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Abstract

Background: The CheckPD app combines a 20-item symptom questionnaire with smartphone
sensor and voice assessments. We evaluated the questionnaire as a first-stage triage component
and explored the contribution of digital features.

Methods: A hospital case-control evaluation included 60 participants with Parkinson’s disease
(PD) and 107 volunteer controls. Community screening included 1,510 participants; those
meeting questionnaire or app referral criteria underwent specialist assessment. In a subgroup of
78 clinically evaluated participants, three prespecified model families were compared using
questionnaire-only (Q) and questionnaire-plus-sensor (Q+S) features with matched participant-
level five-fold cross-validation.

Results: In the hospital cohort, the questionnaire showed strong apparent discrimination (area
under the receiver operating characteristic curve [ROC-AUC] 0.971, 95% confidence interval
[CI] 0.951-0.992). A score of at least 5 yielded 90.00% sensitivity and 93.46% specificity. Each
additional positive response was associated with higher odds of PD status after adjustment for
age and sex (adjusted odds ratio 1.853, 95% CI 1.464-2.344). In community screening, 43 of 98
questionnaire-positive participants had confirmed PD (positive predictive value 43.88%;
detection yield 2.85%). The app-based pathway identified four additional cases below the
questionnaire threshold, giving 47 cases overall (3.11%). Mean ROC-AUC was higher with Q+S
than with Q across all three models.

Conclusions: The questionnaire showed strong apparent hospital discrimination but more modest
community performance. It should be used as a first-stage triage component within, rather than
as a replacement for, the multimodal CheckPD pathway. External validation with blinded

assessment and verification of screen-negative participants is required.
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Introduction

Parkinson’s disease (PD) is diagnosed clinically, but recognition may be delayed when
symptoms are subtle or access to neurological expertise is limited. Diagnostic accuracy varies
with clinical expertise and the stage at which patients are evaluated, highlighting the importance
of specialist assessment and appropriate longitudinal evaluation (Rizzo et al. 2016). Scalable
case-finding approaches could therefore help identify individuals who warrant further assessment
and prioritise referral, particularly in settings where access to movement disorder specialists is

limited.

Several questionnaires have been developed to screen for parkinsonism or PD, with performance
varying according to item content, study population and method of administration (Mutch et al.
1991; Duarte et al. 1995; Rocca et al. 1998; Chan et al. 2000; Setthawatcharawanich et al. 2011;
Dahodwala et al. 2012; Fereshtehnejad et al. 2014). Most have predominantly emphasised motor
manifestations or parkinsonism, whereas non-motor features such as hyposmia, rapid eye
movement (REM) sleep behaviour disorder (RBD), excessive daytime sleepiness, constipation
and depression may occur before or alongside recognised motor manifestations (Heinzel et al.
2019). However, many of these symptoms are non-specific and may also occur with ageing or
other common disorders. A symptom questionnaire may therefore be most useful as an

accessible first-stage triage tool rather than as a stand-alone diagnostic instrument.

Digital technologies offer the opportunity to complement self-reported symptoms with objective
measures of motor and non-motor function, although their clinical value depends on how they
are integrated into a defined care pathway rather than on technical performance alone
(Falkenburger et al. 2026). Smartphone-derived speech and other digital features have also
shown potential for scalable PD classification across different populations and languages (Lim et

al. 2025). The CheckPD programme was developed as a multimodal screening pathway
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combining a 20-item symptom questionnaire with smartphone-based assessments of voice,
tremor, dexterity, gait and balance (Bhidayasiri et al. 2024). Its subsequent national
implementation demonstrated the feasibility, reach, adoption and real-world performance of the

integrated screening programme (Bhidayasiri et al. 2026).

These previous CheckPD publications addressed development of the broader platform and
implementation of the integrated programme rather than the specific operating characteristics of
the questionnaire within the staged screening pathway. The present study therefore evaluated the
questionnaire as a first-stage symptom-triage component by (1) determining item-level and total-
score operating characteristics and deriving a screening threshold in a hospital case-control
cohort; (2) examining the association between questionnaire score and PD status after adjustment
for age and sex; (3) estimating questionnaire-positive predictive value and confirmed PD
detection yield during community deployment; and (4) exploring whether addition of sensor and
voice features provided complementary discriminatory information in a clinically evaluated

community subgroup.

Methods

Study design and relationship to previous CheckPD studies

This study comprised three complementary analyses of the 20-item CheckPD questionnaire: a
hospital-based case-control evaluation of item-level and total-score operating characteristics, a
community field evaluation of questionnaire-positive predictive value and confirmed PD
detection yield, and an exploratory comparison of questionnaire-only and questionnaire-plus-
sensor classification approaches. Development and preliminary evaluation of the broader
CheckPD platform, including the questionnaire component, and subsequent national
implementation of the integrated screening pathway have been reported previously (Bhidayasiri

et al. 2024). The present study was designed to address distinct questionnaire-specific questions
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and should therefore be interpreted as complementary to, rather than a re-evaluation of, the
previously reported CheckPD programme. The study was approved by the Ethics Committee of
the Faculty of Medicine of Chulalongkorn University (IRB number 0804/65) and registered with
the Thai Clinical Trials Registry with the TCTR identification number TCTR20231025005.
Development of the 20-item questionnaire and the CheckPD workflow are shown in Figure 1.
The Thai version of the 20-item questionnaire and instructions for its use are provided in
Supplementary Data 1 and 2. The questionnaire diagnostic accuracy evaluation is reported with
reference to the Standards for Reporting Diagnostic Accuracy Studies (STARD 2015)
recommendations (Bossuyt et al. 2015). Reporting of the exploratory machine-learning analysis
was informed by applicable TRIPOD+AI recommendations for clinical prediction model studies

(Collins et al. 2024). The corresponding reporting checklists accompany this submission.

Hospital-based case-control validation cohort

Between January and July 2024, consecutive patients with clinically diagnosed PD were
recruited from the Chulalongkorn Centre of Excellence for Parkinson’s Disease and Related
Disorders (ChulaPD, www.chulapd.org), King Chulalongkorn Memorial Hospital. PD had been
diagnosed by movement disorder specialists before questionnaire administration according to the
UK Parkinson’s Disease Society Brain Bank criteria (Gibb and Lees 1988) or the Movement
Disorder Society clinical diagnostic criteria for PD (Postuma et al. 2015). Participants with PD

were therefore aware of their diagnosis when completing the questionnaire.

Volunteer comparison participants aged >18 years were recruited from King Chulalongkorn
Memorial Hospital and the Centre’s outpatient clinics. Eligible volunteers had no history or
current clinical evidence of PD, atypical or secondary parkinsonian disorder, or another major
neurological disorder; were able to read, comprehend and independently complete the
questionnaire; and provided written informed consent. Exclusion criteria included essential

tremor, dystonia, stroke, epilepsy, dementia, peripheral neuropathy, active psychiatric illness
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affecting response reliability, and advanced musculoskeletal, orthopaedic, visual or auditory

impairment.

Community field screening with the questionnaire and CheckPD application

Community screening was conducted on 28-29 May 2026 in Prachuap Khiri Khan Province,
Thailand, through active community-based health screening campaigns organised in
collaboration with the provincial Thai Red Cross, local health authorities and Village Health
Volunteers (VHVs). Recruitment was invitation-based with voluntary participation following
community outreach announcements. Although outreach primarily targeted adults aged >40
years, eligibility included community-dwelling adults aged >18 years who could complete the
20-item CheckPD questionnaire independently or with technical assistance from trained research
staff or VHVs and who provided written informed consent. Participants with severe acute illness
or bedridden status and those with severe cognitive or communication impairment precluding

reliable symptom reporting were excluded.

Participants completed the questionnaire and smartphone-based assessments within the CheckPD
application. Participants meeting either referral criterion (a questionnaire score >5 or a high-risk
CheckPD application result) underwent neurological assessment by movement disorder
specialists during the same visit. PD was diagnosed according to the UK Parkinson’s Disease
Society Brain Bank criteria (Gibb and Lees 1988) or the Movement Disorder Society clinical
diagnostic criteria for PD (Postuma et al. 2015). The specialist assessment therefore followed
screening, and the specialists were aware of the questionnaire and application results.
Participants in whom PD was confirmed were classified as confirmed PD; those assessed who

did not meet the clinical diagnostic criteria for PD were classified as having no confirmed PD.

The deployed CheckPD high-risk classifier used a prespecified Random Forest ensemble

majority-voting architecture (CheckPD ML engine v1.0; backend server build
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testmodel20241128x). The classifier incorporated the 20-item questionnaire and up to eight
smartphone-based digital assessments: resting tremor, postural tremor, gait, balance, sustained
vowel phonation, sentence repetition, alternating-finger tapping and pinch-to-size. Predictions
from the component classifiers were combined using majority voting with a threshold of 0.5 for
high-risk classification. Model parameters, feature-extraction procedures and decision thresholds
were trained and frozen before community deployment and were not modified using outcomes

from the present field cohort.

Because reference-standard clinical assessment was restricted to participants meeting the
screening referral criteria, the community analysis was limited to positive predictive value (PPV)
and confirmed PD detection yield. Population sensitivity, specificity, negative predictive value
(NPV) and prevalence could not be estimated because screen-negative participants were not

clinically verified.

Missing data

Responses to all 20 questionnaire items were mandatory within the CheckPD application;
therefore, submitted app-based questionnaires contained no missing questionnaire items. Paper-
based hospital questionnaires with missing responses were excluded from analysis. For the
exploratory machine-learning analysis, participants lacking one or more required smartphone
task recordings or with unusable recordings were excluded. Among participants retained in the
machine-learning dataset, isolated missing extracted feature values were median-imputed using
values calculated exclusively from the training fold and subsequently applied to the

corresponding test fold. Feature standardisation was likewise fitted using training data only.

Statistical analysis
Continuous variables are reported as mean * standard deviation (SD), and categorical variables

as number and percentage. Between-group comparisons were performed using independent-
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samples t tests and chi-square or Fisher’s exact tests, as appropriate. Apparent discrimination of
the total questionnaire score in the hospital cohort was evaluated using receiver operating
characteristic (ROC) analysis. The operating threshold was selected in the same cohort by
maximising the Youden index and should therefore be considered internally derived rather than
externally validated. Sensitivity, specificity, PPV, NPV, false-positive rate and false-negative rate

were reported with 95% confidence intervals (Cls).

Each questionnaire item was evaluated in a separate binary logistic regression model, with PD
status as the dependent variable and the individual questionnaire item, age and sex as
independent variables. The total questionnaire score was evaluated separately in a hierarchical
logistic-regression model containing age and sex in the first block and total questionnaire score
in the second block. Odds ratios (ORs) with 95% Cls were reported. Community analyses were
restricted to PPV and confirmed PD detection yield because reference-standard assessment was
not performed in screen-negative participants. A two-sided p value <0.05 was considered

statistically significant. Statistical analyses were performed using SPSS version 29.0.1.0.

Exploratory machine-learning analysis

The exploratory analysis included 78 clinically evaluated community participants with usable
questionnaire and smartphone data, comprising 20 participants with confirmed PD and 58
participants without confirmed PD. The questionnaire-only feature set (Q) consisted of the 20
binary questionnaire items. The questionnaire-plus-sensor feature set (Q+S) comprised these 20
items plus 84 sensor- and voice-derived features obtained from resting tremor, postural tremor,

gait, balance, sustained phonation and sentence-speech tasks (Bhidayasiri et al. 2024).

Three model families were prespecified with fixed hyperparameters: L2-penalised logistic
regression (C = 1.0), Gaussian naive Bayes (var_smoothing=1x10"?) (John and Langley 1995),

and Random Forest (300 trees, maximum depth 3, minimum of 3 samples per leaf and square-
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root feature sampling) (Breiman 2001). No class weighting, synthetic resampling,
hyperparameter tuning or model-family selection was performed. The classification threshold
was fixed at 0.5. Median imputation and feature standardisation, when required, were fitted

exclusively using training-fold data.

All three models were evaluated separately using Q and Q+S with identical participant-level
five-fold grouped cross-validation splits. No participant contributed data to both the training and
test sets within the same fold. Performance was summarised descriptively as mean + SD across
the five matched test folds. No model was designated as the preferred model, and no formal
inferential comparison between Q and Q+S was performed because of the small exploratory

sample (Varoquaux 2018). Further details are provided in Supplementary Data 3.

Results

A hospital-based case-control cohort of clinically diagnosed patients with PD and volunteer
controls was used to assess the questionnaire’s discriminatory performance. We recruited 60
patients with PD (36 men and 24 women) and 107 volunteer controls (22 men and 85 women).
The mean age was 68.08 = 9.59 years for patients with PD versus 54.84 + 11.84 years for
controls (p < 0.001). The average educational level of both patients with PD and volunteer

controls was at high-school level.

The mean total score was 11.70 £+ 5.08 for patients with PD versus 1.12 + 2.09 for controls (p <
0.001). There were significant differences in “yes” or “positive” responses between patients with
clinically diagnosed PD and controls on all items, as shown in Table 1 and Figure 2. The most
frequently reported symptom was item no. 3 (clumsy or slower in performing daily activities;

86.7%), while the least frequently reported was item no. 16 (hallucination; 31.7%).
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In the hospital-based case-control cohort, ROC curve analysis of the total questionnaire score
demonstrated strong apparent discrimination between patients with clinically diagnosed PD and
volunteer controls, with an area under the curve (AUC) of 0.971 (95% CI: 0.951-0.992). A cut-
off score of 5 or higher was selected using the highest Youden index (0.835) (Figure 3).
Performance measures for all cut-off scores are shown in Supplementary Data 4. Sensitivity and
specificity were 90.00% (95% CI: 79.49-96.24%) and 93.46% (95% CI: 87.01-97.30%),
respectively. The PPV was 88.52% (95% CI: 77.82-95.26%) and the NPV was 94.34% (95% CI:
88.04-97.87%). The false-positive rate (FPR) was 6.54% (95% CI: 2.68-12.99%) and the false-
negative rate (FNR) was 10.00% (95% CI: 3.76-20.51%). All 20 questionnaire items showed
significantly different response frequencies between patients with PD and volunteer controls (all
p <0.001). The highest item-level sensitivity and specificity for discriminating between patients
with PD and volunteer controls were 86.67% for item no. 3 (clumsy or slower in performing
daily activities) and 99.07% for item no. 13 (hyposmia), respectively. The sensitivities and

specificities of the other items are shown in Table 1.

Following adjustment for age and sex, several motor items showed strong associations with PD
status. Item no. 2 (change in handwriting) yielded the highest odds ratio (adjusted OR = 125.89,
95% CI: 28.36-558.85, p < 0.001), followed by item no. 10 (unilateral onset of motor symptoms)
(adjusted OR = 117.89, 95% CI: 25.59-543.04, p < 0.001). Among non-motor features,
decreased sense of smell (item 13) also showed a strong age- and sex-adjusted association with
PD status (adjusted OR 55.69, 95% CI 5.85-529.71). The other adjusted ORs are shown in

Table 1.

In the hierarchical logistic-regression analysis, Nagelkerke pseudo-R? was 0.432 for the model
containing age and sex and increased to 0.863 after addition of the total questionnaire score.
Each additional positive questionnaire response was associated with an 85.3% increase in the

odds of PD status after adjustment for age and sex (adjusted OR 1.853, 95% CI 1.464-2.344; p <
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0.001). Age remained associated with PD status (adjusted OR 1.140, 95% CI 1.055-1.232; p <
0.001), whereas sex was not statistically significant after adjustment for total questionnaire score

(p=0.221).

Among 1,510 community participants, 107 were classified as high risk by the CheckPD
application and underwent specialist assessment. Of 98 participants with questionnaire scores >5,
43 had confirmed PD and 55 did not, corresponding to a questionnaire-positive PPV of 43.88%
(95% C1 33.86-54.30) and a questionnaire-detected confirmed PD yield of 2.85% (43/1,510).
Nine app-high-risk participants had questionnaire scores <5; four had confirmed PD and five did
not. The app-based pathway therefore identified 47 confirmed PD cases overall, including four
cases below the questionnaire threshold. These four cases represented 8.5% of all confirmed
cases and an absolute additional detection yield of 0.26% of the screened cohort. Overall
confirmed PD detection yield was 3.11% (47/1,510), and the PPV among app-high-risk
participants was 43.93% (47/107). The remaining 1,403 app-low-risk participants did not
undergo reference-standard assessment; therefore, population sensitivity, specificity, NPV and

prevalence could not be estimated.

Among the 107 clinically evaluated community participants, analysable multimodal data were
available for 78, comprising 20 of 47 participants with confirmed PD and 58 of 60 participants
without confirmed PD. Twenty-nine participants (27 with confirmed PD and two without
confirmed PD) were excluded from the exploratory machine-learning analysis because the

required sensor recordings were incomplete or unusable.

Using identical participant-level five-fold grouped cross-validation splits, mean ROC-AUC was
higher with questionnaire-plus-sensor data (Q+S) than with questionnaire-only data (Q) for all
three prespecified model families: L2-penalised logistic regression (0.683 + 0.074 vs 0.431 +
0.211), Gaussian naive Bayes (0.810 £ 0.086 vs 0.577 £ 0.233), and Random Forest (0.675 +
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0.121 vs 0.513 = 0.227). Mean sensitivity was also higher with Q+S for all three models,
whereas the direction of change in specificity differed by model family (Table 3). These
comparisons were descriptive; no preferred model was selected and no formal inferential

comparison was performed. The corresponding test-fold ROC curves are shown in Figure 4.

Discussion

This study evaluated the 20-item CheckPD questionnaire as the symptom-based entry component
of a broader multimodal PD screening pathway. The questionnaire showed strong apparent
discrimination in an enriched hospital case-control cohort, but a more modest questionnaire-
positive PPV during community deployment. The app-based pathway identified four additional
confirmed PD cases below the questionnaire threshold. In a small clinically evaluated subgroup,
addition of sensor and voice features was associated with higher mean ROC-AUC across three

prespecified model families.

The item-level findings also highlight the importance of capturing bradykinetic manifestations in
addition to tremor. Clumsiness or slowness during daily activities (item 3) showed the highest
sensitivity (86.7%), followed by change in handwriting (item 2; 83.3%), whereas rest tremor
(item 1) had a sensitivity of 73.3%. Earlier screening studies identified tremor as an important
discriminating symptom between participants with PD and comparison participants (Mutch et al.
1991; Setthawatcharawanich et al. 2011). Taken together, these findings support inclusion of
task-specific questions addressing slowness and dexterity alongside rest tremor rather than

relying predominantly on tremor-based screening.

Several non-motor items demonstrated high item-level specificity. Hyposmia (item 13) had a
specificity of 99.07%, with positive responses reported by 35.0% of participants with PD and

0.9% of volunteer controls, while the REM sleep behaviour disorder item (item 11) had a
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specificity of 98.13%. These features are recognised as being associated with the prodromal
phase of PD (Heinzel et al. 2019). Chronic constipation and excessive daytime sleepiness also
showed relatively high item-level specificity. However, these symptoms are not specific to PD in
clinical practice, and the present findings should not be interpreted as demonstrating prodromal

PD detection.

Unilateral onset of motor symptoms (item 10) also showed strong discrimination, with a
specificity of 96.26% and an age- and sex-adjusted OR of 117.89. In contrast, dizziness on
standing (item 17) was the most frequently reported positive item among volunteer controls
(15.0%) and had the lowest specificity (85.05%) and adjusted OR (4.72), consistent with the
non-specific nature of orthostatic symptoms. In the hierarchical analysis, Nagelkerke pseudo-R?
increased from 0.432 for the model containing age and sex to 0.863 after addition of the total
questionnaire score. Each additional positive response was associated with an 85.3% increase in
the odds of PD status after adjustment for age and sex. These findings support further evaluation
of the cumulative questionnaire score as a first-stage triage measure, while recognising that the

>5 threshold was derived and evaluated within the same hospital cohort.

Community deployment provided a more pragmatic assessment of questionnaire performance.
Among questionnaire-positive participants, 43 of 98 had specialist-confirmed PD, corresponding
to a PPV of 43.88% and a confirmed PD detection yield of 2.85% of the screened cohort. The
lower PPV than that observed in the enriched hospital case-control sample is expected given
differences in disease frequency, case mix and symptom spectrum between clinical and
community settings (Dahodwala et al. 2012; Usher-Smith et al. 2016). Self-reported symptoms
may also reflect musculoskeletal disease, autonomic symptoms unrelated to PD, mood and sleep
disorders, ageing and differences in health literacy. The questionnaire should therefore be

interpreted as a broad symptom-triage tool rather than as a stand-alone diagnostic instrument.
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Performance estimates from the present questionnaire analysis and previous CheckPD studies
should not be interpreted as direct comparisons. The apparent AUC of 0.971 was obtained from
the complete hospital case-control cohort in which the questionnaire threshold was also derived,
whereas the previously reported CheckPD analyses used different cohorts, validation procedures,
thresholds and outcome measures (Bhidayasiri et al. 2024; Bhidayasiri et al. 2026). AUC,
accuracy and PPV describe different aspects of performance and are influenced by study design
and case mix. The high apparent AUC in the hospital cohort therefore does not indicate
superiority of questionnaire-only screening over the multimodal CheckPD pathway; rather, it

supports the questionnaire’s role as an accessible first-stage symptom-triage component.

Within the clinically evaluated high-risk subgroup, questionnaire positivity was almost identical
between participants with and without confirmed PD, indicating substantial restriction of
questionnaire-score range after initial screening selection. In this more challenging setting,
addition of sensor and voice features was associated with higher mean ROC-AUC and sensitivity
across all three prespecified model families, although changes in specificity differed between
models. These findings suggest that objective digital measures may provide complementary
information beyond self-reported symptoms. However, the small sample, high predictor-to-
participant ratio, differential availability of analysable sensor recordings and fold-to-fold

variability preclude claims of definitive incremental validity.

A practical strength of the questionnaire is its simplicity: it can be completed in approximately
five minutes and produces an easily interpretable cumulative score, supporting its use as a
scalable first-stage triage tool. The study also evaluated the questionnaire across complementary
hospital and community settings and provided a transparent internally derived operating
threshold with corresponding sensitivity and specificity. The exploratory multimodal analysis

further illustrates how self-reported symptoms may be combined with objective digital measures,
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while appropriately requiring larger prospective studies before conclusions about incremental

clinical utility can be drawn.

Several limitations should be considered. First, the hospital analysis used an enriched case-
control design comparing established PD with volunteer controls who were younger and differed
in sex distribution. Participants with PD completed the questionnaire after diagnosis, and
comparison participants with several neurological, musculoskeletal and sensory disorders were
excluded; these features may have increased apparent discrimination. The operating threshold
was derived and evaluated in the same cohort. Second, community recruitment occurred during a
two-day screening campaign and may not represent the broader target population. Only
participants meeting questionnaire or app referral criteria underwent specialist assessment,
precluding estimation of population sensitivity, specificity, NPV and prevalence. Specialists
were aware of the screening results, introducing potential review bias. Third, the exploratory
machine-learning analysis included only 20 participants with confirmed PD and 58 without
confirmed PD and used 104 candidate features. Twenty-seven of 47 confirmed PD participants,
compared with two of 60 participants without confirmed PD, lacked analysable multimodal data,
creating potential selection bias. Finally, although the questionnaire includes symptoms
associated with prodromal PD and atypical parkinsonism, longitudinal prodromal prediction and

discrimination of atypical syndromes were not evaluated.

Conclusion

Building on previously reported questionnaire development and psychometric evaluation, the 20-
item CheckPD questionnaire showed strong apparent discrimination between established PD and
volunteer controls in an enriched hospital case-control cohort, but a more modest questionnaire-
positive PPV during community deployment. The app-based pathway identified four additional

confirmed PD cases below the questionnaire threshold, while exploratory participant-level cross-
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validation showed higher mean ROC-AUC after addition of sensor and voice features across
three prespecified model families. These findings support the questionnaire as a scalable first-
stage symptom-triage component within, rather than a replacement for, the multimodal CheckPD
pathway. Prospective external validation in representative populations, with blinded assessment

and reference-standard evaluation of screen-negative participants, is required.

Table and figure legends
Table 1. Numbers of participants (patients with PD and volunteer controls) who answered “yes”
or gave a “positive” response to each item of the PD screening questionnaire, with sensitivity,

specificity and adjusted odds ratios (ORs).

Table 2. Characteristics of clinically evaluated participants with and without confirmed PD who

had high-risk results from the CheckPD application.

Table 3. Descriptive five-fold grouped cross-validation performance using questionnaire data

alone (Q) and questionnaire data combined with sensor and voice features (Q+S).

Figure 1. Development of the 20-item questionnaire and the CheckPD workflow.

Figure 2. Proportion of participants reporting each questionnaire item in the hospital PD and

volunteer-control groups.

Figure 3. Receiver operating characteristic (ROC) curve for the total 20-item CheckPD
questionnaire score in the hospital case-control cohort. AUC = 0.971 (95% CI1 0.951-0.992). A

score >5 was selected using the maximum Youden index.
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Figure 4. Receiver operating characteristic (ROC) curves across three fixed machine-learning
model families comparing questionnaire-only (Q) and multimodal questionnaire-plus-sensor

(Q+S) feature sets.

Supplementary Data 1. Thai version of the 20-item CheckPD questionnaire.

Supplementary Data 2. Instructions for completing the self-reported 20-item CheckPD

questionnaire.

Supplementary Data 3. Detailed machine-learning features and preprocessing.

Supplementary Data 4. Performance measures for all cut-off scores in the hospital-based case-

control cohort.

Code and data availability
https://drive.google.com/drive/folders/1fUuScmvo8XYJXiLZ8_XO1mvz2cVolxFw?usp=share_l
ink
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screening questionnaire with sensitivity and specificity and adjusted odd ratio (OR).

Table 1. Number of subjects (PD and healthy controls) who answered ‘“yes” or ““positive” response to each item of PD

slower in any tasks: for

example, combing,

Patient Control P-value Sensitivity | Specificity Adjusted OR by age
(%) (%) and gender, (P value)
. Have you ever noticed a 44/60 11/107 <0.001* 73.33% 89.72% 48.70,
tremor of your hands or (73.3%) (10.3%) [95% CI: 13.69, 173.30]
legs at rest? (p< 0.0017)
. Have you written slower, 50/60 4/107 <0.001* 83.33% 96.26% 125.89,
or your handwriting (83.3%) (3.7%) [95% CI: 28.36, 558.85]
changed or become (p< 0.0017)
smaller?
. Have you noticed that you 52/60 7/107 <0.001* 86.67% 93.46% 57.34,
become more clumsy or (86.7%) (6.5%) [95% CI: 18.15, 181.14]

(p< 0.0017)




dressing, or bathing or
have more difficulty
involving fine hand motor
control task: for example,
doing up your buttons or

opening the bottle?

. Have you noticed that 45/60 3/107 <0.001* 75.00% 97.20% 101.52,
your voice has become (75.0%) (2.8%) [95% CI: 22.32, 461.80]
softer or more (p< 0.0017)
monotonous or that
listeners have to ask
repeatedly because they
cannot hear you speak?
. Have you noticed that 43/60 4/107 <0.001* 71.67% 96.26% 68.94,
your arm swings less or (71.7%) (3.7%) [95% CI: 17.24, 275.63]

(p< 0.0017)




does not swing when you

while walking causing
you to keep up with your
step or difficulty to stop

walking immediately?

walk?

. Do you walk with short 39/60 3/107 <0.001* 65.00% 97.20% 63.08,
steps or shuffling gait? (65.0%) (2.8%) [95% CI: 14.45, 275.32]

(p< 0.0017)

. Do you have difficulty to 37160 3/107 <0.001* 61.67% 97.20% 97.15,
walk or being freeze (61.7%) (2.8%) [95% CI: 19.90, 474.25]
while starting to walk, (p< 0.0017)
walking, or turning?

. Do you have trouble with 31/60 3/107 <0.001* 51.67% 97.20% 67.49,
throwing yourself forward | (51.7%) (2.8%) [95% CI: 13.90, 327.72]

(p< 0.0017)




speaking or shouting or
moving your arms and
legs that may be

consistent with dreams or

9. Do you have any of the 41/60 11/107 <0.001* 68.33% 89.72% 23.26,
following problems? (68.3%) (10.3%) [95% CI: 7.99, 67.73]
Difficulty turning over (p< 0.0017)
when sleeping or getting
out of bed or after sitting
down.

10. Do your tremor, 45/60 4/107 <0.001* 75.00% 96.26% 117.89,
slowness, or stiffness start | (75.0%) (3.7%) [95% CI: 25.59, 543.04]
on one side of your body (p< 0.0017)
first?

11. Do you know that you 28/60 2/107 <0.001* 46.67% 98.13% 78.50,
have symptoms of (46.7%) (1.9%) [95% CI: 13.38, 460.64]

(p< 0.0017)




fall off the bed while
sleeping? Or have you
ever been told by a bed
partner or caregiver that

you have these

symptoms?

12. Do you usually have 31/60 9/107 <0.001* 51.67% 91.59% 13.51,
excessive sleepiness (51.7%) (8.4%) [95% CI: 4.61, 39.58],
during the day or fall (p<0.001")
asleep while doing
activity?

13. Do you feel your sense of 21/60 1/107 <0.001* 35.00% 99.07% 55.69
smell has decreased? (35.0%) (0.9%) [95% CI: 5.85, 529.71]

(p<0.0017)

14. Do you have chronic 28/60 6/107 <0.001* 46.67% 94.39% 9.75

constipation, defined as (46.7%) (5.6%) [95% CI: 3.21, 29.66]




defecating less than 3 (p<0.0017)
times a week in the last 3
months?

15. Do you have symptoms of 21/60 8/107 <0.001* 35.00% 92.52% 12.74
depression? Crying more (35.0%) (7.5%) [95% CI: 3.85, 42.17]
easily than usual or lack (p<0.0017)
of interest in the
surrounding environment
or things that used to be
fun in the past.

16. Have you ever seen a 19/60 3/107 <0.001* 31.67% 97.20% 18.36
hallucination or heard a (31.7%) (2.8%) [95% CI: 3.32, 101.69]
sound without a person? (p<0.0017)

17. Do you often feel 29/60 16/107 <0.001* 48.33% 85.05% 4.72
lightheaded or dizzy (48.3%) (15.0%) [95% CI: 1.92, 11.61]

when changing positions

(p<0.0017)




from supine or sitting to
standing, and symptoms
usually improve or

disappear after sitting or

lying down?

18. Do you usually have 35/60 7/107 <0.001* 58.33% 93.46% 17.25
urinary control problems, (58.3%) (6.5%) [95% CI. 5.71, 52.14]
such as being unable to (p<0.0017)
control urine, urinary
incontinence, or urinary
retention?

19. Do you have problems 31/60 13/107 <0.001* 51.67% 87.85% 5.72
with analytical thinking, (51.7%) (12.1%) [95% CI: 2.26, 14.45]

memory, or calculation
that have worsened for

more than 1 year?

(p<0.0017)




20. Do you have balance 32/60 2/107
problems or frequent falls (53.3%) (1.9%)
at the very beginning of
tremor, slowness, or

stiffness?

<0.001*

53.33%

98.13%

78.64
[95% CI: 14.64, 422.49]

(p<0.0017)

Chi-square test

* Statistical significance when the p-value is less than 0.05.

Binary logistic regression test

¥ Statistical significance when the p-value is less than 0.05.




Table 2. Characteristics of confirmed PD and evaluated non-PD among who had high risk

results from CheckPD application

SD

Parameters Confirmed PD | Evaluated non-PD P value
(n=47) (n=60)

Age, mean + SD (years) 659+ 125 63.3+14.0 0.313%

Gender, n % (male) 21/47 (44.7%) 9/60 (15.0%) <0.001*®

Questionnaire score > 5, n % 43/47 (91.5%) 55/60 (91.7%) 1.000¢

Total questionnaire score, mean + 8.5+4.1 75+34 0.1442

# Unpaired t-test
® Chi-square test

“Fisher’s Exact test

* Statistical significance when the p-value is less than 0.05.




Table 3. Descriptive five-fold grouped cross-validation performance using questionnaire data alone (Q) and questionnaire data

combined with sensor and voice features (Q+S)

Model Metric Q Q+S Difference (Q+S — Q)
Sensitivity 0.200 £ 0.326 0.350 £ 0.224 +0.150 £ 0.137
L2 logistic regression Specificity 0.779 £ 0.123 0.862 £0.118 +0.083 £ 0.105
ROC-AUC 0.431 £0.211 0.683 £0.074 +0.252 £ 0.261
Sensitivity 0.550 £ 0.326 0.850 £ 0.224 +0.300 + 0.326
Gaussian naive Bayes Specificity 0.742 £ 0.054 0.655 +0.135 —0.088 £ 0.162
ROC-AUC 0.577 £0.233 0.810 £ 0.086 +0.233 £ 0.251
Sensitivity 0.000 £ 0.000 0.250 £ 0.177 +0.250 £ 0.177
Random forest Specificity 0.967 £ 0.046 0.914 + 0.059 —0.053 £ 0.076
ROC-AUC 0.513 £0.227 0.675+0.121 +0.161 £ 0.125

ROC-AUC, area under the receiver operating characteristic curve. Values are mean + standard deviation across five matched grouped
test folds. Differences are calculated as Q+S — Q within each fold. Positive values indicate an increase, and negative values indicate a

decrease.
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