1%) 1 (1%) 0 (0%)
Missing 0 0 0.404 0 0 0.126

Ethnicity
Hispanic/Latino 6 (2%) 3 (2%) 1 (1%) 2 (3%)
Not Hispanic/Latino 271 (98%) 143 (98%) 125 (99%) 68 (97%)
Missing 0 0 1.0 0 0 0.291

Race∗
White 259 (94%) 132 (90%) 118 (94%) 64 (91%)
Black/African-American 3 (1%) 3 (2%) 6 (5%) 3 (4%)
Asian 5 (2%) 3 (2%) 0 (0%) 1 (1%)
Other 10 (4%) 8 (5%) 2 (2%) 2 (3%0
Missing 0 0 0.253 0 0 0.563

Family history of PD
Yes 72 (26%) 31 (21) 8 (6%) 2 (3%)
No 205 (74%) 114 (79) 118 (84%) 68 (97%)
Missing 0 1 0.295 0 0 0.500

Duration of disease (months)
Mean (SD) 6.4 (5.9) 7.1 (7.4) N/A N/A
Min–Max 0.4–34.8 0.9–35.8
Missing 0 0 0.302 N/A

Age at PD diagnosis
Mean (SD) 61.6 (9.7) 60.1 (9.6) N/A N/A
Min–Max 34.2–84.8 31.8–81.6
Missing 0 0 0.125 N/A

Side Most Affected
Left 105 (38%) 74 (51%) N/A N/A
Right 163 (59%) 71 (49%)
Symmetric 9 (3%) 1 81%)
Missing 0 0 0.017 N/A

Vascular Risk Factor Score
Mean (SD) 13.1 (4.2) 11.3 (5) 13.2 (4.3) 11.5 (5.7)
Min–Max –1.0–24.0 –3.0–24.0 –2.0–21.0 –3.0–25.0
Missing 0 0 < 0.001 0 0 0.031

Weight (kg)
Mean (SD) 88.1 (14.7) 69.3 (14.6) 86.6 (12.0) 67.5 (14.4)
Min–Max 58.9–135.0 39.5–117.7 64.4–124.0 43.2–105.0
Missing 1 0 < 0.001 0 1 < 0.001

Body Mass Index
Mean (SD) 27.9 (4.1) 25.7 (5.3) 27.6 (3.6) 25.7 (5.4)
Min–Max 19.8–41.6 16.7–43.8 20.7–39.6 17.5–42.3
Missing 1 1 < 0.001 0 1 0.014

MDS-UPDRS part III
Mean (SD) 21.2 (9.1) 20.3 (8.5) 1.2 (2.1) 1.2 (2.4)
Min–Max 6.0–51.0 4.0–46.0 0.0–13.0 0.0–10.0
Missing 0 0 0.342 2 0 0.969

∗Analysis based on reduced categories. MDS-UPDRS, Movement Disorder Society Unified Parkinson’s Disease Rating Scale; PD, Parkin-
son’s disease.
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Table 2
Motor symptoms over time in Parkinson’s disease

Men (N = 277) Women (N = 146)

Variable Baseline Month 12 Month 24 Month 36 Month 48 Month 60 Baseline Month 12 Month 24 Month 36 Month 48 Month 60 p Interaction p Time effect

(N = 277) (N = 261) (N = 248) (N = 239) (N = 230) (N = 210) (N = 146) (N = 136) (N = 130) (N = 127) (N = 117) (N = 107) (Sex vs Time)∗∗ Time

MDS-UPDRS part III OFF

Mean (SD) 21.2 (9.1) 25.6 (11.3) 28.3 (11.6) 29.9 (11.8) 31.9 (11.7) 32.3 (12.1) 20.3 (8.5) 24.0 (10.6) 24.7 (10.1) 27.8 (12.8) 30.3 (13.5) 28.9 (13.5) 0.100 < 0.001 2.72

Min–Max 6.0–51.0 2.0–67.0 4.0–57.0 5.0–57.0 6.0–69.0 7.0–70.0 4.0–46.0 5.0–51.0 3.0–56.0 4.0–80.0 8.0–80.0 6.0–90.0

Missing 0 41 58 66 62 56 0 24 36 43 36 33

MDS-UPDRS part III ON

Mean (SD) 21.2 (9.1) 23.7 (11.2) 24.6 (11.7) 24.8 (11.8) 25.1 (12.7) 26.2 (13.3) 20.3 (8.5) 22.3 (10.2) 20.4 (10.0) 23.0 (13.0) 22.7 (13.8) 21.2 (12.8) 0.010 M: < 0.001 M: 1.81

Min–Max 6.0–51.0 2.0–67.0 0.0–68.0 1.0–59.0 1.0–69.0 3.0–85.0 4.0–46.0 1.0–48.0 0.0–49.0 0.0–65.0 1.0–7.0 0.0–68.0 W: < 0.001 W: 1.03

Missing 0 15 14 16 13 12 0 7 7 8 9 9

Hoehn and Yahr

Stages 0–2 276 (100%) 213 (97%) 182 (96%) 160 (92%) 155 (92%) 145 (94%) 145 (99%) 108 (95%) 90 (95%) 75 (89%) 67 (83%) 69 (92%) 0.699 < 0.001 0.71

Stages 3–5 1 (0%) 7 (3%) 8 (4%) 13 (8%) 14 (8%) 10 (6%) 1 (1%) 6 (5%) 5 (5%) 9 (11%) 14 (17%) 6 (8%)

Missing 0 41 58 66 61 55 0 22 35 43 36 32

TD/non-TD classification

TD 199 (72%) 150 (68%) 126 (66%) 106 (61%) 106 (63%) 94 (61%) 100 (69%) 73 (65%) 62 (66%) 55 (65%) 45 (56%) 38 (51%) 0.646 0.038 0.93

Non-TD 78 (28%) 70 (32%) 64 (34%) 67 (39%) 63 (37%) 60 (39%) 45 (31%) 40 (35%) 32 (34%) 29 (35%) 36 (44% 36 (49%)

Missing 0 41 58 66 61 56 1 23 36 43 36 33

MDS-UPDRS part II

Mean (SD) 6.0 (4.3) 7.9 (5.2) 8.6 (5.3) 9.6 (5.5) 10.5 (6.5) 11.3 (7.0) 5.7 (4.0) 6.8 (4.8) 6.8 (5.0) 7.6 (5.9) 8.5 (6.9) 7.9 (6.2) < 0.001 M: < 0.001 M: 1.27

Min–Max 0.0–20.0 0.0–36.0 0.0–36.0 1.0–29.0 0.0–37.0 0.0–40.0 0.0–22.0 0.0–25.0 0.0–27.0 0.0–29.0 0.0–36.0 0.0–39.0 W: < 0.001 W: 0.70

Missing 0 2 2 0 3 1 1 0 0 0 0 1

Modified Schwab & England Activities of Daily Living

Mean (SD) 93.0 (5.5) 90.2 (6.7) 88.3 (7.8) 87.4 (7.6) 85.4 (9.3) 83.4 (13.1) 93.5 (6.5) 91.0 (6.8) 89.7 (8.3) 88.1 (9.0) 86.3 (12.3) 86.1 (13.0) 0.428 < 0.001 –1.54

Min–Max 80.0–100.0 70.0–100.0 60.0–100.0 60.0–100.0 50.0–100.0 10.0–100.0 70.0–100.0 70.0–100.0 60.0–100.0 50.0–100.0 20.0–100.0 20.0–100.0

Missing 0 4 1 1 1 1 0 0 0 0 2 1

LED

Mean (SD) NA 297.6 (231.9) 399.5 (307.4) 501.8 (342.4) 569.8 (332.9) 668.0 (345.9) NA 320.6 (243.6) 389.1 (321.4) 439.4 (325.4) 526.5 (362.8) 574.9 (321.4) 0.014 M: < 0.001 M: 104.62

Min–Max 30.3–1,600.0 50.0–2,268.0 50–2,474.0 100–3,020 121.1–3,184.0 37.5–1,400 70–2,040 60.6–1,938 50–2,050 120–1,496 W: < 0.001 W: 78.08

Missing 108 45 26 21 18 64 33 23 19 19

LED-DA

Mean (SD) NA 158.5 (84.5) 178.9 (129.2) 190.9 (110.6) 201.6 (121.8) 200.8 NA 161.9 (111.0) 191.5 (129.0) 174.0 (122.2) 178.6 (11.71) 173.9 (115.1) 0.882 0.005 9.17

Min–Max 30.3–450 5.0–825.0 5.0–480.0 5.0–600.0 20.0–600.0 12.5–450.0 40.0–675.0 5.0–675.0 25.0–675.0 37.5–675.0

Missing 201 201 164 148 136 106 90 65 65 63

All models are also adjusted for baseline BMI, LED, Vascular Risk Factor Score (VRF), and Side Most Affected. LED and LED-DA models only include baseline BMI, VRF Score, and Side Most
Affected. Significance level for comparisons is p < 0.006 (after Bonferroni correction). ∗∗If interaction is significant, we find time effect p-values for men and women separately. Otherwise, we
provide time effect p-value without stratifying by sex. LED, Levodopa equivalent dose; LED-DA, dopamine agonist levodopa equivalent dose; MDS-UPDRS, Movement Disorders Society-Unified
Parkinson’s Disease Rating Scale: TD, tremor dominant.
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Fig. 1. A) Sex-related change in MDS-UPDRS part III ON; B) Sex-related change in MDS-UPDRS part II; C) Sex-related change in LED;
D) Sex-related estimated probability of initiation of symptomatic therapy. LED, levodopa equivalent dose; MDS-UPDRS, the Movement
Disorder Society–Unified Parkinson’s Disease Rating Scale.

with men experiencing a higher increase in LED (i.e.,
for every year increase, the mean LED increases by
a multiplicative factor of 104.6 in men, compared to
78.1 in women, p = 0.014) (Fig. 1C). After adjusting
for multiplicity, sex interaction for LED is no longer
significant.

Non-motor symptoms

Five-year longitudinal changes in non-motor
symptoms adjusted for side most affected, VRFS,
and BMI in men and women are shown in Table 3.
MDS-UPDRS part I (Non-Motor Aspects of Expe-
riences of Daily Living) worsened over time in both
men and women, with a significant sex interaction
(p = 0.009), with men having a larger increase over
time. For every year, mean MDS-UPDRS part I
increased by a multiplicative factor of 0.98 in men
compared to 0.67 in women (p < 0.001 for both).
However, this interaction was no longer signifi-
cant after correcting for multiple comparisons. For
individual questions for MDS-UPDR part I, scores

significantly worsened over time for cognitive impair-
ment, hallucinations and psychosis, depressed mood,
anxious mood, apathy, dopamine dysregulation syn-
drome, sleep problems, daytime sleepiness, pain, and
constipation (all p < 0.001) with no sex interaction
(Supplementary Table 1). A significant sex interac-
tion was present for urinary symptoms (p = 0.023),
light-headedness (p = 0.041), and fatigue (p = 0.011),
with men more likely to have at least mild symptoms
over time. However, these interactions were no longer
significant after correcting for multiple comparisons
(Supplementary Table 1). For other non-motor symp-
toms scales, there were no sex interactions for
depression (GDS); autonomic dysfunction (SCOPA-
Aut total score); anxiety (STAI total, trait, or state
subscores); impulsivity (QuIP); RBD; or daytime
sleepiness (ESS), although depression, autonomic
dysfunction, RBD, and daytime sleepiness wors-
ened significantly over time (all p < 0.001) (Table 3).
Hyposmia was measured with the UPSIT at base-
line and hyposmia or anosmia was present in 92%
of men (N = 256) and 88% of women (N = 128)
(p = 0.109).
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Table 3
Non-motor symptoms over time in Parkinson’s disease

Men (N = 277) Women (N = 146)

Variable Baseline Month 12 Month 24 Month 36 Month 48 Month 60 Baseline Month 12 Month 24 Month 36 Month 48 Month 60 p Interaction p Time∗∗ Time effect∗∗

(N = 277) (N = 261) (N = 248) (N = 239) (N = 230) (N = 210) (N = 146) (N = 136) (N = 130) (N = 127) (N = 117) (N = 107) (Sex vs Time)∗∗

MDS-UPDRS part I

Mean (SD) 5.3 (3.8) 6.5 (4.4) 7.6 (5.1) 8.2 (5.3) 9.3 (6.0) 9.6 (6.3) 6.1 (4.5) 7.3 (5.0) 7.8 (4.9) 8.5 (5.7) 8.7 (5.9) 9.1 (6.3) 0.009 M: < 0.001 M:0.98

Min–Max 0.0–18.0 0.0–29.0 0.0–26.0 0.0–32.0 0.0–30.0 0.0–34.0 0.0–24.0 0.0–27.0 0.0–23.0 0.0–36.0 0.0–36.0 0.0–36.0 W: < 0.001 W: 0.67

Missing 0 2 0 0 3 1 1 0 0 0 2 1

Geriatric Depression Scale Total Score

Mean (SD) 2.3 (2.3) 2.5 (2.7) 2.6 (2.9) 2.6 (2.6) 2.7 (2.8) 2.8 (2.7) 2.4 (2.7) 2.8 (3.3) 2.6 (2.9) 2.7 (3.2) 2.4 (2.8) 2.8 (3.1) 0.535 < 0.001 0.11

Min–Max 0.0–13.0 0.0–15.0 0.0–15.0 0.0–13.0 0.0–15.0 0.0–13.0 0.0–14.0 0.0–14.0 0.0–13.0 0.0–14.0 0.0–15.0 0.0–15.0

Missing 0 2 0 0 2 2 0 0 1 0 2 2

SCOPA-AUT Total Score

Mean (SD) 9.5 (6.4) 10.9 (6.8) 11.8 (7.2) 12.4 (7.3) 13.2 (7.8) 14.1 (8.3) 9.5 (5.7) 10.9 (5.6) 11.1 (5.2) 12.3 (6.5) 12.2 (6.8) 12.7 (7.7) 0.293 < 0.001 0.85

Min–Max 0.0–39.0 0.0–45.0 0.0–42.0 0.0–34.0 0.0–42.0 0.0–45.0 0.0–28.0 0.0–29.0 0.0–26.0 0.0–29.0 0.0–39.0 0.0–42.0

Missing 3 5 2 2 2 2 5 2 1 1 2 2

STAI Total Score

Mean (SD) 64.0 (17.4) 64.0 (17.3) 64.7 (17.6) 63.9 (17.2) 65.0 (18.1) 64.9 (18.2) 67.8 (19.9) 67.4 (21.0) 65.8 (20.2) 66.5 (21.2) 64.3 (20.1) 64.8 (21.5) 0.069 0.617 -0.09

Min–Max 40.0–120.0 40.0–117.0 40.0–129.0 40.0–129.0 40.0–112.0 40.0–150.0 40.0–137.0 40.0–142.0 40.0–132.0 40.0–135.0 40.0–142.0 40.0–138.0

Missing 0 2 0 2 2 3 1 0 0 1 3 2

STAI Trait Subscore

Mean (SD) 31.5 (8.8) 32.2 (8.9) 32.3 (8.9) 32.4 (9.1) 32.7 (9.5) 32.6 (9.5) 34.0 (10.5) 33.7 (11.0) 33.2 (10.6) 33.5 (11.0) 32.5 (10.7) 33.1 (11.7) 0.073 0.356 0.09

Min–Max 20.0–60.0 20.0–58.0 20.0–59.0 20.0–63.0 20.0–58.0 20.0–75.0 20.0–63.0 20.0–73.0 20.0–66.0 20.0–64.0 20.0–69.0 20.0–68.0

Missing 0 2 0 2 2 2 1 0 0 1 3 2

STAI State Subscore

Mean (SD) 32.5 (9.8) 31.8 (9.2) 32.4 (9.6) 31.6 (9.0) 32.3 (9.7) 32.3 (9.6) 33.8 (11.0) 33.7 (11.3) 32.6 (11.0) 33.1 (11.6) 31.6 (10.4) 31.7 (10.9) 0.084 0.059 –0.21

Min–Max 20.0–64.0 20.0–63.0 20.0–70.0 20.0–66.0 20.0–63.0 20.0–75.0 20.0–76.0 20.0–77.0 20.0–76.0 20.0–71.0 17.0–73.0 20.0–70.0

Missing 0 2 0 2 2 3 1 0 0 0 2 2

Questionnaire for Impulsive-Compulsive Disorder in Parkinson’s disease (QuIP)

No Disorder 221 (80%) 223 (86%) 194 (78%) 181 (76%) 170 (75%) 144 (69%) 114 (79%) 119 (88%) 108 (83%) 100 (79%) 87 (76%) 86 (83%) 0.092 0.017 1.08

Any Disorder 56 (20%) 36 (14%) 54 (22%) 58 (24%) 58 (25%) 64 (31%) 31 (21%) 17 (13%) 22 (17%) 27 (21%) 28 (24%) 18 (17%)

Missing 0 2 0 0 2 2 1 0 0 0 2 3

REM Sleep Behavior Disorder Screening Questionnaire (RBDSQ)

Mean (SD) 4.3 (2.8) 4.2 (2.8) 4.7 (3.1) 4.8 (3.1) 5.1 (3.3) 5.1 (3.3) 3.8 (2.4) 4.0 (2.7) 4.3 (2.7) 4.2 (2.8) 4.3 (2.8) 4.4 (2.9) 0.334 < 0.001 0.16

Min–Max 0.0–12.0 0.0–13.0 0.0–13.0 0.0–12.0 0.0–13.0 0.0–13.0 0.0–12.0 0.0–12.0 0.0–11.0 0.0–11.0 0.0–12.0 0.0–12.0

Missing 2 3 0 0 2 2 1 1 0 1 3 3

Epworth Sleepiness Scale

Mean (SD) 5.9 (3.4) 6.4 (4.0) 7.2 (4.2) 7.5 (4.3) 7.9 (4.6) 8.2 (4.6) 5.5 (3.6) 5.5 (3.9) 5.8 (3.9) 7.0 (4.9) 6.6 (4.7) 6.9 (4.9) 0.192 < 0.001 0.41

Min–Max 0.0–20.0 0.0–21.0 0.0–23.0 0.0–24.0 0.0–24.0 0.0–24.0 0.0–15.0 0.0–18.0 0.0–17.0 0.0–24.0 0.0–20.0 0.0–23.0

Missing 0 2 1 1 2 2 0 0 0 1 2 3

∗∗If interaction is significant, we find time effect p-value for men and women separately. Otherwise, we provide time effect p-value without stratifying by sex. All models are also adjusted for
Baseline BMI, Vascular Risk Factor Score (VRF) and Side Most Affected; Significance level for comparisons is p < 0.006 (after Bonferroni correction). MDS-UPDRS, Movement Disorders
Society-Unified Parkinson’s Disease Rating Scale; SCOPA-Aut, Scales for Outcomes in Parkinson’s Disease-Autonomic Dysfunction: STAI, State Trait Anxiety Inventory
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Cognition

Five-year longitudinal changes in cognitive per-
formance adjusted for side most affected, vascular
risk score, and BMI in men and women with PD are
shown in Table 4. There was a significant longitudinal
increase in investigator diagnosis of MCI or demen-
tia (p < 0.001), and significant longitudinal worsening
of performance on the MoCA (p < 0.001), Benton
Judgement of Line Orientation (p = 0.035), and Sym-
bol Digit Modalities Test (p < 0.001), but without a
sex interaction. Despite the absence of differences in
longitudinal rates of progression between men and
women on these cognitive assessments, PD women
scored on average 0.45 points higher on the MoCA
(p = 0.049), 1.97 points higher on HVLT immedi-
ate recall (p < 0.001), 0.99 points higher on HVLT
delayed recall (p < 0.001), 2.22 points higher on the
Symbol Digit Modalities Test (p = 0.015), and 1.29
points lower on The Benton Judgement of Line Ori-
entation (p < 0.001) compared to men. Significant sex
interactions were present for letter number sequenc-
ing (p = 0.027), with a significant decline only in men
(for every year increase, performance changed by a
multiplicative factor of –0.19 in men and –0.06 in
women), and for semantic fluency (p = 0.037), with
longitudinal worsening only among men (for every
year increase, performance changed by a multiplica-
tive factor of –0.39 in men and 0.11 in women). These
interactions were no longer significant after correct-
ing for multiple comparisons.

To investigate whether sex related differences in
PD men and women were specific to PD, we also eval-
uated the five-year longitudinal cognitive changes
adjusted for vascular risk factor score and BMI in
men and women HC participants (Supplementary
Table 2). There was a significant longitudinal change
in MoCA over time (p < 0.001), but without a sex
interaction. A significant sex interaction was present
for HVLT immediate recall (p = 0.039), with scores
improving over time in women by a multiplicative
factor of 0.33 (p = 0.002), but not changing in men.
There was also a significant sex interaction for letter
number sequencing (p = 0.045), but without signifi-
cant change over time in men or women (p > 0.05).
These interactions were not significant after cor-
recting for multiplicity. On average, HC women
scored 0.77 points higher on HVLT delayed recall
(p = 0.012), 6.45 points higher on semantic fluency
(p < 0.001), and 1.33 points lower on Benton Judge-
ment of Line Orientation (p < 0.001) compared to
HC men.

Time to milestones and medication utilization

Separate analyses of time to reaching certain mile-
stones, including time to surgical therapy, initiation
of dopaminergic medications, and time to devel-
opment of motor complications, dyskinesias, and
motor fluctuations were also stratified by sex. Sur-
vival analysis demonstrated that time to initiation of
dopaminergic medications differed by sex (p = 0.037)
where men may initiate dopaminergic medications
at 1.3 times the rate per year as women (Table 3,
Fig. 1D). After adjusting for multiplicity, sex differ-
ence for initiation of dopaminergic medications was
no longer significant. The time to reach other consid-
ered milestones did not differ by sex (Supplementary
Table 3). Use of other classes of medications, includ-
ing anti-depressants, medications for cognition, and
anti-psychotics increased significantly over time for
PD participants (all p < 0.001), but there was no
significant sex interaction (Supplementary Table 4).
Use of anxiolytics did not change significantly over
the duration of the study. Although there were no
differences in longitudinal change in medication uti-
lization, on average women had 2.33 higher odds of
being on an anti-depressant than men (p < 0.001).

CSF biomarkers and dopamine transporter
binding

The longitudinal change in DAT binding by sex is
shown in Supplementary Table 5. There was a sig-
nificant change over time in all regions with no sex
effect. All measured CSF biomarkers changed over
time (p < 0.001), with no sex interaction (Supplemen-
tary Table 6).

DISCUSSION

This study systematically and comprehensively
explores sex-related longitudinal changes of 1) motor
features and motor aspects of experiences of daily
living, considering the influence of introducing symp-
tomatic treatment, 2) non-motor symptoms, and 3)
biological biomarkers including CSF markers and
DAT binding in PD participants of the PPMI cohort.
This large cohort of de novo, at baseline untreated
PD participants provides unique insights into the sex-
related differences in disease progression in early PD.

Regarding motor features and accounting for base-
line differences and multiple comparisons, men had
more longitudinal disease progression as measured
by the MDS-UPDRS part II evaluating Motor aspects
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Table 4
Cognitive performance over time in Parkinson’s disease

Men (N = 277) Women (N = 146)

Variable Baseline Month 12 Month 24 Month 36 Month 48 Month 60 Baseline Month 12 Month 24 Month 36 Month 48 Month 60 p Interaction p Time Time effect

(N = 277) (N = 261) (N = 248) (N = 239) (N = 230) (N = 210) (N = 146) (N = 136) (N = 130) (N = 127) (N = 117) (N = 107) (Sex vs Time)∗∗

Cognition by testing

MCI or Dementia (ref group) 9 (14%) 32 (19%) 40 (17%) 53 (23%) 49 (23%) 45 (23%) 6 (15%) 17 (17%) 19 (15%) 16 (13%) 10 (9%) 12 (12%) 0.082 0.780 0.99

Normal Cognition 56 (86%) 133 (81%) 198 (83%) 178 (77%) 168 (77%) 151 (77%) 34 (85%) 84 (83%) 108 (85%) 107 (87%) 103 (91%) 88 (88%)

Missing 212 96 10 8 13 14 106 35 3 4 4 7

Investigator Diagnosis of Cognitive State

MCI or Dementia (ref group) 9 (14%) 27 (16%) 45 (18%) 60 (25%) 59 (26%) 48 (24%) 0 (0%) 13 (13%) 16 (13%) 20 (16%) 16 (14%) 13 (12%) 0.938 < 0.001 0.86

Normal Cognition 56 (86%) 143 (84%) 200 (82%) 179 (75%) 166 (74%) 156 (76%) 41 (100%) 88 (87%) 111 (87%) 105 (84%) 99 (86%) 92 (88%)

Missing 212 91 3 0 5 6 105 35 3 2 2 2

MocA

Mean (SD) 26.9 (2.4) 25.9 (2.9) 26.0 (3.2) 26.0 (2.9) 26.2 (3.4) 26.2 (3.7) 27.5 (2.2) 27.1 (2.6) 26.8 (3.1) 27.1 (3.1) 26.9 (3.9) 27.3 (3.0) 0.518 < 0.001 –0.15

Min–Max 17.0–30.0 15.0–30.0 9.0–30.0 13.0–30.0 13.0–30.0 2.0–30.0 17.0–30.0 18.0–30.0 16.0–30.0 14.0–30.0 11.0–30.0 15.0–30.0

Missing 3 4 3 0 4 4 0 1 0 3 2 2

HVLT Immediate recall

Mean (SD) 23.6 (4.9) 23.2 (5.3) 23.0 (5.3) 23.8 (5.9) 22.8 (5.7) 23.6 (6.6) 26.1 (4.7) 25.0 (5.4) 25.2 (5.4) 26.4 (6.1) 26.1 (5.6) 26.1 (5.8) 0.879 0.230 –0.07

Min–Max 9.0–35.0 4.0–36.0 9.0–35.0 6.0–36.0 6.0–36.0 5.0–36.0 13.0–36.0 8.0–36.0 10.0–36.0 7.0–36.0 8.0–36.0 4.0–36.0

Missing 0 3 0 0 5 4 1 0 0 2 2 2

HVLT delayed recall

Mean (SD) 8.0 (2.6) 7.7 (2.8) 7.9 (2.9) 7.9 (3.1) 7.5 (3.2) 8.1 (3.3) 9.1 (2.2) 8.9 (2.9) 8.8 (2.9) 9.1 (2.8) 9.3 (2.7) 9.3 (2.9) 0.921 0.743 –0.01

Min–Max 0.0–12.0 0.0–12.0 0.0–12.0 0.0–12.0 0.0–12.0 0.0–12.0 3.0–12.0 0.0–12.0 0.0–12.0 0.0–12.0 0.0–12.0 0.0–12.0

Missing 0 3 0 0 5 4 1 0 0 3 2 2

Benton Judgement of Line Orientation

Mean (SD) 13.1 (2.0) 12.8 (2.1) 13.1 (2.1) 13.0 (2.1) 13.1 (2.0) 12.6 (2.3) 12.1 (2.2) 11.5 (2.7) 12.2 (2.5) 11.8 (2.5) 12.5 (2.6) 11.9 (2.3) 0.132 0.035 –0.05

Min–Max 6.0–15.0 5.0–15.0 0.0–15.0 5.0–15.0 5.0–15.0 4.0–15.0 5.0–15.0 2.0–15.0 4.0–15.0 3.0–15.0 2.0–15.0 5.0–15.0

Missing 0 3 3 0 5 5 1 0 1 3 4 3

Symbol Digit Modalities Test

Mean (SD) 40.0 (9.6) 39.8 (10.2) 38.4 (10.7) 38.2 (11.4) 37.8 (12.7) 37.8 (12.5) 43.4 (9.5) 42.7 (10.0) 43.0 (11.2) 43.2 (11.5) 42.0 (11.4) 43.6 (12.3) 0.237 < 0.001 –0.49

Min–Max 7.0–76.0 5.0–70.0 5.0–75.0 3.0–63.0 2.0–102.0 0.0–69.0 15.0–82.0 14.0–62.0 2.0–68.0 0.0–65.0 0.0–63.0 1.0–74.0

Missing 0 3 0 0 5 4 1 0 0 4 2 2

Letter Number Sequencing

Mean (SD) 10.5 (2.7) 10.3 (2.8) 10.2 (2.7) 10.1 (3.0) 9.8 (3.2) 9.7 (3.0) 10.7 (2.6) 10.5 (2.5) 10.6 (2.9) 10.4 (3.1) 10.8 (3.1) 10.7 (2.7) 0.027 M: < 0.001 M: –0.19

Min–Max 3.0–20.0 2.0–18.0 2.0–17.0 2.0–19.0 0.0–20.0 2.0–20.0 2.0–20.0 3.0–16.0 2.0–19.0 1.0–17.0 0.0–18.0 2.0–18.0 W: 0.160 W: –0.06

Missing 0 4 0 0 5 4 1 0 0 2 2 2

Semantic Fluency

Mean (SD) 46.3 (11.0) 46.5 (11.2) 46.7 (12.7) 46.0 (10.9) 45.1 (11.5) 45.1 (12.6) 53.1 (11.6) 53.1 (10.7) 53.3 (12.4) 52.5 (12.3) 53.8 (12.8) 54.9 (12.1) 0.037 M: 0.001 M: –0.39

Min–Max 20.0–91.0 18.0–97.0 18.0–95.0 18.0–86.0 11.0–83.0 7.0–90.0 26.0–103.0 22.0–81.0 15.0–87.0 9.0–91.0 15.0–84.0 11.0–88.0 W: 0.590 W: 0.11

Missing 0 4 0 0 5 4 1 0 0 2 2 2

Note: All models are also adjusted for Baseline BMI, Vascular Risk Factor Score (VRF) and Side Most Affected. Significance level for comparisons is p < 0.006 (after Bonferroni correction).
∗∗If interaction is significant, we find time effect p-value for each men and women separately. Otherwise, we provide time effect p-value without stratifying by gender. 1) After adjusting for VRF
Scores and side most affected, a significant quantitative interaction is present where men are decreasing in mean Letter Number Sequencing z-score over time, with men experiencing a stronger
decrease and women with no significant decrease. For every year increase, the mean Letter Number Sequencing z-score decreases by a multiplicative factor of –0.19 in men, compared to –0.06 in
women. 2) After adjusting for VRF Scores and side most affected, a significant qualitative interaction is present where men are decreasing in mean Semantic Fluency z-score over time and women
with no significant increase. For every year increase, the mean Semantic Fluency z-score decreases by a multiplicative factor of –0.39 in men, compared to an increase of 0.11 in women.
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of Experiences of Daily Living (M-EDL). Men
demonstrated more longitudinal motor progression
in the ON medication state, as measured by MDS-
UPDRS part III ON scores, as well as more increase
in LED over time compared to women, but these dif-
ferences were no longer significant after correcting
for multiple comparisons. There were no significant
sex interactions for longitudinal changes in OFF med-
ication motor scores (MDS-UPDRS III Off scores),
TD/PIGD classification, H&Y staging, or activities
of daily living as evaluated with S&E.

Taken together, these findings suggest that men
experience more rapid self-assessed motor progres-
sion and may require greater increases in dopaminer-
gic medications over the early years of the disease
course. Although men tended to start dopaminergic
therapy earlier than women (Fig. 1D), this difference
was no longer significant after correcting for mul-
tiple comparisons. Despite the trend toward higher
LED in men over time, there were no significant sex-
related differences in progression of MDS-UPDRS
part III OFF scores or H&Y staging. The MDS-
UPDRS part III ON scores showed a trend toward
more rapid progression in men compared to women
despite a greater increase in dopaminergic treatment,
suggesting a higher motor burden in men due to
suboptimal levels of symptomatic treatment (or, con-
versely, for the same degree of motor and biologic
deficit a more robust sensitivity and response to med-
ication in women). While these findings did not meet
statistical significance due to our use of conservative
statistical analysis (Bonferroni correction for mul-
tiple comparisons), nonetheless these findings may
prove to be biologically meaningful, have clinical
implications and may be useful to inform outcomes
for clinical research [34]. Alternatively, it is possi-
ble that because men perceive more motor disease
burden (MDS-UPDRS part II) than women, they are
more likely to request increases in medication despite
the lack of apparent difference in clinician-assessed
motor OFF rating scale (MDS-UPDRS part III OFF)
scores.

Interestingly, in contrast to previous studies [4,
16], age at diagnosis and prevalence of TD pheno-
type are comparable between sexes in this cohort of
early, untreated at baseline participants. Thus, despite
heterogeneity of disease phenotypes and biological
characteristics across individuals, motor hetero-
geneity does not appear predominantly driven by
differences between sexes as evaluated with clinician-
based motor assessments (i.e., MDS-UPDRS part III,
H&Y). Consistent with these findings and in contrast

with previous evidence [9, 10], no sex differences
were detected in initiation of any symptomatic oral
dopaminergic therapy or surgical treatment such as
DBS or in onset of clinical milestones such wearing
off or dyskinesias. However, we recognize the small
number of participants who underwent surgical ther-
apy and the early disease stage may have precluded
detection of sex differences for this outcome.

Given the World Health Organization (WHO)
definition of disability (“the negative result of the
dynamic interaction between a person’s health con-
dition, environmental factors and personal factors”),
external factors other than the disease itself may
play a major role in determining the outcome from
self-assessed disability measures [35]. Thus, it is
not surprising that the major sex difference in our
motor analysis is displayed by the MDS-UPDRS
part II, which is also considered one of the most
reliable sections for the evaluation of individual-
ized disease progression [36, 37]. Our data report
a two-fold increase in MDS-UPDRS part II in men
versus women over the 5-year follow up. Alternative
explanations may account for these opposite findings
compared to previous evidence [35]. For example,
the PPMI cohort is a younger population of pre-
dominantly North American PD patients with short
disease duration who thus may have greater work or
other obligations than an older cohort. In such con-
text, men with PD may perceive a greater level of
motor burden related to higher perceived obligations
or expectations. In line with the hypothesis of a spe-
cific self-perceived higher motor burden in PPMI PD
men, S&E, which represents a broader evaluation of
disease-related disability, does not show significant
sex differences.

Similar to the self-reported motor symptom bur-
den, PD men also reported more rapid longitudinal
progression of non-motor symptoms, as measured
by the MDS-UPDRS part I, particularly in the
reporting of urinary symptoms, light-headedness, and
fatigue, compared to women. Although these rela-
tionships were no longer significant after correcting
for multiplicity, the findings are in contrast to prior
work showing that women report more non-motor
symptom burden, particularly in categories of sleep
complaints, fatigue, and mood symptoms [17, 18,
38]. Several potential explanations for the absence of
difference between PD men and women in depres-
sive symptoms may be related to the longitudinal
nature of the current study of de novo PD participants,
since prior reports demonstrating these differences
have been in patients with more advanced disease
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evaluated cross-sectionally [17, 18, 38]. Alterna-
tively, the lack of difference could be related to
higher use of anti-depressant medications among PD
women compared to men in this cohort. Similar to
our findings, a recent large meta-analysis of multi-
ple longitudinal de novo and more advanced cohorts
showed no difference in depression or sleep com-
plaints between men and women with PD [12].

Cognitive performance showed similar rates of
longitudinal progression over 5 years in PD men and
women in this study after correcting for multiple com-
parisons. This is in contrast to prior work showing
that men are at higher risk of longitudinal cognitive
decline and male sex is a risk factor for dementia
[12, 25, 26, 39]. These findings may be related to
the early stage of disease in this cohort. Interestingly,
although rates of cognitive decline were not signifi-
cantly different between men and women, there were
suggestions of better cognitive performance among
women at each time point. For example, a lower
percentage of women had PD-MCI or PD-dementia
based on cognitive testing or investigator diagnosis at
each time point (Table 3). Additionally, women had
higher scores on average for the MoCA, tests of mem-
ory (HVLT), and on the Symbol Digit Modalities
Test, while men had higher scores on average for tests
of visuospatial function (Benton Judgement of Line
Orientation). Similar findings were found among HC
men and women in PPMI, suggesting that sex-related
differences in cognitive performance are not specific
to PD. Interestingly, the lack of sex-related differ-
ences in cognitive decline is supported by the absence
of sex-related longitudinal changes in CSF biomark-
ers, including p-tau, which have been shown to be
predictive of cognitive decline in PD [40, 41].

Regarding DAT binding, in contrast with previous
data [4, 27, 28], we detected similar dopaminergic
denervation in PD men and women in both cau-
date and putamen and failed to find a significant
sex-related decline in tracer binding over the 5-year
follow up, further supporting the notion that motor
involvement related to the disease itself is not differ-
ent by sex. Specific features of the PPMI population
(i.e., early, untreated patients) may account for dis-
crepancy with previous findings [4, 27, 28].

As a limitation, we acknowledge our results may
not be applicable to all PD patients in the commu-
nity clinical setting. Despite being one of the largest
existing longitudinally observed cohorts of early PD
patients so far, PD participants enrolled in the PPMI
study represent a highly selected population with less
baseline disability than the general PD population

and, as such, the PPMI cohort may not be repre-
sentative of the natural history of PD progression.
Further, because PD progression may not be linear,
differences in progression by sex may be more or
less evident at later disease stages. Finally, despite the
large amount of data available in this cohort, infor-
mation about pre-, peri-, or post-menopausal state,
and about occupational exposures, rurality, and other
potential sociological influences on PD pathophysiol-
ogy are not available, and thus conclusions about sex
differences related to these factors cannot be drawn
for this sample.

In conclusion, we provide data on sex-related
changes in motor, non-motor, and cognitive outcomes
as well as CSF markers and DAT binding in the
PPMI study. In this cohort, men showed higher motor
and non-motor burden of disease as evaluated with
self-assessed disability measures, likely due to the
sex-related differential impact on the perceived dis-
ability with possible contributions from suboptimal
dopaminergic therapeutic response in men. Despite
this, motor features of disease as evaluated with
clinician-based rating scales in the OFF medication
state, as well as CSF biomarkers and DAT binding
do not show specific sex-related patterns of progres-
sion. These findings suggest the need to reconsider
the idea of a more benign motor phenotype in women
in the earliest stages of PD, which may not take into
account all the complexities of this heterogeneous
disease [16]. Our data do not discount the possibility
that prior observations of sex differences may be in
part related to non-biological determinants of health.
Further longitudinal follow up of the PPMI cohort
will help verifying these findings in subsequent stages
of disease.
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