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Abstract.
Background: Large prospective studies are essential for investigating the environmental causes of Parkinson’s disease (PD),
but PD diagnosis via clinical exams is often infeasible in such studies.
Objective: To present case ascertainment strategy and data collection in a US cohort of women.
Methods: In the Sister Study (n = 50,884, baseline ages 55.6 ± 9.0), physician-made PD diagnoses were first reported by
participants or their proxies. Cohort-wide follow-up surveys collected data on subsequent diagnoses, medication usage and
PD-relevant motor and nonmotor symptoms. We contacted self-reported PD cases and their treating physicians to obtain
relevant diagnostic and treatment history. Diagnostic adjudication was made via expert review of all available data, except
nonmotor symptoms. We examined associations of nonmotor symptoms with incident PD, using multivariable logistic
regression models and reported odds ratio (OR) and 95% confidence intervals (CI).
Results: Of the 371 potential PD cases identified, 242 diagnoses were confirmed. Compared with unconfirmed cases,
confirmed cases were more likely to report PD diagnosis from multiple sources, medication usage, and motor and nonmotor
features consistently during the follow-up. PD polygenic risk score was associated with confirmed PD (ORinter-quartile
range = 1.74, 95% CI: 1.45–2.10), but not with unconfirmed cases (corresponding OR = 1.05). Hyposmia, dream-enacting
behaviors, constipation, depression, unexplained weight loss, dry eyes, dry mouth, and fatigue were significantly related to
PD risk, with ORs from 1.71 to 4.88. Only one of the eight negative control symptoms was associated with incident PD.
Conclusion: Findings support our PD case ascertainment approach in this large cohort of women. PD prodromal presentation
is likely beyond its well-documented profile.
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INTRODUCTION

Parkinson’s disease (PD) is the second most
prevalent neurodegenerative disease, affecting over
a million older US adults [1]. PD clinical diagno-
sis requires experts’ evaluation of motor dysfunction
via structured neurological exams [2]. Besides motor
signs, PD patients often suffer from a wide range
of nonmotor symptoms [3]. Some (e.g., hyposmia
[4], constipation [5, 6], and REM sleep behavior
disorder (RBD) [7]) may have developed years or
decades before PD clinical diagnosis [8]. Others
(e.g., unexplained weight loss, pain, and fatigue)
have been seldom studied in prodromal PD. While
PD motor signs are caused by the loss of dopamin-
ergic neurons in the substantia nigra, prodromal
symptoms may reflect the staged development and
spreading of Lewy pathology from the olfactory
bulb and gut enteric nerves to the brain [9].
Therefore, clinical PD is most likely the result
of decades of slowly spreading pathogenesis, dur-
ing which many genetic and nongenetic factors
may come into play to initiate or modify disease
progression [10].

This decades-long disease development presents
substantial challenges for epidemiologists in their
search for environmental causes for PD [11]. Retro-
spective case-control studies are efficient but prone
to selection and recall biases and reverse causal-
ity [12–14]. Population-based cohorts with repeated
exposure assessment and long follow-up may be less
subject to these biases. However, most of these stud-
ies are large, not designed to study PD [15–18],
and dependent on mailed surveys, phone interviews,
or time-strained clinical visits for data collection,
making study-based clinical exams for PD diagnosis
infeasible. Often, alternative approaches were taken
for field feasibility [5, 19–23]. Further, there is an
apparent sex disparity in PD research with fewer
and less robust nongenetic findings in women [15,
24–26]. We herein report the PD case identification
strategy and assessment of nonmotor symptoms in the
Sister Study of the National Institute of Environmen-
tal Health Sciences (NIEHS) [27]. This nationwide
cohort is unique in its broad collection of environmen-
tal exposures and cohort-wide biospecimen samples
(Supplementary Table 1) [27]. Further, in its reg-
ular follow-ups, the study has repeatedly asked all
participants to report physician-made PD diagnosis,
detailed medication usage, and the presence of PD-
related motor and nonmotor symptoms. All these
features make the Sister Study a desirable multi-

purpose cohort that can be readily adapted for PD
environmental research in women.

MATERIALS AND METHODS

Study population

The Sister Study is an ongoing nationwide cohort
established to investigate environmental and genetic
risk factors for breast cancer and other chronic dis-
eases [27, 28]. In 2003–2009, the study enrolled
50,884 women, aged 35–74, who had a sister with
breast cancer. Since enrollment, the cohort has been
followed with annual health updates (AHU) that ask
for the occurrence of major chronic diseases and with
detailed follow-ups (DFU) every 3 years. Follow-
up rates have been consistently high (>90%). In
addition, the study provides a help-desk hotline that
participants may call to report disease diagnosis or
study-related questions. Death surveillance has been
carried out by linkage to the National Death Index to
obtain the underlying cause of death. The study was
approved by the Institutional Review Boards at the
NIEHS/NIH and Michigan State University.

PD case ascertainment

The Sister Study routinely collects data about the
diagnosis of chronic diseases, including physician-
made PD diagnosis during AHU, DFU, and/or the
help-desk contact, and the underlying cause of death
if deceased. Potential PD cases were identified if a
physician-made PD diagnosis was reported at any of
the study’s follow-ups or contacts, or PD was listed
as the underlying cause of death on the death cer-
tificate (International Disease Classification – G20).
In addition to PD diagnosis, DFUs further collected
the following information that was considered in the
retrospective PD adjudication process: 1) the year of
diagnosis and PD medication use; 2) separately on
the questionnaire, current uses of any prescription
or over-the-counter medications, using the inventory
method; and for each reported medication use, the
years of use, days of use per week or month, and times
of use per day; 3) the presence of four motor symp-
toms in the past year—“a tremor or trembling in either
of your hands”, “walking or other movements getting
noticeably slower”, “handwriting getting noticeably
smaller”, and “difficulty getting started when walk-
ing or making other movements”. These data were
consistently collected in follow-up surveys over the
years.
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In 2018-2019, we contacted potential cases and
asked them to provide additional information about
PD diagnosis and care. We asked them to 1) confirm
the diagnosis of PD, whether the diagnosis was cur-
rent, the year or age of PD diagnosis, who made the
diagnosis (neurologist, movement disorder special-
ist, or others); 2) major signs/symptoms; and 3) use
of PD medications (brand and generic names listed),
and whether they helped with PD symptoms and were
still being used. Finally, for patients who consented,
we contacted their treating physicians and asked
about patients’ PD signs and symptoms and diagnos-
tic history, neurological comorbidity, and alternative
diagnosis, and a copy of relevant medical records.
This data collection was completed in April 2019.

In 2021, we conducted a two-level retrospective
PD adjudication. First, we reviewed the PD-relevant
data from the cohort’s routine follow-ups alone. For
each patient, longitudinal data were available for up
to five time points during up to 15 years from study
enrollment to the fourth DFU. We considered both
evidence for and against PD diagnosis and the con-
sistency of information within each survey and over
time. We adjudicated the certainty of diagnosis as
1) yes: if there were multiple consistent reports of
PD diagnosis, supported by motor symptoms and
evidence of responsiveness to dopaminergic treat-
ment; 2) probable: if the report(s) of PD diagnosis
was supported by consistent motor symptoms over
years or evidence of responsiveness to dopaminergic
treatment, and there was no contradictory evidence
against PD; 3) possible: if there were multiple reports
of PD diagnosis but the evidence for motor symptoms
and/or responsiveness to PD medication was insuffi-
cient, or there was only one report of PD diagnosis,
supported by the presence of motor symptoms and/or
responsiveness to PD medication; 4) uncertain: if the
self-report was denied later, alternative neurodegen-
erative diseases was noted on death certificate, or
there was only one report without consistent support-
ive information of motor symptoms or responsiveness
to medications; 5) no: if there were indications of
error in filling out the questionnaire or there was
clear evidence against idiopathic PD. At this cohort-
level review, we considered a valid PD clinical
diagnosis if the expert adjudication was possible,
probable, or yes. Admittedly, due to the compli-
cated patterns of longitudinal data reporting, evidence
for evaluation “probable” vs. “possible” cases was
mostly subjective, and misclassification between
these two categories was more likely than with other
categories.

For PD patients who provided further diagnostic
information and allowed us to contact their treating
physicians, we performed a patient/physician level
adjudication, independent of cohort data. Diagno-
sis was confirmed 1) if the treating physician or
review of medical records confirmed the PD diag-
nosis; 2) if physician data were not available but the
review of the patient-provided data confirmed a PD
diagnosis. We compared the cohort-level vs. patient-
physician level adjudications to evaluate whether we
could obtain a reliable PD diagnosis by only review-
ing pertinent longitudinal cohort data, circumventing
the cost and nonresponses of further collecting data
from the patients and their treating physicians.

Final case adjudication was based on reviews at
both levels. A PD diagnosis was confirmed if 1) adju-
dicated PD diagnosis at the patient-physician level; 2)
if patient/physician data were not available, cohort-
level adjudication was yes, probable, or possible. In
all, we confirmed 242 PD diagnoses, as detailed in the
Results. For the year or age of diagnosis, we used the
earliest age or year from cohort data (n = 171), patient
data (n = 45), or physician data (n = 26). Of these 242
confirmed cases, 132 had >5 years of cohort’s follow-
up after diagnosis and 110 had ≤5 years of follow-up.

Nonmotor symptoms

The study assessed 18 PD nonmotor symptoms
in its second and/or third DFU via structured ques-
tionnaires and self-reports (Supplementary Table 2).
Several of these were assessed specifically for PD
research (e.g., olfaction and dream-enacting behav-
ior), others were for general research purposes (e.g.,
depression and pain). In addition, 8 symptoms that
have not been reported in prodromal PD (e.g.,
swelling in joints/legs, shortness of breath) were
asked side-by-side with some PD nonmotor symp-
toms, offering a unique opportunity to analyze them
as “negative controls” to assess potential bias in
symptom reporting. The timeframe asked varied by
symptom, as detailed in Supplementary Table 2.
Briefly, questions for poor olfaction, depression,
anxiety, constipation, daytime sleepiness, insomnia,
pain, and fatigue assessed the current/recent pres-
ence of symptoms. For dream-enacting behaviors,
we asked for ever presence of the symptoms. The
cognition questionnaire assessed symptoms in the
last several years. All other symptoms were asked
since the reference date (1/1/2009 for DFU-2 and
1/1/2012 for DFU-3). We did not consider any of
these nonmotor symptoms in the PD diagnostic adju-
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dication because they were mostly self-reported by
the general population as part of the cohort-wide
health follow-up surveys. Therefore, the data are not
specific nor up to the level of rigor for PD diagno-
sis or differential diagnosis. Further, we also aimed
to assess whether self-recognition of these symp-
toms in the general population was associated with
future PD risk, and the inclusion of them in case
adjudication would bias the analyses toward stronger
associations.

PD polygenic risk score (PRS)

In a subpopulation to investigate olfaction and PD
[29], we genotyped 3,722 participants along with all
self-reported PD cases with DNA samples regardless
of their final PD adjudication results. Detailed genetic
analysis in this olfaction sub-study will be published
in a separate manuscript. In this paper, we compared
the associations of PRS with confirmed versus uncon-
firmed PD cases to validate our case adjudication.
The PD PRS score was calculated based on 90 sin-
gle nucleotide polymorphisms that were significantly
associated with PD from the latest genome-wide
association meta-analysis [30].

Statistical analyses

We first compared, between confirmed and
unconfirmed cases, relevant medical/diagnostic data
collected in cohort routine follow-ups (e.g., source
of PD identification, motor symptoms, and medica-
tion uses) and in the additional case validation effort
(e.g., details of symptoms and medication use and
responses). Then, we presented the age-standardized
prevalence of nonmotor symptoms from the cohort’s
third follow-up across confirmed cases, unconfirmed
cases, and non-PD cases who never reported a PD
diagnosis using direct standardization with non-PD
cases as the reference. Next, we validated PD case
adjudication by examining PD PRS in relation to con-
firmed vs. unconfirmed PD cases. Furthermore, we
investigated nonmotor vs. negative control symptoms
at the cohort’s second DFU in relation to incident PD
cases. Finally, we examined the association of PD
with baseline age, race/ethnicity, education, smoking
status, and daily caffeine intake. In these analyses,
we examined outcomes of final adjudication versus
cohort-level adjudication and presented correspond-
ing odds ratios (ORs) and 95% confidence intervals
(CIs) from multivariable logistic regression models.
All analyses were performed using SAS 9.4 (SAS

Institute Inc., Cary NC), and the type-I error rate was
set at two-sided 0.05.

RESULTS

Figure 1 shows the adjudication process of the 371
potential PD patients identified. All data considered,
a total of 242 potential PD diagnoses were confirmed,
including 106 based on diagnostic information and/or
medical records from patients’ treating physicians, 30
based on diagnostic history provided by the patients
without additional information from their treating
physicians, and 106 only based on reviewing rou-
tine cohort follow-up data. Of the 371 potential cases,
176 have adjudication results at both the cohort and
patient/physician levels, and the kappa statistic coef-
ficient between these two-levels of case-adjudication
was 0.66 (95% CI: 0.52–0.80). Of these, 75 out of
the 77 cohort-adjudicated “yes” were confirmed by
additional reviewing of patient/physician level data,
46 out of the 51 “probable” were confirmed, 11 out
of the 19 “possible” were confirmed, and 4 out of the
29 “no” were re-adjudicated as PD cases.

Table 1 compares the clinical features of confirmed
versus unconfirmed PD cases at both the cohort-
level and patient-physician level review. Based on
cohort data, confirmed cases were older than those
unconfirmed and more likely to report a later age
of diagnosis. Further, 71.1% of the confirmed cases
versus 10.1% of the unconfirmed cases were iden-
tified from multiple sources initially, and confirmed
cases were more likely to report motor symptoms
and PD medication usage, consistently from multi-
ple surveys. In our additional data collection from
self-reported patients to validate their PD diagnosis,
the vast majority who denied the diagnosis did not
provide detailed clinical information, but for the con-
firmed PD cases, clinical symptoms and treatment
history are consistent with a clinical PD diagnosis.

Figure 2 presents the age-standardized prevalence
of nonmotor symptoms across PD self-reports and
diagnostic confirmation results. As we used symp-
toms at the third DFU, most cases are prevalent.
Confirmed cases were much more likely to report
hyposmia, constipation, dream-enacting behaviors,
daytime saliva dribbling, and unexplained weight loss
than unconfirmed cases, and they both were much
higher than that of non-PD cases (except for the
comparable prevalence of hyposmia between uncon-
firmed cases and non-PD cases). For regular urination
at night, fatigue, dizziness when standing, anxiety,
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Fig. 1. Diagnostic adjudication of Parkinson’s diagnosis in the Sister Study.

daytime sleepiness, cognitive impairment, fatigue,
and frequent urination at night, symptom prevalence
was comparable between confirmed and unconfirmed
cases, both much higher than non-PD cases. For dry
mouth, pain severity, depression, unexplained pain,
and excessive sweating, the prevalence was higher
in unconfirmed cases than in confirmed cases, both
higher than non-PD cases. For insomnia and dry eye,
the prevalence was comparable between confirmed
cases and non-PD cases, both lower than that in
unconfirmed cases.

PD PRS was strongly associated with being a
confirmed case (ORinterquartilerange = 1.74, 95% CI:
1.45–2.10, p for trend <0.0001), but not with being
an unconfirmed case (ORinterquartilerange = 1.05, 95%
CI: 0.76–1.45) (Table 2). Incident PD risk was also
associated with older age and higher education level
(graduate vs. college), but lower in non-Hispanic
Blacks (Supplementary Table 3). Smoking and coffee
drinking were both associated with a modestly lower
risk of PD, albeit statistically insignificant. Results
were similar between analyses using final case adju-
dication versus using that at the cohort-level.

Of the 242 confirmed PD cases, 99 were inci-
dent diagnoses after the cohort’s second DFU.
With few exceptions, nonmotor features reported
at the second DFU were associated with the risk
of PD (Table 3). Moderate to strong associations
were found for the well-documented PD prodro-
mal symptoms of hyposmia (OR = 4.88), depression
(OR = 2.53), dream-enacting behavior (OR = 2.20),
cognitive impairment (OR = 2.08), and daytime
sleepiness (OR = 2.00). Of the other nonmotor symp-

toms that have been rarely studied in prodromal PD,
we found significant associations with unexplained
weight loss (OR = 4.02), dry eyes (OR = 1.85), dry
mouth (OR = 1.91), and fatigue (OR = 1.71). In con-
trast, only one of the eight negative control symptoms
(i.e., shortness of breath while walking) was asso-
ciated with incident PD. The findings were similar
when using cohort-level confirmed cases as the ana-
lytic outcome.

DISCUSSION

In this nationwide cohort of women, we con-
firmed 242 PD diagnoses out of the 371 self-reports.
Confirmed cases are clearly different from those
unconfirmed in clinical features and known asso-
ciations and features of PD further support the
adjudication validity. For example, PD PRS was
associated with confirmed cases in a dose-response
manner, but not with unconfirmed cases. Further, the
key nonmotor symptoms of poor olfaction, dream-
enacting behaviors, and constipation were much
more common in confirmed vs. unconfirmed cases.
Finally, most nonmotor symptoms were associated
with incident PD diagnosis in the study population
as compared to none but one of the negative con-
trol symptoms. All support the validity of PD case
ascertainment and relevant clinical feature data in this
cohort.

Most late-onset sporadic clinical PD is likely the
result of environmental exposures, alone or inter-
acting with genetic factors, over years or decades
of the disease’s prodromal development. While the
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Table 1
Clinical features of confirmed Parkinson’s disease (PD) cases versus those not confirmed

Characteristics Regular data collection Additional data collection
from cohort follow-upsa from potential patientsa

Confirmed Unconfirmed Confirmed Unconfirmed
(n = 242) (n = 129) (n = 141) (n = 83)

Age in January 2018 74.2 (7.2) 70.3 (9.1) 73.3 (7.1) 69.5 (8.9)
Adjudicated age at diagnosis 66.9 (8.8) 63.6 (10.6) 66.1 (8.2) NA
Self-reported age at diagnosis 67.3 (8.7) 63.7 (10.6) 66.4 (8.1) NA

Regular data collection from cohort-wide follow-ups

Source of PD identification
From ≥2 sources 172 (71.1%) 13 (10.1%)
Reports from DFU only 199 (82.6%) 82 (78.1%)
Reports from AHU only 190 (78.8%) 28 (26.7%)
Other sources only 51 (21.2%) 11 (10.5%)

PD medication use
Reported at any DFU 177 (73.1%) 25 (19.4%)
Reported at ≥2 DFUs 99 (40.9%) 11 (8.5%)

Any motor symptoms
Reported at any DFU 231 (97.9%) 92 (73.6%)
Reported at ≥2 DFUs 183 (77.5%) 69 (55.2%)

Reported ≥2 motor symptoms
Reported at any DFU 213 (90.3%) 74 (59.2%)
Reported at ≥2 DFUs 144 (61.0%) 46 (36.8%)

Additional data collection
from potential patients in the diagnostic validation effort

Who made or confirmed the Parkinson’s Diagnosis?

Movement disorder specialist or neurologist 132 (97.8%)
Other doctor or health care provider only 3 (2.2%)

Have you ever had any of the following symptoms of Parkinson’s disease?

Trembling or shaking on any part of the body 113 (91.9%) Data not
Did symptoms ever get better with medication? 95 (92.2%) provided as all

Slowness in moving, such as walking or performing a task 95 (79.8%) responses are
Did symptoms ever get better with medication? 71 (84.5%) smaller than 5

Small handwriting than it once was 100 (82.6%)
Did symptoms ever get better with medication? 48 (57.1%)

Dragging a foot, shuffling feet, or taking smaller steps when walking compared to
the past

89 (73.0%)

Did symptoms ever get better with medication? 55 (76.4%)
Difficulty getting up from a chair or sofa or getting out of a car 91 (74.6%)

Did symptoms ever get better with medication? 44 (66.7%)
Other symptoms 57 (81.4%)

Did symptoms ever get better with medication? 36 (75.0%)
Were any of the symptoms ever more severe on one side of the body? 107 (84.3%)

Did you ever take the following Parkinson’s medication for more than 2 months?

Carbidopa or levodopa such as Sinemet, Stalevo, Parcopa, Duodopa or Rytary 110 (89.4%) Data not
Did the medication ever help with Parkinson’s symptoms? 101 (97.1%) provided as all
Do you still take the medication? 101 (96.2%) responses are

Dopamine agonists such as pramipexole (Mirapex), ropinirole (Requip), pergolide
(Permax), rotigotine (Neupro), or bromocriptine (Parlodel)

52 (44.1%) smaller than 5

Did the medication ever help with Parkinson’s symptoms? 45 (80.4%)
Do you still take the medication? 39 (69.6%)

Mao-B inhibitors such as rasagiline (Azilect) or selegiline (Eldepryl or Zelapar) 42 (35.0%)
Did the medication ever help with Parkinson’s symptoms? 25 (69.4%)
Do you still take the medication? 32 (72.7%)

Other PD prescribed PD medications (e.g., Artane or Amantadine) 28 (24.3%)
Did the medication ever help with Parkinson’s symptoms? 20 (69.0%)
Do you still take the medication? 21 (61.8%)

SD, standard deviation; DFU, detailed follow-up; AHU, annual health update. aMean (SD) for continuous variables and frequency count
(percentage) for categorical variables are presented. The percentages for all clinical features were calculated with missing excluded.
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Fig. 2. Self-reported nonmotor symptoms of confirmed Parkinson’s disease cases, unconfirmed cases, versus controls, using data from the
cohort’s third detailed follow-up.

past 25 years have seen multiple breakthroughs in
understanding PD genetics, the search for nongenetic
causes of PD has been largely stagnant [10]. This
is particularly true for women among whom fewer
robust associations have been observed. For exam-
ple, the associations of PD with coffee drinking [31],
dairy consumption [32], and urate [25] have been
robustly reported in men, but data in women are

less consistent. This may result from the biological
complexity of PD development in women, for exam-
ple, potential influences from hormonal changes [24].
Further, most occupational exposures of PD etiologi-
cal research interest (e.g., pesticides and welding) are
overwhelmingly represented by men [33–35]. In con-
trast, common chemical exposures in women (e.g.,
house cleaning and hair dye) are often less investi-
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Table 2
Parkinson’s disease (PD) polygenic risk score in relation to confirmed and unconfirmed PD cases versus non-PD

Polygenic risk score Confirmed cases vs. Non-PD Unconfirmed cases vs. Non-PD
Cases Non-PD OR (95% CI) Cases Non-PD OR (95% CI)

(n = 234) (n = 3,403) (n = 85) (n = 3,403)

All participants
Quartile 1 30 (12.8) 874 (25.7) Reference 26 (30.6) 874 (25.7) Reference
Quartile 2 47 (20.1) 864 (25.4) 1.56 (0.95, 2.55) 20 (23.5) 864 (25.4) 1.12 (0.58, 2.16)
Quartile 3 73 (31.2) 840 (24.7) 2.58 (1.62, 4.10) 18 (21.2) 840 (24.7) 1.06 (0.54, 2.11)
Quartile 4 84 (35.9) 825 (24.2) 2.98 (1.89, 4.71) 21 (24.7) 825 (24.2) 1.25 (0.64, 2.41)
Per inter-quartile range 1.74 (1.45, 2.10) 1.05 (0.76, 1.45)
P for trend <0.0001 0.5476

Non-Hispanic White participants
Quartile 1 26 (11.7) 670 (22.1) Reference 22 (29.7) 670 (22.1) Reference
Quartile 2 44 (19.7) 803 (26.5) 1.45 (0.87, 2.41) 17 (23.0) 803 (26.5) 0.90 (0.45, 1.81)
Quartile 3 72 (32.3) 781 (25.8) 2.53 (1.58, 4.05) 15 (20.3) 781 (25.8) 0.87 (0.42, 1.79)
Quartile 4 81 (36.3) 772 (25.5) 2.89 (1.82, 4.61) 20 (27.0) 772 (25.5) 1.14 (0.58, 2.23)
Per inter-quartile range 1.70 (1.41, 2.06) 1.05 (0.74, 1.47)
P for trend <0.0001 0.6968

PD, Parkinson’s disease; OR, odds ratio; CI, confidence interval. Analysis adjusted for age, race, and the first 5 principal components.

gated [36]. Therefore, there is a need to expand the
scope of environmental PD research in women.

The NIEHS Sister Study has multiple features
desirable for PD environmental research in women
[27]. First, study participants were from all 50 states
of the US, representing potentially diverse environ-
mental exposures. Study investigators have collected
rich environmental data as summarized in Supple-
mentary Table 1. Many of these are of substantial
interest for PD research in women, and each should
be thoroughly investigated. In addition, the cohort
has blood, urine, house dust, and toenail samples
from nearly all participants (≥98%), substantially
enhancing environmental exposure assessments and
expanding research scopes. Further, the study repeat-
edly assessed PD-relevant motor and nonmotor
symptoms since its second DFU in 2012–2014,
when the average age was 61.5 years. These fea-
tures uniquely enable the study of PD environmental
risk factors in the context of disease prodromal
development. Therefore, Sister Study presents a rare
opportunity to prospectively investigate environmen-
tal contributions to PD prodromal development in
women, by leveraging its extensive environmental
data collection and repeated and systematic assess-
ments of nonmotor and motor symptoms.

Large multipurpose cohorts like the Sister Study
were often established to study common chronic dis-
eases such as cardiovascular diseases and cancer [37,
38]. In comparison, PD is much rarer and occurs
predominately late in life. Its diagnosis relies on
patients’ complaints of motor dysfunctions, followed
by expert’s evaluations and a dopaminergic treatment
trial. This often requires sequential clinical visits

to neurology specialists, which are almost infeasi-
ble to implement in large population-based cohorts.
With few exceptions [39, 40], investigators often seek
alternative approaches to cost-efficiently identify and
confirm PD cases, for example, adjudication of self-
reported diagnosis with additional diagnostic data
collection from potential patients and their treating
physicians [5, 20, 23, 41, 42], solely based on routine
cohort data collection (e.g., self-reports, medication
uses, hospitalization/death surveillances) [19, 21], or
via linkage to administrative data and electronic med-
ical records [22].

While these strategies make PD case ascertain-
ment in large cohorts feasible and affordable, they
have some less-discussed limitations. For example,
adjudications based on systematic cohort data collec-
tion suffer from reporting errors and lack of relevant
diagnostic information (e.g., response to medication).
Secondary administrative or hospitalization records
are not systematically collected for research, are often
incomplete, and are subject to coding errors [43,
44]. Requesting PD diagnostic history from patients
or their treating physicians can address these con-
cerns, but this approach is subject to non-responses
from patients or their treating physicians. This is
particularly true if case confirmation was conducted
retrospectively with prevalent cases of poor health
or deceased cases. For example, in the ARIC study
[20] of the 293 potential cases identified from ∼20
years of follow-up, 95 (32.4%) did not respond when
we contacted the study participants; and of the 88
self-confirmed cases that we contacted their treat-
ing physicians for medical records, 37 (42%) did not
respond to the request.
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Table 3
Self-reported symptoms at the cohort’s second follow-up and future risk of Parkinson’s disease (PD)

Symptoms Finally adjudicated incident casesa Incident cases adjudicated using cohort data onlya

PD Non-PD OR (95% CI) PD Non-PD OR (95% CI)
(n = 99) (n = 45,922) (n = 109) (n = 45,922)

PD nonmotor symptoms

Hyposmia
No 68 (68.7) 41,789 (91.0) Reference 77 (70.6) 41,789 (91.0) Reference
Yes 28 (28.3) 2,930 (6.4) 4.88 (3.13, 7.62) 28 (25.7) 2,930 (6.4) 4.36 (2.81, 6.74)

Dream-enacting behaviors
No 78 (78.8) 38,359 (83.5) Reference 87 (79.8) 38,359 (83.5) Reference
Yes 16 (16.2) 4,348 (9.5) 2.20 (1.28, 3.78) 17 (15.6) 4,348 (9.5) 2.05 (1.22, 3.47)

Constipation
No 60 (60.6) 31,622 (68.9) Reference 66 (60.6) 31,622 (68.9) Reference
Yes 36 (36.4) 10,980 (23.9) 1.86 (1.23, 2.81) 40 (36.7) 10,980 (23.9) 1.86 (1.25, 2.76)

Daytime sleepiness
No 76 (76.8) 37,429 (81.5) Reference 84 (77.1) 37,429 (81.5) Reference
Yes 20 (20.2) 5,088 (11.1) 2.00 (1.22, 3.28) 22 (20.2) 5,088 (11.1) 1.97 (1.23, 3.17)

Depression
No 56 (56.6) 33,491 (72.9) Reference 61 (56.0) 33,491 (72.9) Reference
Yes 42 (42.4) 11,385 (24.8) 2.53 (1.69, 3.78) 47 (43.1) 11,385 (24.8) 2.56 (1.74, 3.75)

Anxiety
No 72 (72.7) 37,471 (81.6) Reference 80 (73.4) 37,471 (81.6) Reference
Yes 24 (24.2) 7,128 (15.5) 1.97 (1.24, 3.13) 26 (23.9) 7,128 (15.5) 1.89 (1.21, 2.96)

Cognitive impairment
No 68 (68.7) 35,853 (78.1) Reference 74 (67.9) 35,853 (78.1) Reference
Yes 23 (23.2) 5,496 (12.0) 2.08 (1.29, 3.36) 27 (24.8) 5,496 (12.0) 2.23 (1.43, 3.49)

Dry eyes
No 69 (69.7) 37,884 (82.5) Reference 75 (68.8) 37,884 (82.5) Reference
Yes 28 (28.3) 6,784 (14.8) 1.85 (1.19, 2.88) 32 (29.4) 6,784 (14.8) 1.95 (1.29, 2.97)

Dry mouth
No 80 (80.8) 41,037 (89.4) Reference 87 (79.8) 41,037 (89.4) Reference
Yes 16 (16.2) 3,627 (7.9) 1.91 (1.11, 3.28) 19 (17.4) 3,627 (7.9) 2.08 (1.26, 3.44)

Weight loss
No 86 (86.9) 43,418 (94.5) Reference 96 (88.1) 43,418 (94.5) Reference
Yes 10 (10.1) 1,181 (2.6) 4.02 (2.07, 7.81) 10 (9.2) 1,181 (2.6) 3.51 (1.81, 6.80)

Excessive sweating
No 86 (86.9) 41,946 (91.3) Reference 93 (85.3) 41,946 (91.3) Reference
Yes 9 (9.1) 2,662 (5.8) 1.63 (0.82, 3.26) 12 (11.0) 2,662 (5.8) 1.99 (1.09, 3.65)

Insomnia
No 78 (78.8) 33,119 (72.1) Reference 85 (78.0) 33,119 (72.1) Reference
Yes 17 (17.2) 9,318 (20.3) 0.84 (0.50, 1.42) 20 (18.3) 9,318 (20.3) 0.90 (0.55, 1.47)

(Continued)
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(Continued)

Symptoms Finally adjudicated incident casesa Incident cases adjudicated using cohort data onlya

PD Non-PD OR (95% CI) PD Non-PD OR (95% CI)
(n = 99) (n = 45,922) (n = 109) (n = 45,922)

Pain
None or mild 81 (81.8) 39,016 (85.0) Reference 89 (81.7) 39,016 (85.0) Reference
Moderate, severe or extremely severe 13 (13.1) 3,837 (8.4) 1.73 (0.96, 3.12) 15 (13.8) 3,837 (8.4) 1.77 (1.02, 3.07)

Fatigue
None or mild 59 (59.6) 31,317 (68.2) Reference 65 (59.6) 31,317 (68.2) Reference
Moderate, severe or extremely severe 36 (36.4) 11,605 (25.3) 1.71 (1.12, 2.59) 40 (36.7) 11,605 (25.3) 1.70 (1.14, 2.53)

Negative control symptoms
Swelling in joints

No 81 (81.8) 39,080 (85.1) Reference 89 (81.7) 39,080 (85.1) Reference
Yes 15 (15.2) 5,623 (12.2) 1.14 (0.66, 1.99) 17 (15.6) 5,623 (12.2) 1.18 (0.70, 1.98)

Joint stiffness in morning
No 71 (71.7) 34,538 (75.2) Reference 77 (70.6) 34,538 (75.2) Reference
Yes 24 (24.2) 10,121 (22.0) 1.03 (0.65, 1.64) 28 (25.7) 10,121 (22.0) 1.11 (0.72, 1.72)

Wheezing or whistling in chest
No 83 (83.8) 39,910 (86.9) Reference 91 (83.5) 39,910 (86.9) Reference
Yes 12 (12.1) 4,681 (10.2) 1.21 (0.66, 2.22) 14 (12.8) 4,681 (10.2) 1.27 (0.72, 2.24)

Shortness of breath (exercise)
No 65 (65.7) 32,300 (70.3) Reference 68 (62.4) 32,300 (70.3) Reference
Yes 31 (31.3) 12,363 (26.9) 1.02 (0.66, 1.58) 38 (34.9) 12,363 (26.9) 1.20 (0.80, 1.80)

Shortness of breath (at rest)
No 92 (92.9) 43,310 (94.3) Reference 99 (90.8) 43,310 (94.3) Reference
Yes 3 (3.0) 1,340 (2.9) 1.08 (0.34, 3.44) 6 (5.5) 1,340 (2.9) 1.98 (0.87, 4.55)

Shortness of breath (lying down)
No 91 (91.9) 43,210 (94.1) Reference 98 (89.9) 43,210 (94.1) Reference
Yes 4 (4.0) 1,402 (3.1) 1.38 (0.50, 3.77) 7 (6.4) 1,402 (3.1) 2.21 (1.02, 4.78)

Shortness of breath (walking)
No 70 (70.7) 38,146 (83.1) Reference 75 (68.8) 38,146 (83.1) Reference
Yes 24 (24.2) 6,457 (14.1) 1.73 (1.08, 2.77) 29 (26.6) 6,457 (14.1) 1.94 (1.25, 3.00)

Swelling or edema in legs
No 75 (75.8) 38,135 (83.0) Reference 81 (74.3) 38,135 (83.0) Reference
Yes 19 (19.2) 6,462 (14.1) 1.27 (0.77, 2.12) 23 (21.1) 6,462 (14.1) 1.43 (0.90, 2.28)

PD, Parkinson’s disease; OR, odds ratio; CI, confidence interval. Frequency count (percentage) are presented. Number may not add up to total due to missing. Analyses adjusted for baseline age,
race, education, smoking status, and daily caffeine intake.
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Sister Study participants are predominantly highly
educated and health-conscious women with a follow-
up rate consistently 90% or higher. Even in this
highly participatory population, 96 out of 320 (30%)
women did not respond to our request to provide
additional PD diagnostic information in our stan-
dalone diagnostic confirmation effort. Fortunately,
as part of the cohort’s regular follow-ups, in addi-
tion to the self-reported physician-made diagnosis
and age of diagnosis, we asked whether participants
used medications to treat PD, details of current uses
of all prescribed and over-the-counter medicines, and
selected symptoms of motor dysfunction. These data
were collected consistently every three years for up
to 15 years, enabling more comprehensive case adju-
dication using longitudinal reports of symptoms and
medication usages beyond self-reported physician-
made diagnosis.

These detailed data collection in the Sister Study
allows us to explore the validity of case adjudication
solely using cohort data without considering further
diagnostic data collection from patients and their
treating physicians, circumventing additional non-
responses and costs of data collection. Of those who
provided both, cohort-based adjudication showed
substantial agreement when compared with adjudi-
cation results using PD diagnostic data from patients
and treating physicians. Inconsistencies possibly
came from inconsistent/lack of PD medication use
information from cohort data, newly diagnosed with
little information, or reporting errors.

Empirical data support the validity of PD adju-
dication in this cohort. As expected, PD risk
was age-dependent and higher among non-Hispanic
White participants and participants with higher edu-
cation level [45, 46]. Findings on smoking and
caffeine intake are also supportive, albeit the associa-
tions were not statistically significant. Notably, prior
studies found that the role of caffeine in PD might
be complicated by female-specific factors such as
hormonal use [24], and thus an inverse association
of caffeine with PD might not be evident in women
[31]. Of all potential risk factors for late-onset spo-
radic PD, genetic susceptibility is the most robust
finding with the strongest causal insights [30]. In our
analysis among a subgroup of women with genetic
data, PD PRS was dose-responsively associated with
confirmed PD cases but not with those unconfirmed,
supporting that our case-adjudication results were
specific to PD.

To the best of our knowledge, the Sister Study
has one of the broadest assessments of PD non-

motor symptoms in population-based multipurpose
cohorts, allowing us to compare a large set of diverse
nonmotor symptoms of PD side-by-side in a large
population. While some of the prodromal symp-
toms are well-documented in the literature (e.g., poor
olfaction, RBD, and constipation) [4–7], others have
not been extensively studied in prodromal PD, includ-
ing dry eyes/mouth, dizziness, urinary symptoms,
unexplained pain/weight loss, and excessive sweat-
ing/fatigue. The strongest association was found with
poor olfaction, followed by unexplained weight loss,
depression, and dream-enacting behaviors. Of these,
weight loss has been less studied in prodromal PD,
and our finding is consistent with our prior longi-
tudinal cohort analysis [47, 48], suggesting that PD
patients may start a persistent weight loss 2–4 years
before PD clinical diagnosis. We also found moder-
ate associations of incident PD with fatigue, dry eyes,
and dry mouth, suggesting these less-studied symp-
toms may also be part of prodromal PD. In contrast,
with one possible exception, none of the negative con-
trol symptoms (e.g., swelling in joints, shortness of
breath, wheezing) were associated with incident PD,
supporting the validity of both our PD ascertainment
and assessments of the symptoms. Interestingly, some
symptoms were more prevalent in unconfirmed cases
than confirmed or non-cases such as depression and
over-sweating. One possibility is that these individu-
als had other parkinsonism or age-related conditions
that was mis-reported as PD by the study participants.
Unfortunately, we did not have adequate information
to make such differential diagnostic adjudication.

Our study has several limitations. First, study
participants are mostly non-Hispanic White women
volunteers with relatively high education levels. Their
exposure profiles may not be nationally representa-
tive, and the incidence of PD is lower in women
compared to men. Thus, study findings from this
cohort may not be readily generalizable to popula-
tions with different sex/race/ethnicity compositions.
Further, the LRRK2 G2019S mutation has been
linked to both breast cancer and PD [49]. While par-
ticipants of our study are sisters of breast cancer
patients, this mutation is rare in people of European
descents [50–52] and thus may little affect research
on PD in this cohort. Second, case ascertainment
mostly started with self-reported physician-made
diagnosis, and our goal was mainly to confirm or
refute the accuracy of these reports rather than re-
diagnose patients with clinical exams. The clinical
information we collected is not up to the stan-
dard for differential diagnosis, and therefore, our
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adjudication remains subject to errors, particularly
mis-adjudication of other Parkinsonism as PD. Fur-
ther, the clinical PD diagnostic criteria have evolved
over time in the past several decades [2, 53, 54],
and our diagnostic adjudication relied on the cri-
teria that the patients’ treating physician made at
the time of their diagnosis. Furthermore, some cases
would be inevitably missed via our approach. How-
ever, with detailed triennial surveys and annual health
updates, patients would have multiple opportuni-
ties to report their diagnoses. PD incidence (e.g.,
99/100,000 person-years for women ages ≥65 years)
in this cohort is comparable to that in women of other
studies [55], indirectly supporting case ascertainment
strategy in our study population. Third, while the
study has collected more PD-relevant symptomatic
information than most of the other general-purpose
cohorts, it was not designed for PD research and rel-
evant clinical data collection is limited. Finally, in
DFUs, we asked about motor symptoms in terms
that are sensible to the general public, and this inad-
vertently makes the questions less specific to PD.
Further, both motor and nonmotor symptoms were
mostly self-reported or assessed, subject to self-
awareness and substantial measurement errors. For
example, only about a third of Sister participants with
hyposmia recognized that they had it [29], consis-
tent with other population-based data [56, 57]. We
therefore established a sub-cohort of ∼3,400 Sister
participants with objectively assessed olfaction and
genome-wide genotyping [29], hoping to prospec-
tively follow up this sub-cohort with more detailed
symptom assessment to study environmental contri-
butions to PD in women.

In summary, findings from this study support the
case ascertainment strategy in a well-established
nationwide environmental health cohort of women.
The collection of a wide range of prodromal symptom
data in this cohort will provide a unique opportunity
to search for environmental triggers and accelerators
of PD at the early stages of disease development.
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