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Abstract
Evaluation of gait impairment in Parkinson’s disease (PD) has traditionally relied on periodic, subjective clinical assessments, such as the 

Movement Disorder Society-Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) Part III. However, these episodic “snapshot” evaluations 
routinely fail to capture subtle long-term disease progression, diurnal motor fluctuations, or paradoxical therapy-induced adverse events that occur 
in free-living environments. Recent breakthroughs in continuous digital phenotyping—leveraging passive telemetry from commercial smartphones 
like Apple Health—offer a transformative paradigm for precision neurology. This mini-review synthesizes recent empirical breakthroughs and 
establishes a clinical framework grounded in four fundamental pillars:

1.	 Long-term detection of subclinical motor decline and seasonal fall risk;

2.	 Identification of paradoxical medication-induced worsening (“pharmacological interference”);

3.	 The requirement for multi-layered data interpretation in severe instability; and

4.	 The imperative for rigorous, deterministic data processing pipelines.

Integrating these digital biomarkers into standard workflows provides clinicians with actionable, objective insights, representing a crucial shift 
toward data-driven, personalized care in PD management.
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Introduction

Gait dysfunction and postural instability are cardinal features 
of Parkinson’s disease (PD) that profoundly compromise patient 
independence and significantly elevate fall-related morbidity. For 
decades, clinical evaluation of PD gait has relied almost exclusively 
on periodic, examiner-based scoring systems, most notably the 
Movement Disorder Society-Unified Parkinson’s Disease Rating  

 
Scale (MDS-UPDRS) Part III. While these clinical scales remain 
standard benchmarks, their fundamental architecture imposes 
severe constraints on modern disease management:

•	 Temporal Blind Spots: Episodic clinical visits capture only a 
fleeting momentary performance, leaving diurnal “on-off” 
dynamics and real-world mobility fluctuations completely 
unobserved.
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•	 Subjectivity and Contextual Bias: Examiner scoring 
introduces intra- and inter-rater variability, while patient 
awareness during clinic visits frequently induces “white-coat” 
compensation that conceals true home-environment deficits.

•	 Insensitivities to Subclinical Shifts: Conventional ordinal scales 
cannot register early, microscopic shifts in gait symmetry or 
micro-elevations in double-support time until overt functional 
failure manifests.

To overcome these barriers, mobile health (mHealth) and 
continuous digital phenotyping utilizing widespread consumer 
ecosystems (such as Apple Health) have emerged as highly scalable 
solutions. Recent milestone evidence published in 2026 confirms 
that continuous objective measurement is no longer merely an 
experimental adjunct, but an essential diagnostic framework 
required to resolve complex clinical phenomena in movement 
disorders [1–3].

Clinical Insights from Continuous Objective Gait 
Monitoring

Unmasking Insidious Progression and Seasonal Fall Vul-
nerability

Standard clinical tools regularly overlook progressive motor 
degradation that occurs gradually between biannual visits. In 
a two-year longitudinal cohort study using continuous passive 
Apple Health tracking, digital phenotyping uncovered insidious, 
subclinical trajectory declines in PD patients that remained 
entirely undetected by periodic MDS-UPDRS Part III scores [4,5]. 
Crucially, high-frequency passive telemetry exposed a distinct 
macro-temporal phenomenon: seasonal fall vulnerability. During 
November and December 2025, patients exhibited marked spikes 
in gait instability, characterized by sustained increases in double-
support time percentage and disrupted stride rhythmicity. These 
seasonal digital signatures directly correlated with prospective 
fall incidence, proving that long-term passive monitoring enables 
proactive, season-specific clinical interventions before disabling 
fall injuries occur.

Detecting “Pharmacological Interference” and Paradox-
ical Drug Effects

A critical clinical justification for continuous high-frequency 
digital monitoring is the unmasking of paradoxical drug responses. 
During dose titration or withdrawal of dopaminergic therapeutics 
(e.g., Rotigotine), continuous digital phenotyping identified a 
distinct phenomenon designated as Pharmacological Interference 
[6]. In specific clinical sub-phenotypes, drug administration 
failed to improve mobility and instead paradoxically destabilized 
gait dynamics—manifesting as a dramatic increase in gait 
speed variability (coefficient of variation) and exacerbated step 
asymmetry. In sparse episodic evaluations, such drug-induced 
motor deterioration is almost universally misinterpreted as natural 
disease progression, inadvertently triggering harmful medication 

escalations. Continuous gait telemetry provides the granularity 
needed to identify these paradoxical responses and optimize 
pharmacotherapy.

Resolving Missing Data in Severe Instability: Multi-Lay-
ered Data Interpretation

A frequent operational critique of passive wearable telemetry 
is the presence of “missing” or unrecorded daily data. However, 
empirical analysis of Apple Health’s Walking Asymmetry algorithms 
revealed that when gait severe instability or freezing occurs, 
proprietary step-detection logic fails to register asymmetric events 
due to the complete loss of periodic gait rhythmicity. Consequently, 
evaluating advanced PD gait requires a three-layered interpretive 
framework [7,8]:

•	 Layer 1 (Quantitative Signal): Measured non-zero percentage 
values reflecting quantifiable, rhythmic walking asymmetry.

•	 Layer 2 (Baseline Signal): Verified zero-value recordings 
representing true, stable symmetric gait.

•	 Layer 3 (Algorithmic Failure Signal): Unrecorded or missing 
data days, which indicate gait breakdown severe enough to 
disrupt algorithmic tracking.

Recontextualizing “missing data” as a functional biomarker of 
severe motor collapse eliminates diagnostic misinterpretation and 
significantly enhances the clinical utility of passive telemetry in 
late-stage PD.

Methodological Rigor in Digital Health Pipelines

For continuous gait metrics to achieve clinical validity, 
data curation must adhere to strict methodological standards. 
Recent systematic pipeline validations comparing computational 
strategies cautioned against relying on Large Language Models 
(LLMs) or generative AI tools (e.g., ChatGPT, Apple Intelligence) for 
the direct numerical extraction and aggregation of raw XML Apple 
Health data, citing risks of mathematical hallucinations and data 
omission [9].

To ensure absolute scientific integrity, digital health pipelines 
must enforce a strict functional division:

•	 Deterministic Preprocessing: Utilizing dedicated, deterministic 
extraction tools (such as Health Auto Export, structured 
Python code, or dedicated spreadsheet engines) for primary 
data parsing, aggregation, and mathematical computations [9].

•	 Generative AI Contextualization: Restricting generative 
AI tools strictly to downstream tasks, including script 
writing assistance, manuscript drafting, and semantic 
contextualization of results [9].

Establishing deterministic precision in preprocessing pipelines 
safeguards data fidelity and ensures regulatory-grade reliability for 
digital therapeutics [9,10].
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Comparison: Subjective Clinical Ratings vs. Continuous Digital Phenotyping
Table 1: Comparison between traditional clinical assessments and continuous digital phenotyping in Parkinson’s disease gait evaluation.

Evaluation Parameter Traditional Assessment (MDS-UPDRS III) Continuous Digital Phenotyping (Apple Health)

Observation Frequency Episodic / Sparse (e.g., every 3–6 months) Continuous, passive, daily tracking

Measurement Setting Controlled clinical/laboratory environment Unconstrained, real-world, free-living environment

Primary Output Qualitative, ordinal scale scores (0–4) Continuous quantitative metrics (gait speed, asymmetry, double support 
%)

Detection Capacity Overt clinical motor deficits Subclinical trajectory shifts, seasonal instability, drug interference

Biases/Limitations Intra/inter-rater variability; White-coat effect Requires algorithmic awareness (handling unrecorded/missing data 
days)

Conclusion and Future Directions

A major strength of this framework is its real-world, 
continuous assessment capacity. Unlike clinic-based evaluations, 
this approach enables gait assessment anytime and anywhere, 
independent of walking distance, allowing detection of clinically 
relevant phenomena that would otherwise remain unrecognized. 
The shift from episodic, subjective clinical ratings to continuous, 
objective digital gait evaluation represents a major advancement 
in Parkinson’s disease management. By capturing fine-grained 
longitudinal trajectories, identifying paradoxical drug interference, 
and leveraging multi-layered data interpretations, digital 
phenotyping provides clinicians with an actionable window into 
true real-world mobility. As deterministic digital pipelines become 
standardized and integrated into routine neurology workflows, 
passive wearable telemetry will serve as a cornerstone of data-
driven, personalized medicine in movement disorders.

Competing interests

The authors declare no competing interests.

Declaration of generative AI and AI-assisted tech-
nologies in the manuscript preparation process 

During the preparation of this work, the authors used Google 
Gemini to assist with English language editing and refinement of 
manuscript wording. After using this tool, the authors reviewed 
and edited the content as needed and take full responsibility for the 
content of the published article.

References
1.	 Goetz CG, Tilley BC, Shaftman SR, et al. (2008) Movement Disorder 

Society-sponsored revision of the Unified Parkinson’s Disease Rating 

Scale (MDS-UPDRS): Scale presentation and clinimetric testing results. 
Mov Disord 23(15): 2129-2170.

2.	 Espay AJ, Bonato P, Nahab FB, Walter Maetzler, John M Dean, et al. 
(2016) Technology-based assessments of motor symptoms in Parkinson 
disease: Something old, something new, something borrowed. Movement 
Disorders 31(9): 1270-1282.

3.	 Bloem BR, Okun MS, Klein C (2021) Parkinson’s disease. Lancet 
397(10291): 2284-2303.

4.	 Li Z, Yamamura K (2026) Objective Longitudinal Assessment of Walking 
Function Using Apple Health Data in Parkinson’s Disease: A 2-Year 
Continuous Digital Phenotyping Study. Arch Neurol Neurosci 9(3): ANN.
MS.ID.000712.

5.	 Mirelman A, Rochester L, Maidan I, et al. (2019) Gait impairments in 
Parkinson’s disease. Lancet Neurol 18(7): 697-708.

6.	 Li Z, Yamamura K (2026) Objective Identification of Pharmacological 
Interference in Parkinsonian Gait Using Continuous Digital Phenotyping. 
Arch Neurol Neurosci 9(2): ANN.MS.ID.000705.

7.	 Nonnekes J, Ruža L, Barbe MT, et al. (2020) Freezing of gait in Parkinson’s 
disease: History, remedies, and future directions. J Parkinsons Dis 10(2): 
413-425.

8.	 Li Z, Yamamura K (2026) Walking Asymmetry in Parkinson’s Disease 
Requires Multi-Layered Interpretation of Apple Health Data: Resolving 
the Severe Instability Dilemma. Arch Neurol Neurosci 9(2): ANN.
MS.ID.000701.

9.	 Li Z, Yamamura K (2026) Limitations of Generative AI for Numerical 
Aggregation of Apple Health Step Count Data: A Validation Study on 
Deterministic Processing Pipelines. Arch Neurol Neurosci 9(2): ANN.
MS.ID.000698.

10.	Dorsey ER, Papapetropoulos S, Xiong M, et al. (2020) The dawn of digital 
medicine. NPJ Digit Med 3: 88.

http://dx.doi.org/10.33552/ANN.2026.18.000949
https://movementdisorders.onlinelibrary.wiley.com/doi/10.1002/mds.22340
https://movementdisorders.onlinelibrary.wiley.com/doi/10.1002/mds.22340
https://movementdisorders.onlinelibrary.wiley.com/doi/10.1002/mds.22340
https://movementdisorders.onlinelibrary.wiley.com/doi/10.1002/mds.22340
https://pubmed.ncbi.nlm.nih.gov/27125836/
https://pubmed.ncbi.nlm.nih.gov/27125836/
https://pubmed.ncbi.nlm.nih.gov/27125836/
https://pubmed.ncbi.nlm.nih.gov/27125836/
https://pubmed.ncbi.nlm.nih.gov/33848468/
https://pubmed.ncbi.nlm.nih.gov/33848468/
https://irispublishers.com/ann/fulltext/the-science-of-divinity.ID.000712.php
https://irispublishers.com/ann/fulltext/the-science-of-divinity.ID.000712.php
https://irispublishers.com/ann/fulltext/the-science-of-divinity.ID.000712.php
https://irispublishers.com/ann/fulltext/the-science-of-divinity.ID.000712.php
https://irispublishers.com/ann/abstract/effect-of-memantine-on-cognitive-impairment-in-patients-with-epilepsy.ID.000705.php
https://irispublishers.com/ann/abstract/effect-of-memantine-on-cognitive-impairment-in-patients-with-epilepsy.ID.000705.php
https://irispublishers.com/ann/abstract/effect-of-memantine-on-cognitive-impairment-in-patients-with-epilepsy.ID.000705.php
https://irispublishers.com/ann/fulltext/smartphones-addiction-and-its-correlates-among-university-students-egypt.ID.000698.php
https://irispublishers.com/ann/fulltext/smartphones-addiction-and-its-correlates-among-university-students-egypt.ID.000698.php
https://irispublishers.com/ann/fulltext/smartphones-addiction-and-its-correlates-among-university-students-egypt.ID.000698.php
https://irispublishers.com/ann/fulltext/smartphones-addiction-and-its-correlates-among-university-students-egypt.ID.000698.php

