Pre prints.org

Article Not peer-reviewed version

Validation of a Patient-Reported
Outcome Measure Sensitive to Diet and
Nutraceutical Exposure in Parkinson’s
Disease

Laurie Mischley “and Magdalena Murawska

Posted Date: 29 December 2025
doi: 10.20944/preprints202512.2511.v1

Keywords: remote patient monitoring; disease-modification; neuroprotection; rating scales; quality of life (3-
10)

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/2499300
https://sciprofiles.com/profile/4586541
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 December 2025 d0i:10.20944/preprints202512.2511.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Validation of a Patient-Reported Outcome Measure

Sensitive to Diet and Nutraceutical Exposure in
Parkinson’s Disease

Laurie Mischley 23* and Magdalena Murawska 3

1 Bastyr University. USA
2 University of Washington, USA
3 Parkinson Center for Pragmatic Research, Greece

* Correspondence: Imischley@bastyr.edu

Abstract

Background: The Patient-Reported Outcomes in Parkinson’s Disease (PRO-PD) scale is a 35-item
visual analog measure designed to quantify symptom severity across motor and non-motor domains.
Developed as a continuous, patient-centered outcome, PRO-PD captures patient-perceived change
over time and is suitable for remote longitudinal assessment. This study evaluated the psychometric
properties of PRO-PD across two independent datasets, including reliability, validity, factor
structure, and minimal clinically important change (MCIC), and assessed its relevance to nutrition-
and lifestyle-focused research. Methods: Convergent validity was evaluated in a cross-sectional
clinical dataset (n = 46) using established clinician-rated and patient-reported instruments, including
Hoehn and Yahr, Unified Parkinson’s Disease Rating Scale (UPDRS), Parkinson’s Disease
Questionnaire-39 (PDQ-39), Montreal Cognitive Assessment (MoCA), and PROMIS measures.
Internal consistency, temporal stability, factor structure, and known-groups validity were assessed
in a large remote-monitoring cohort (n = 2,612). MCID thresholds were estimated in a longitudinal
subsample (n = 390) using anchor-based methods, multinomial regression, and receiver operating
characteristic analyses. Joint modeling (two-stage procedure) approach was applied to model the
sensitivity of PRO-PD change in time to the binary diet factors evolution in time. Results: PRO-PD
demonstrated strong convergent validity with established clinical measures, excellent internal
consistency (Cronbach’s a = 0.93-0.95), and good test-retest reliability (ICC = 0.78 overall; 0.89 at 6
months). Confirmatory testing of a previously proposed eight-factor structure showed suboptimal
fit, leading to a parsimonious four-factor solution (Cognitive, Autonomic, Motor, Psycho-Emotional)
explaining 47.6% of variance. PRO-PD scores increased significantly with advancing disease duration
and stage. MCID thresholds were +53.5 points for worsening and —78.5 points for improvement (AUC
= 0.63-0.71), with greater sensitivity for detecting deterioration than improvement. Joint modeling
further demonstrated sensitivity of PRO-PD to baseline dietary behaviors and dietary change over
time. Conclusions: These findings support PRO-PD as a psychometrically robust, low-burden
outcome measure suitable for remote monitoring and for use across nutrition, nutraceutical, and
pharmacologic intervention studies, including in early PD where traditional scales may lack
sensitivity.

Keywords: remote patient monitoring; disease-modification; neuroprotection; rating scales; quality
of life (3-10)

1. Introduction

Parkinson’s disease (PD) is the fastest-growing neurological disorder worldwide, with recent
estimates predicting 25 million people will be living with PD by 2050.[1] Despite extensive research
efforts, no established therapies have been shown to slow, halt, or reverse disease progression.|[2]
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One contributing factor is the limited availability of outcome measures capable of capturing early-
stage disease burden [3] and subtle changes in symptom severity, particularly those driven by non-
motor symptoms and patient-perceived experience, such as anxiety, fatigue, and muscle pain, for
which objective measure are lacking.

Traditional PD severity scales, including clinician-rated motor assessments and stage-based
classifications, rely heavily on observable motor features that emerge later in the disease course. The
Movement Disorders Society- Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) [4] is the
current gold standard in clinical trials [5-7], Currently employed instruments have been shown to
have a floor effect, resulting in diminished sensitivity early in PD.[3] Recent expert and stakeholder
work has concluded that traditional clinical outcome assessments, including the MDS-UPDRS, are
not adequately sensitive to the earliest clinical changes and day-to-day symptom burden.[8] While
psychometrically robust, it does not offer a global subjective severity rating and may inadequately
capture symptom domains that people with PD report as bothersome.[9,10]

Nutrition, dietary patterns, and nutraceutical interventions are widely used by people with PD.
However, the study of these exposures has been constrained by outcome measures that are
insufficiently sensitive to patient-perceived change, slow to respond, or poorly suited to remote and
longitudinal data collection. Regulatory agencies have increasingly emphasized the importance of
patient-reported outcomes (PROs) to address these limitations and to better capture treatment effects
meaningful to patients.[11]

The Patient-Reported Outcomes in Parkinson’s Disease (PRO-PD) scale was developed as a
patient-centered, continuous outcome measure designed to quantify both motor and non-motor
symptom severity without reliance on in-clinic assessments. The scale was explicitly designed to be
sensitive early in disease, stable across daily fluctuations, and capable of detecting gradual change
over time. Importantly, the PRO-PD has been used in prior observational analyses to evaluate
associations between PD symptom severity and modifiable exposures, including diet,[12-14]
nutraceutical use,[15] physical activity,[16] sleep,[17] and psychosocial factors.[18]

The scale was introduced in 2017 [19], and translated and formally validated in Swedish in 2022
[20]. Despite its increasing use as an app and an outcome measure in PD, formal validation of the
original English PRO-PD scale has not been completed. The primary aim of this study was therefore
to evaluate the psychometric properties of the PRO-PD, including validity, reliability, and
responsiveness. A secondary aim was to assess its suitability as an outcome measure for nutrition-
and nutraceutical-focused PD research.

2. Materials and Methods

Big Data (n=2,612): Parkinsonism (MVP) study, an internet-based longitudinal cohort designed
to examine lifestyle, dietary, environmental, and psychosocial factors associated with PD
outcomes.[12-17] The MVP study collects self-reported data biannually, with optional more frequent
symptom tracking via the PRO-PD platform. Longitudinal data with 35 PRO-PD items (including
‘restless legs’) collected at multiple time points. This sample was used for internal consistency,
temporal stability (ICC), factor structure analyses, and known-groups validity. A subset of 390
patients who completed the 6-month follow-up with anchor assessment (35 Improved, 213 Stable,
142 Worsened) was used for minimal clinically important difference (MCID) determination.

Small Dataset (n=46): Baseline data were available from individuals previously enrolled in a
clinical trial that used PRO-PD as a secondary outcome measure.[21] Cross-sectional data with 34
PRO-PD items (excluding Restless Legs) collected alongside other validated scales including Hoehn
& Yahr (H&Y), Montreal Cognitive Assessment (MoCA), Non-Motor Symptoms Questionnaire
(NMSQ), Parkinson’s Disease Questionnaire-39 (PDQ-39), Unified Parkinson’s Disease Rating Scale
(UPDRS), and PROMIS Global Health. This sample was used for convergent validity analyses.

PRO-PD Scale: The PRO-PD is a patient-reported outcome measure assessing 35 Parkinson’s
disease symptoms using visual analog scales (0-100), with higher scores indicating greater symptom
severity. Total PRO-PD score is calculated as the sum of all item scores.
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Statistical Analysis All analyses were performed using R version ver. 4.2.1 and R Studio ver.
2025.09.1. The significance level a = 0.05 was used throughout. Data are presented as median and
interquartile range (IQR) or mean and standard deviation (SD) as appropriate.

Descriptive Statistics and Item Analysis For both data sets, individual items were assessed for
central tendency (mean), standard deviation, skewness, and proportion of minimum (floor) and
maximum (ceiling) values. Ceiling effects were defined as > 15% responses with maximum values.
Corrected item-total correlations were calculated for each item.

Internal Consistency Internal consistency was evaluated using Cronbach’s a at baseline for both
Small Data (34 items) and Big Data (35 items), with values > 0.90 indicating excellent internal
consistency.

Temporal Stability (Test-Retest Reliability) Temporal stability was assessed using intraclass
correlation coefficients (ICC) calculated from mixed-effects models with random intercepts for
participants (Big Data only). ICC was computed for each PRO-PD item and the total score across all
available time points and separately for the baseline-to-6-month period. ICC values were interpreted
as: < 0.50 (poor), 0.50-0.75 (moderate), 0.75-0.90 (good), and > 0.90 (excellent) temporal stability

Factor Structure Confirmatory factor analysis (CFA) was performed on Big Data to test the
Swedish 8-factor model structure. Model fit was evaluated using: Comparative Fit Index (CFI;
acceptable > 0.90, good > 0.95), Tucker-Lewis Index (TLIL acceptable > 0.90, good > 0.95), Root Mean
Square Error of Approximation (RMSEA; acceptable < 0.08, good < 0.06), and Standardized Root
Mean Square Residual (SRMR; acceptable < 0.08, good < 0.05). When the Swedish 8-factor model
showed inadequate fit, exploratory factor analysis (EFA) with varimax rotation was conducted to
identify the optimal factor structure. Factor solutions with 4-7 factors were examined, and the 4-factor
solution was selected based on interpretability and variance explained.

Factor analysis was not performed on Small Data due to insufficient sample size.

Convergent Validity Convergent validity was assessed using Pearson’s correlations between
PRO-PD total score and established scales (H&Y, MoCA, NMSQ, PDQ-39, UPDRS, PROMIS) in Small
Data. Correlation coefficients were interpreted as: weak (0.10-0.39), moderate (0.40-0.69), strong
(0.70-0.89), or very strong (0.90-1.00).

Known-Groups Validity Known-groups validity was evaluated by comparing PRO-PD scores
across clinically relevant subgroups using Kruskal-Wallis tests with post-hoc pairwise Wilcoxon tests
(Holm adjustment). Comparisons included: Disease duration groups (0-2, 3-4, 5+ years since
diagnosis), Disease severity by estimated H&Y stage (Mild <2, Moderate =3, Severe >4) (Small Data),
Gender. Relationships between PRO-PD and continuous variables (age, years since diagnosis) were
assessed using Pearson’s correlation.

Minimal Clinically Important Difference (MCID) MCID was determined using an anchor-
based approach in the subset of Big Data patients (n=390) who completed baseline, 6-month follow-
up, and anchor assessment. At 6 months, patients rated their overall symptom progression compared
to baseline using a 3-category scale: Improved, Stable, or Worsened. PRO-PD change scores (6-month
minus baseline) were compared across anchor groups using: Kruskal-Wallis test with post-hoc
pairwise Wilcoxon tests (Holm adjustment), Multinomial logistic regression with anchor status as
outcome and PRO-PD change as predictor. Receiver operating characteristic (ROC) analysis was used
to determine optimal PRO-PD change thresholds using Youden’s index (sensitivity + specificity — 1).
ROC analyses were conducted for: Worsened vs Stable, Improved vs Stable, Improved vs Worsened,
Worsened vs Not Worsened (combined Improved/Stable). Area under the curve (AUC), optimal
threshold, sensitivity, specificity, and accuracy were reported for each comparison.

Sensitivity to Diet (Joint Models) A two-stage approach was used to jointly model PRO-PD and
binary diet predictors. In the first stage, generalized mixed models with spline terms were fitted
separately for each dietary item and PRO-PD score. In the second stage, subject-specific random
effects were extracted from each model, and correlations between random effects were computed for
each PRO-PD-diet item pair to quantify associations between the two longitudinal responses. Both
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dietary items and PRO-PD trajectories were modeled using splines and adjusted for baseline age,
gender, and years since diagnosis.

Cross-Validation Cross-validation (CV) was performed to assess the stability of random-effects
correlations from the joint models. Correlations were evaluated between random intercepts and slope
of PRO-PD trajectories and the corresponding intercepts and slopes of each dietary item, as well as
within-diet random-effects matrices. CV was conducted using 100 random subsamples, each
compromising 50% of the data. Associations were summarized according to reliability across CV
samples, with high reliability defined as significance in >80% of samples, moderate reliability as >50%,
and low reliability as <50%.

3. Results

Available demographic data on study participants is presented in Table 1. Using the PRO-PD
scores that had a corresponding in-person clinical evaluation related to a PD research study (n=45),
correlation coefficients between PRO-PD and historically used scaled were calculated. (Figure 1a-f)
Not only did PRO-PD correlate with standard ‘motor’ assessments (HY: 1=0.4862, p=7e-04; UPDRS:
r=0.4676, p=0.0012) it was also correlated with quality of life (PROMIS: r= -0.2631, p= 0.0808; PDQ-
39: r=0.7335, p=0), non-motor symptoms (NMSS, r=7837, p=0), and cognitive function (MoCA: r= -
0.3358, p=0.0259).

PRO-PD Total Score vs Hoehn & Yahr Stage
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Figure 1. Correlations with Other Scales The 34-item small dataset was used was used to evaluate convergent validity,
which was missing ‘restless legs” variable. These figures show the correlation between PRO-PD scores and (a) Hoehn &
Yahr (b) UPDRS total, (c) PROMIS Global quality of life, (d) Nonmotor Symptom Scale, (e) PDQ-39, and (f) MoCA.

Table 1. Participant characteristics. Small data were obtained from baseline values from a clinical trial, large

dataset was obtained from an observational study entirely employing remote patient monitoring.

Sample Characteristics at Baseline
Small Data (In-Person) Large Data
(Remote Patient Monitoring)
N=46 (n) N=2612 (n)
Gender: 45
Female 22 (48.9%) 1479 (56.9%)
Male 23 (51.1%) 1120 (43.1%) 2600
Non-binary 1 (0.04%)
Age (years) 64.0 [56.5;68.5] 35 63.6 (9.40) 2556
Years Since Diagnosis 3.00 [2.00;4.00] 41 3.30 [1.31;6.73] 2612
PRO-PD Total Score 741 [499;1109] 45 664 [381;1067] 2389
UPDRS Total Score 66.5 [61.2;74.0] 46
PROMIS Global Composite Score 33.0 [29.2;35.0] 46
PDQ-39 Total Score 17.3 [10.9;21.2] 45
Hoehn & Yahr Stage 3.00 [2.00;4.00] 45
MoCA Score 28.0 [26.0;29.0] 44
NMS Total Score 33.5[20.2;48.8] 42
Race: 45
White 44 (97.8%)
Asian /Pacific Islander 1(2.22%)

Descriptive statistics and item-level psychometric characteristics for both datasets are presented
in Table 1. Across the large remote-monitoring cohort (n = 2,612), item distributions demonstrated
minimal ceiling effects and generally acceptable skewness, with floor effects exceeding 15% primarily
for hallucinations/delusions (37.1%) and nausea (30.6%). Corrected item—total correlations were 20.30
for most items, with lower correlations observed for tremor and sense of smell. This pattern closely
mirrors findings from the Swedish PRO-PD validation study[20], which similarly reported the lowest
item-total correlations for tremor (0.19) and olfaction (0.22), as well as the highest floor effects for
hallucinations and nausea. The smaller in-person dataset (n = 46) demonstrated comparable item-
level patterns, with greater variability attributable to sample size. Overall, consistency in item
performance across datasets and concordance with prior validation findings support the stability of
the PRO-PD item structure across populations and modes of administration.

Internal Consistency

Internal consistency was high for both small (Cronbach’s Alpha =0.929, 95% CI: 0.896, 0..955)
and big data (Cronbach’s Alpha = 0.947, 95% CI: 0.947, 0.951).

Factor analysis: To facilitate comparison with the Swedish validation study, a confirmatory
factor analysis (CFA) was first conducted using the previously identified eight-factor structure.
Model fit indices indicated suboptimal fit (CFI and TLI < 0.90). (Table 2) Consequently, exploratory
factor analyses were performed evaluating solutions with four to seven factors. Based on overall
model fit, interpretability, and parsimony, a four-factor solution was selected as the best
representation of the data. (Table 3)
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Table 2. Descriptive statistics and item analysis.
PRO-PD Validation: Indiviudal Item Evaluation
Small In-Person Dataset (n=46) Large Remote-Patient Monitoring Dataset (n=2612)

Corrected Corrected

Mean sD Skewness Floor (%) Ceiling (%) Item-Total Mean sD Skewness Floor (%) Ceiling (%) Item-Total

PRO-PD Item Correlation Correlation
Slowness 312 244 0.72 4.4 22 0.617 293 27 057 5.4 0.1 0.692
Constipation 24.1 2.7 0.8 15.6 22 0.267 229 233 1.04 15.1 0.3 0.512
Walking 26.8 23 0.54 89 22 0.734 21.8 19.9 0.99 10.1 0 0.714
Freezing 6.8 121 215 35.6 22 0.309 124 19.4 1.89 30.6 0.1 0.568
Falling 8.8 11.6 1.62 222 22 0.365 14.1 19.7 1.74 254 0.1 0.605
Rising from seated position 18 187 0.83 20 22 0.616 20.2 19.9 0.92 159 0 0.705
Dressing /eating / grooming 158 172 114 156 22 0.607 17.6 187 126 16.6 0.1 0.698
Motivation/initiative 24 209 0.98 6.7 22 0.708 254 237 0.77 11.8 0.1 0.663
Handwriting / typing 40.6 25.4 01 22 22 0.603 36.5 26.2 0.42 6.1 0.8 0.569
Depression 14.9 11.8 0.52 4.4 22 0.585 187 20.1 154 144 0.2 0.616
Loss of interest 19.5 17.7 0.96 133 22 0.652 209 228 114 16 0.2 0.673
Anxiety 23.7 224 123 6.7 22 0.555 24.8 243 1.06 113 0.5 0.603
Fatigue 35.2 243 0.4 4.4 22 0.753 35 253 0.4 5.1 0.5 0.746
Daytime sleepiness 34 26.2 0.34 6.7 22 0.813 29.2 242 0.63 7.8 0.1 0.685
Dyskinesia 132 19.1 1.46 244 22 0.463 158 223 144 278 0.1 0.49
Tremor 40.6 25 -0.26 22 4.4 0.138 27.2 21.8 0.78 5.3 0.1 0.357
Balance 20 16.3 1.04 8.9 22 0.705 23.6 213 116 9 03 0.687
Control of body temperature 20.1 22 1.28 17.8 22 0.522 219 227 1.01 14.1 0.4 0.47
Dizzy on standing 16 194 14 156 22 0.584 159 20.2 16l 20.1 01 0.61
Visual disturbance 16.7 211 1.83 111 22 0.527 15 20.6 162 247 0 0.637
Insomnia 28 27.5 0.83 6.7 22 0.404 29.2 27.3 0.73 115 0.6 0.563
Acting out dreams 19.8 233 118 133 22 0.134 229 26 1.06 19.6 04 0.517
195 24.2 131 209 03 0.549
Muscle cramping / pain/ aching 255 264 1.08 44 22 0.622 294 252 0.75 72 02 0.651
Speech 27.3 203 0.36 4.4 22 0.725 215 211 0.89 15 0 0.657
Drooling 20.6 21.7 1.04 156 22 0.091 209 233 0.88 211 0 0.489
Stooped posture 30.1 26.1 0.72 89 22 0.522 247 211 0.66 111 0 0.626
Memory /forgetfulness 32.7 20.5 -0.26 44 22 0.729 28.2 217 0.48 7.5 0 0.672
Comprehension 21.5 18.8 0.59 133 22 0.721 17.8 19.7 125 172 0 0.664
Sense of smell 4.1 358 0.02 111 44 0.265 453 33 0.04 8.6 23 0.317
Medication side effects 245 236 0.76 6.7 22 0.526 195 243 124 205 04 0.49
Sexual dysfunction 323 29 0.62 67 22 0.498 359 313 052 109 21 0.497
Urinary symptoms 294 26.5 0.52 89 22 0.653 315 27 0.5 102 0.5 0.583
Hallucinations / delusions 7.6 141 279 244 22 0.363 7.1 138 29 37.1 0 0.479
Nausea 13.8 20.6 193 222 22 0.517 10 16.8 2.37 30.6 0 0.483

PRO-PD: Patient-Reported Outcomes in Parkinson’s Disease; SD: Standard deviation.

Table 3. Application of Swedish eight-factor model to the English dataset.

Confirmatory Factor Analysis Fit Indices for Swedish 8-Factor Model

Fit Index Value Acceptable Fit Good Fit Interpretation
Chi-square (x?) 1492.23 — o -

Degrees of Freedom (df) 532 - o —

p-value < 0.001 >0.05 >0.05 Poor fit

CFl 0.807 >0.90 >0.95 Below acceptable
TLI 0.784 >0.90 >0.95 Below acceptable
RMSEA 0.083 <0.08 <0.06 Acceptable
RMSEA 90% CI [0.078, 0.088] - — -

SRMR 0.079 <0.08 <0.05 Acceptable

! CFI: Comparative Fit Index, TLI: Tucker-Lewis Index, RMSEA: Root Man Square Error of
Approximation, SRMR: Standardized Root Mean Square Residual.
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Table 4. Final big data 4-factor analysis.

Exploratory Factor Analysis: 4-Factor Solution with Varimax Rotation

Factor Loadings

PRO-PD Item Factor 1 Cognitive Factor 2 Autonomic  Factor 3 Motor Factor 4 Psychoem
Slowness 03 0.7

Constipation 0.32

Walking 0.75

Freezing 0.62

Falling 03 0.61

Rising from seated position 0.73
Dressing/eating/grooming 0.7

Motivation/initiative 0.34 0.69
Handwriting/typing 0.3 0.51

Depression 0.68
Loss of interest 0.79
Anxiety 03 0.33 054
Fatigue 0.48 0.43 043
Daytime sleepiness 0.41 0.35 0.38
Dyskinesia 041 03

Tremor 0.3

Balance 0.71

Control of body temperature 053

Dizzy on standing 0.37 0.4

Visual disturbance 0.48 0.32 0.34

Insomnia 0.42

Acting out dreams (RBD) 0.42 031

Restless legs 0.3 0.4

Muscle cramping/pain 0.56 0.33

Speech 0.49 0.48

Drooling 04 035

Stooped posture 0.44 0.47
Memory/forgetfulness 0.6 0.4
Comprehension 0.53 0.44
Sense of smell 0.37

Medication side effects 074

‘Sexual dysfunction 0.39

Urinary symptoms 0.41 0.31
Hallucinations/delusions 0.44

Nausea 053

Note:
Only loadings = 0.30 shown.

Although the 4-factor solution explained a lower proportion (47.6%) of total variance than the
previously 8-factor structure (61%), variance explained alone is not a sufficient criterion for model
adequacy. The Swedish 8-factor solution was derived using exploratory methods and maximized
variance by subdividing correlated symptom domains, whereas confirmatory testing in the present
dataset demonstrated suboptimal model fit. The 4-factor solution represents a more parsimonious
and interpretable structure, prioritizing latent construct validity and overall model fit over variance
maximization. This approach aligns with contemporary psychometric standards for patient-reported
outcome validation.

PRO-PD in Relation to Demographic and Clinical Characteristics: Baseline PRO-PD scores
were examined across disease duration groups (0-2 years, 3—4 years, and =5 years since diagnosis).
In the smaller in-person dataset, no significant differences in total PRO-PD scores were observed
across duration groups (Kruskal-Wallis x2 =2.29, df =2, p = 0.318). In contrast, in the large remote-
monitoring dataset, PRO-PD scores differed significantly by disease duration (Kruskal-Wallis x2 =
251.87, df = 2, p < 2.2 x 107%). Pairwise comparisons using Wilcoxon rank-sum tests with Holm
adjustment confirmed significant differences between all duration groups, with higher PRO-PD
scores observed in individuals with longer disease duration. Specifically, comparisons between the
>5-year group and both the 3-4-year and 0—2-year groups were highly significant (both p <2 x 10-16),
as was the comparison between the 3—4-year and 0-2-year groups (p = 0.0037). These differences are
illustrated in Figures 2a-b, which shows a stepwise increase in baseline PRO-PD scores with
increasing years since diagnosis.
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Figure 2. PRO-PD scores with increasing disease duration. (a) Large dataset: n=26; remote patient monitoring,

(b) Small data: n=45; In-person Parkinson specific evaluation.

Only the large data demonstrated a significant correlation between PRO-PD and years since
diagnosis (r=0.328, p=0) and age (r=0.0557, p=0.0076). (Figures 3a-b) The correlation with years since
diagnosis was also observed in Swedish study, where similar results were obtained.

PRO-PD vs Years Since Diagnosis At Baseline PRO-PD vs Age At Baseline
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(a) (b)

Figure 3. Patient-Reported Outcomes in Parkinson’s Disease (PRO-PD) scores with increasing disease
duration and age. High PRO-PD scores represent greater symptom severity. Disease severity increased with (a)

years since diagnosis, and less so with (b) age. .

PRO-PD by Gender at Baseline Contrary to the Swedish study, there was a significant difference
in PRO-PD scores between sexes, although the difference was not clinically relevant.
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Figure 4. Patient-Reported Outcomes in Parkinson’s Disease (PRO-PD) scores by sex. High PRO-PD scores

represent greater symptom severity. (a) Symptom severity of sexes at baseline (b) Symptom severity of sexes

over time.
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Minimally Clinically Important Change (MCIC) Minimal clinically important change (MCID)
was evaluated using an anchor question administered at six months. Of 390 participants, 35 (9%)
reported improvement, 142 (36%) reported worsening, and 213 (55%) reported no change. Median
PRO-PD change was 7 in the stable group, —20 in the improved group, and +106.5 in the worsened
group. Kruskal-Wallis testing demonstrated significant differences between the worsened group and
both the stable and improved groups (both p =0.0015), with no significant difference between stable
and improved participants. These findings were confirmed using a multinomial regression approach.

Distribution of PRO-PD Change by Progression Status PRO-PD Change by Progression Status at 6 Months
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Figure 5. Distribution of Change in PRO-PD Scores by Self-Reported Progression Status at 6 Months. (a)
Kernel density distributions of PRO-PD change for participants reporting improvement, stability, or worsening.
(b) Box-and-whisker plots of PRO-PD change with individual observations and Holm-adjusted pairwise

comparisons.

Receiver operating characteristic (ROC) analyses identified a PRO-PD change threshold of +53.5
points distinguishing worsened from stable participants, which was identical for worsened versus
not worsened (stable/improved) classifications. This threshold corresponds closely to the Swedish
validation study, which reported a cutoff of 119 points over a longer follow-up interval, suggesting
approximately linear symptom progression over shorter time frames. The MCID for improvement
was —78.5 points, indicating a larger magnitude of change required to detect improvement compared
with deterioration. Discrimination was modest for improved versus stable participants (AUC =0.592)
and acceptable for improved versus worsened participants (AUC = 0.708). Classification of worsened
versus not worsened yielded an AUC of 0.637, with sensitivity of 0.644 and specificity of 0.630, closely
matching prior findings.
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ROC Curve: Improved vs Worsened ROC Curve: Worse vs Not Worse (Stable/Improved)
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Figure 6. Receiver Operating Characteristic (ROC) curves for change in PRO-PD scores at 6 months. ROC
analyses evaluated the ability of change in PRO-PD to discriminate between self-reported progression groups.
Panels show (a) worsened versus stable, (b) improved versus stable, (c) improve versus worsened, and (d)
worsened versus not worsened (stable/improved). Area under the curve (AUC) values are shown within each

panel. Diagonal reference lines indicate no discrimination (AUC = 0.5).

Table 5. Receiver Operating Characteristic (ROC) Performance Metrics PRO-PD change score classification
performance. AUC: Area Under the Curve, Optimal threshold based on Youden's index. Higher PRO-PD change

scores indicate worsening.

Performance Metrics
Comparison AUC T(ljlfeﬁ;‘jll d Sensitivity ~ Specificity Accuracy
Worsened vs Stable 0.625 53.5 0.644 0.616 0.627
Improved vs Stable 0.592 -78.5 0.393 0.791 0.735
Improved vs Worsened 0.708 53.5 0.644 0.714 0.659
Worsened vs Stable/Improved 0.637 53.5 0.644 0.63 0.635

A substantial proportion of participants reporting stable status demonstrated large PRO-PD
changes, suggesting potential recall bias or response shift in anchor-based self-assessment.
Accordingly, some misclassification may reflect limitations of patient-reported anchors rather than
scale performance. Future studies should further refine MCID thresholds using objective clinical
anchors. (Table 6)

Table 6. Clinical interpretation of PRO-PD change threshold for detecting symptom worsening.

Clinical Meaning of PRO-PD Change Thresholds
Metric Value Clinical Meaning
Sensitivity (catch worsening) 0.644 64.4% of worsened patients correctly identified
Specificity (avoid false alarms) 0.63 63% of stable patients correctly identified
PPV (if flagged, truly worsened?) 0.475 47.5% of flagged patients are truly worsened
NPV (if not flagged, truly stable?) 0.773 77.3% of non-flagged patients are truly stable
Accuracy 0.635 63.5% overall correct classification
False Positive Rate 0.37 37% of stable wrongly flagged
False Negative Rate 0.356 35.6% of worsened missed

Over a six-month period, 213 (__%) reported remaining stable (mean change 7 [IQR -65, 133]),
35 (__%) reported improvement (mean change -20.0, [IQR: -192.8, 70], and 142 (__%) worsened (mean
change: 106.5, [IQR: -38, 246]. (Figure 7)
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Figure 7. Histogram of differences in PRO-PD at six months from baseline.

To further evaluate whether change in PRO-PD score discriminated among self-reported
progression categories, a multinomial logistic regression model was fit with progression status
(improved, stable, worsened) as the outcome and 6-month change in PRO-PD as the predictor, using
the stable group as the reference. Greater increases in PRO-PD score were significantly associated
with higher odds of being classified as worsened versus stable (OR = 1.002 per unit increase; p =
0.0028). In contrast, increasing PRO-PD change scores were associated with lower odds of being
classified as improved versus stable, although this association did not reach conventional statistical
significance (OR = 0.998; p =0.055). These findings were concordant with non-parametric analyses, in
which overall group differences were significant (Kruskal-Wallis p < 0.001), and pairwise
comparisons demonstrated significant separation between stable and worsened groups (Holm-
adjusted p = 0.0015), but weaker discrimination between improved and stable participants.
Consistency across analytical approaches supports the construct validity of PRO-PD change scores
for differentiating patient-perceived worsening, with more modest sensitivity for detecting
improvement over a 6-month interval.

PRO-PD is Sensitive to Diet As described in the Methods, the correlation between the PRO-PD
in time and binary diet predictors was examined.

Table 7. Correlations between random effects of diet and PRO-PD scores.

Correlations Between Random Effects of Diet Variables and PRO-PD Score
Intercept Slope
Thave difficulty affording groceries. 0.329 p<0.000 0.088 0.001
It is difficult to afford healthy food. 0.321 p<0.000 0.097 p<0.000
I avoid soda. -0.208 p<0.000 -0.051 0.063
I am overweigbt. 0.205 p<0.000 0.087 0.001
I avoid artifical sweetner. -0.192 p<0.000 -0.027 0.323
I cook most of my own food. -0.174 p<0.000 -0.097 p<0.000
I try to eat organically grown food when possible. -0.15 p<0.000 -0.082 0.002
I avoid dairy. -0.15 p<0.000 -0.172 p<0.000
T avoid beef. -0.146 p<0.000 -0.067 0.014
I often prepare meals for others. -0.144 p<0.000 -0.169 p<0.000
I can name foods on the Dirty Dozen. -0.127 p<0.000 -0.124 p<0.000
Iavoid pork. -0.116 p<0.000 -0.033 0.229
I eat most of my meals at home. -0.058 0.034 -0.045 0.097
I use spices frequently -0.048 0.077 -0.063 0.02
I am vegetarian. -0.036 0.19 -0.029 0.289
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Joint modeling analyses revealed consistent associations between dietary behaviors and PRO-
PD symptom burden across cross-sectional and longitudinal domains (Figure 8). Panel (8a) shows
that baseline dietary behaviors were strongly associated with baseline PRO-PD intercepts, with food
insecurity, grocery affordability constraints, and overweight status correlating with greater symptom
severity, while cooking, meal preparation, organic food consumption, and avoidance of soda,
sweeteners, dairy, and red meat were associated with lower baseline PRO-PD scores. Panel (8b)
demonstrates that longitudinal changes in dietary behaviors tracked with PRO-PD slopes over time,
such that worsening food access and affordability were associated with faster symptom progression,
whereas increased engagement in health-promoting dietary behaviors was associated with slower
progression. Panels (8c) and (8d) further support temporal coupling, showing that baseline dietary
behaviors were associated with subsequent PRO-PD slopes and that changes in diet were linked to
later symptom levels, respectively. Across all panels, effect directions were highly consistent and
aligned with nutritional plausibility, with stronger and more reliable associations observed for
behaviors related to food access and meal preparation. Together, these findings indicate that PRO-
PD is sensitive to both nutritional status and dietary change over time, supporting its utility as an
outcome measure for diet-focused Parkinson’s disease research.
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Figure 8. Cross-validation between PRO-PD intercepts and diet items. (a) Baseline Diet and Baseline PRO-PD
Severity (PRO-PD Intercept ~ Diet Intercept), (b) Change in Diet and PRO-PD Progression Rate (PRO-PD Slope ~
Diet Slope), (c) Baseline Diet and Subsequent PRO-PD Progression (PRO-PD Slope ~ Diet Intercept), (d) Baseline
PRO-PD Severity and Subsequent Dietary Change (PRO-PD Intercept ~ Diet Slope). The high reliability
(HighPos/HighNeg) is the reliability >80% meaning the significant correlation for more than 80% CV samples.
Moderate reliability (ModeratePos/ModerateNeg) is reliability>50% and low below 50%.
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Figure 9. Correlations between dietary behaviors and PRO-PD intercepts and slopes derived from joint
modeling. (a) Intercept-intercept correlations illustrating associations between baseline dietary behaviors and
baseline PRO-PD symptom severity, (b) Slope—slope correlations illustrating concurrent associations between
changes in dietary behaviors and changes in PRO-PD over time, reflecting coordinated longitudinal trajectories,
(c) Intercept-slope correlations illustrating associations between baseline dietary behaviors and subsequent
PRO-PD progression, consistent with baseline diet predicting later symptom change. Color intensity reflects

correlation magnitude, and symbols indicate reliability across cross-validation folds.

4. Conclusions

This study provides the first comprehensive psychometric validation of the PRO-PD as a patient-
reported outcome measure capable of detecting clinically meaningful change in PD, with particular
relevance to nutrition- and lifestyle-based research. Across two independent datasets, the PRO-PD
demonstrated excellent internal consistency, good temporal stability, strong convergent validity with
established clinical scales, and robust known-groups validity. Importantly, the scale captured
symptom burden across motor and non-motor domains, aligning with contemporary views of PD as
a multisystem condition and addressing key limitations of motor-centric outcome measures.

Factor analytic findings support a parsimonious four-domain structure encompassing cognitive,
autonomic, motor, and psycho-emotional symptoms. Although this structure explained less variance
than the previously proposed eight-factor model, it demonstrated superior interpretability and
construct validity under confirmatory testing. This trade-off reflects a well-recognized psychometric
principle: variance maximization alone does not ensure meaningful latent structure. The resulting
domains map closely to symptom clusters commonly targeted by dietary patterns, nutritional status,
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and nutraceutical exposures, reinforcing the relevance of PRO-PD for nutrition-focused
investigations.

Anchor-based analyses established asymmetric MCIC thresholds, with smaller changes
required to detect worsening than improvement, a pattern consistent with prior PD studies and
patient-reported outcome research more broadly. The moderate discrimination observed for
improvement likely reflects both biological asymmetry and limitations of global recall anchors, rather
than inadequate scale sensitivity. The strong concordance between non-parametric, multinomial, and
ROC-based methods supports the robustness of the identified thresholds and provides practical
benchmarks for interpreting longitudinal change in interventional studies.

Crucially, joint modeling analyses demonstrated that PRO-PD is sensitive to both baseline
dietary behaviors and dietary change over time, with consistent and nutritionally plausible
associations observed across intercept—intercept, slope-slope, and cross-lagged relationships.
Indicators of food insecurity and affordability were associated with higher symptom burden and
faster progression, whereas preparing meals for others, cooking at home, and preferential
consumption of organic food tracked with lower severity and slower progression. Avoidance of beef,
pork, and dairy showed modest associations with symptom burden, but these effects were smaller
and less consistent than those related to food security, pesticide avoidance, preparation, and
engagement. Together, these findings position the PRO-PD as a uniquely suited outcome measure
for diet, nutrition and nutraceutical research in Parkinson’s disease, capable of capturing patient-
perceived effects of dietary exposures that are unlikely to be detected by traditional clinical scales.

A comparison of strengths, limitations, and recommended use cases for PRO-PD, compared to

the current gold standard, MDS-UPDRS.

Table 8. Strengths and limitations of PRO-PD compared to gold standard.

Comparison of PRO-PD and MDS-UPDRS: b‘lre!lﬁths, Limitations, and Use Cases

S . . A MDS-UPDRS

Dimension PRO-PD (Patient-Reported Outcomes in Parkinson's Disease) (Movement Disorder Society-Unified Parkinson's Discase Rating Scale)
Primary purpase Quantify patient-perceived symptom burden across motor & non-molor domains. Quantify dinician-rated disease severity, especially motor impairment
Conceptual anchor Within-person change over time Between-person disease severity at a given visit schedule
Rater Fatient (self-reparted) Trained dinician /examiner
Assessment mode Fully remote, self-administered Primarily in-clinic; motor exam requires in-person assessment
Domains covered Broad motor + non-motor symptoms (cognitive, autonomic, psycho-emotional, sensory) Motor (Part III), non-motor experiences (Parts | & I}, complications (Part IV)
Sensitivity to non-motor symptoms High; non-motor symptoms weighted comparably to motor symptoms Moderate; non-motor symptoms induded but less granular and less respansive
Sensitivity to shortinterval change High; designed to detect subtle changes over months Lower; optimized for dinically observable change, often over longer intervals
Floar effects (early PD) Minimal; retains variability in early and mild disease Present, espedally in Part Il motor exam
Responsiveness in early PD Strang; suitable for prodromal and early stage horts Limited sensitivity in early stages
Minimal Clinically Important Difference (MCID) Established using anchor-based and ROC methods Less dearly defined across all parts and contexts
Recall bias Possible, inherent to self-report Minimal (examiner-rated)
Inter-rater variability None Present; requires rater training and certification
Participant burden Low; no travel, no exam Moderate to high; clinic visits, physical exam
Trial cost implications. Low marginal cost; scalable to large and decentralized cohorts High cost due to dinic visits, training, and examiner time
Suitability for remote | decentralized trials Excellent Limited
Utility for nutrition & lifestyle research High; sensitive to diet, supplements, sleep, stress, behavior change Limited; lifestyle effects often too subtle to move motor exam scores
Utility for pharmacologic trials Complementary endpoint; useful for early signal detection and patient-centered outcomes Gold standard for motor efficacy and regulatory familiarity
Regulatory familiarity Emerging Well-established
Best use cases Early-phase trials, need for remote patient monitoring, lifestyle/ nutrition studies, longitudinal Pivotal tials, motor efficacy confirmation, regulatory endpoints

monitoring, adjunctive outcomes

Key limitation Subjective; dependent on patient insight and reporting accuracy Resource-intensive; less sensitive to early or non-motor change

The PRO-PD demonstrates strong psychometric performance and sensitivity to clinically
meaningful change in PD. Its responsiveness to dietary and nutritional exposures, feasibility for
remote patient monitoring, and absence of pronounced floor effects support its utility as a patient-
centered outcome measure across the disease spectrum, including early PD. These properties position
PRO-PD as a tool for nutrition, nutraceutical, and pharmacologic intervention studies, where
scalable, low-burden measures may enhance signal detection and reduce reliance on frequent in-
clinic assessments.
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