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Abstract

Parkinson's disease (PD) presents significant challenges in early detection and monitoring,
necessitating the identification of reliable behavioral biomarkers that can facilitate timely
diagnosis and track disease progression. This comprehensive review examines three critical
behavioral biomarkers in PD: bradykinesia, REM sleep behavior disorder (RBD), and
hyposmia/anosmia. Bradykinesia, characterized by progressive slowness and decrement in
movement amplitude, represents a core motor requirement for PD diagnosis and reflects
underlying dopaminergic dysfunction in the basal ganglia circuitry. RBD, manifesting as
dream-enactment behavior years before motor symptom onset, serves as a powerful prodromal
indicator with over 80% of patients eventually developing synucleinopathies. Hyposmia and
anosmia affect more than 90% of PD patients, often preceding motor symptoms by years and
providing an accessible bedside screening tool. This manuscript synthesizes current
understanding of the neurobiological underpinnings of these biomarkers, reviews established
and emerging assessment methodologies, evaluates their diagnostic and prognostic utility, and
explores their roles in treatment monitoring. We examine developmental trajectories across the
lifespan, cross-cultural validity considerations, and socioeconomic factors influencing biomarker
expression and detection. The integration of these behavioral indicators within multimodal
biomarker frameworks holds promise for enhancing early detection, improving diagnostic
accuracy, and enabling personalized therapeutic approaches. Future directions include the
development of digital phenotyping technologies, standardization of assessment protocols
across diverse populations, and investigation of these biomarkers' utility in monitoring
therapeutic interventions and disease modification strategies.
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Introduction

Parkinson's disease (PD) stands as the second most common neurodegenerative disorder
worldwide, affecting approximately 1-2% of individuals over 65 years of age and imposing
substantial personal, familial, and societal burdens (de Rijk et al., 2000). The insidious onset
and progressive nature of PD, coupled with the absence of definitive diagnostic tests,
underscore the critical importance of identifying reliable behavioral biomarkers that can facilitate
early detection, accurate diagnosis, and effective monitoring of disease progression. The
traditional approach to PD diagnosis relies heavily on the clinical recognition of cardinal motor
symptoms—~bradykinesia, rigidity, resting tremor, and postural instability—by the time these
features become apparent, substantial neurodegeneration has already occurred within the
substantia nigra pars compacta (Fearnley & Lees, 1991).

The concept of behavioral biomarkers in PD encompasses observable, measurable changes in
motor function, sleep patterns, sensory perception, and cognitive performance that reflect
underlying pathophysiological processes. These markers offer several advantages over
traditional biomarkers, including non-invasive assessment, cost-effectiveness, and potential for
repeated measurement across disease stages. Among the diverse array of behavioral
manifestations in PD, three biomarkers have emerged as particularly significant for their
diagnostic utility, prognostic value, and mechanistic relevance: bradykinesia, REM sleep
behavior disorder (RBD), and hyposmia/anosmia.

Bradykinesia, literally meaning "slow movement," represents the most disabling and universal
feature of PD, required for clinical diagnosis according to established criteria (Postuma et al.,
2015). This complex motor phenomenon encompasses not only reduced speed of movement
but also progressive decrement in amplitude and frequency during repetitive tasks, reflecting the
profound disruption of basal ganglia motor circuits. The quantification of bradykinesia has
evolved from subjective clinical rating scales to sophisticated biomechanical and digital
assessment methods, offering unprecedented precision in detecting subtle changes and
monitoring therapeutic responses.

REM sleep behavior disorder presents a compelling example of a prodromal biomarker,
characterized by the loss of normal muscle atonia during REM sleep, resulting in
dream-enactment behaviors that can precede motor PD symptoms by decades (Iranzo et al.,
2013). The recognition of RBD as a powerful predictor of synucleinopathy development has
transformed our understanding of PD's natural history and opened new avenues for
neuroprotective intervention studies in at-risk populations.

Hyposmia and anosmia, representing partial or complete loss of olfactory function, affect the
vast majority of PD patients and often manifest years before motor symptom onset (Doty, 2012).
The accessibility of olfactory testing and its high sensitivity for PD detection make it an
invaluable screening tool, particularly when combined with other clinical indicators. The



neuroanatomical basis of olfactory dysfunction in PD, involving early pathological changes in
olfactory structures, provides insights into disease mechanisms and progression patterns.

This comprehensive review aims to synthesize current knowledge regarding these three critical
behavioral biomarkers in PD, examining their neurobiological foundations, assessment
methodologies, clinical utility, and future applications. By integrating perspectives from
neuroscience, clinical medicine, and translational research, we seek to provide a framework for
understanding how these behavioral indicators can enhance our approach to PD diagnosis,
prognosis, and treatment monitoring in an era of precision medicine.

Historical Recognition and Development

The historical evolution of behavioral biomarker recognition in Parkinson's disease reflects the
gradual refinement of clinical observation and the advancement of scientific understanding of
movement disorders. James Parkinson's seminal 1817 essay "An Essay on the Shaking Palsy"
provided the first systematic description of the condition, noting the characteristic "involuntary
tremulous motion, with lessened muscular power, in parts not in action and even when
supported" (Parkinson, 1817). However, Parkinson's initial observations focused primarily on
tremor and did not fully capture the complexity of bradykinesia as we understand it today.

The concept of bradykinesia evolved through the contributions of Jean-Martin Charcot in the
late 19th century, who distinguished between the resting tremor and the profound slowness of
movement that characterized the condition he termed "maladie de Parkinson" (Charcot, 1877).
Charcot's observations laid the groundwork for understanding bradykinesia as a distinct motor
phenomenon separate from tremor, recognizing that some patients exhibited primarily slow
movements with minimal tremor. This distinction proved crucial for the modern understanding of
PD's motor heterogeneity and the recognition that bradykinesia, rather than tremor, represents
the most universal and disabling feature of the disease.

The systematic study of REM sleep behavior disorder began much later, with the first clinical
descriptions emerging in the 1980s. Schenck and Mahowald (1986) provided the initial detailed
characterization of RBD, describing patients who exhibited violent dream-enactment behaviors
during sleep. The connection between RBD and neurodegenerative diseases, particularly PD,
was not immediately apparent, and early reports focused on the sleep disorder as an isolated
phenomenon. The landmark longitudinal studies by Iranzo and colleagues in the early 2000s
established the profound link between idiopathic RBD and subsequent development of
synucleinopathies, with conversion rates exceeding 80% over extended follow-up periods
(Iranzo et al., 2006).

Olfactory dysfunction in neurological diseases received scientific attention as early as the
1970s, when researchers began systematically investigating smell function in various
neurological conditions. The specific association between hyposmia and PD was first



documented by Ansari and Johnson (1975), who noted reduced olfactory function in a small
cohort of PD patients. However, the clinical significance of this finding was not immediately
recognized, and olfactory assessment remained largely within the domain of specialized
research rather than routine clinical practice.

The development of standardized olfactory testing methods, particularly the University of
Pennsylvania Smell Identification Test (UPSIT) introduced by Doty in the 1980s, revolutionized
the field by providing reliable, reproducible measures of olfactory function (Doty et al., 1984).
Subsequent studies by Doty and colleagues established that hyposmia affects more than 90%
of PD patients and often precedes motor symptoms by several years, transforming olfactory
dysfunction from a curious observation to a valuable diagnostic tool.

The evolution of assessment methods for these behavioral biomarkers paralleled advances in
technology and measurement science. Early evaluations of bradykinesia relied entirely on
clinical observation and subjective rating scales, such as the Unified Parkinson's Disease Rating
Scale (UPDRS) introduced in the 1980s (Fahn & Elton, 1987). The advent of digital motion
sensors, accelerometry, and computer-based analysis in the late 20th and early 21st centuries
enabled objective quantification of movement parameters with unprecedented precision.

Similarly, RBD assessment evolved from patient and caregiver reports to sophisticated
polysomnographic monitoring, allowing for detailed characterization of sleep architecture and
muscle activity patterns. The development of standardized diagnostic criteria for RBD by the
International Classification of Sleep Disorders provided a framework for consistent identification
and study of this condition across different clinical settings (American Academy of Sleep
Medicine, 2014)

Contemporary developments continue to refine our understanding and application of these
biomarkers. Advanced machine learning algorithms now enable pattern recognition in
movement data that surpasses human observation capabilities. Wearable technology and
smartphone applications are democratizing access to movement monitoring and sleep
assessment. The emergence of digital phenotyping approaches promises to transform how we
capture and analyze behavioral data in naturalistic settings, moving beyond traditional
clinic-based assessments to continuous monitoring of patients' daily activities and functions.



Figure 1: Historical Development of Behavioral Biomarker Recognition
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Figure 1. Chronological evolution of behawvioral biomarker recognition in Parkinson's disease from initial clinical descriptions to modern
digital assessment. key milestones include Parkinson's 1817 essay describing movement abnormalities, Charcot's bradykinesia
characterization (1877), first RBD clinical descriptions (1986), olfactory dysfunction identification (1975), and the introduction of
standardized assessment tools (UPSIT 1984, UPDRS 1987). The timeline illustrates the gradual transition from subjective observation to

objective, technology-enhanced measurement approaches.

Neurobiological Basis

The neurobiological foundations underlying bradykinesia, REM sleep behavior disorder, and
hyposmia in Parkinson's disease reflect the complex, multisystem nature of a-synuclein
pathology and its progressive impact on diverse neural circuits. Understanding these
mechanistic bases provides crucial insights into disease progression patterns, therapeutic
targets, and the temporal relationships between different clinical manifestations.

Bradykinesia: Basal Ganglia Circuit Dysfunction



Bradykinesia emerges from profound disruption of the basal ganglia-thalamocortical circuits
responsible for movement initiation, execution, and modulation. The progressive loss of
dopaminergic neurons in the substantia nigra pars compacta (SNpc) fundamentally alters the
delicate balance of excitatory and inhibitory signals within these circuits (DeLong & Wichmann,
2015). Under normal conditions, dopamine release in the striatum facilitates movement through
differential effects on direct and indirect pathway medium spiny neurons, with D1 receptor
activation promoting movement via the direct pathway and D2 receptor activation modulating
movement through the indirect pathway.

The depletion of striatal dopamine in PD disrupts this balance, leading to excessive inhibition of
the thalamus through increased activity in the subthalamic nucleus and internal globus pallidus.
This pathological state manifests as the characteristic features of bradykinesia: reduced
movement velocity, decreased amplitude, and progressive decrement during repetitive tasks.
Neurophysiological studies have demonstrated altered oscillatory activity patterns in the beta
frequency range (13-30 Hz) within basal ganglia circuits, with excessive beta synchronization
correlating with bradykinetic severity (Little & Brown, 2014).

The progressive nature of bradykinesia reflects not only the ongoing loss of dopaminergic
neurons but also compensatory mechanisms and circuit reorganization. Early in the disease
process, remaining dopaminergic terminals undergo sprouting and increased turnover to
maintain function, but these compensatory mechanisms eventually become insufficient as
neurodegeneration progresses. The asymmetric onset typical of PD bradykinesia corresponds
to the uneven distribution of pathology, with greater neuronal loss in the ventrolateral SNpc
correlating with more severe contralateral motor impairment.

REM Sleep Behavior Disorder: Brainstem Circuit Disruption

RBD results from dysfunction of brainstem circuits responsible for generating and maintaining
REM sleep atonia, particularly involving the sublaterodorsal nucleus (SLD) and its projections to
spinal motor neurons (Boeve, 2010). During normal REM sleep, cholinergic neurons in the SLD
activate GABA and glycinergic neurons in the ventromedial medulla and spinal cord, producing
the muscle paralysis that prevents dream enactment. In RBD, this atonia-generating system
becomes compromised, allowing voluntary muscle activity during dream states.

The neuroanatomical distribution of a-synuclein pathology in PD follows a predictable pattern
described by Braak staging, with early involvement of the dorsal motor nucleus of the vagus,
locus coeruleus, and other brainstem structures that precede substantia nigra pathology (Braak
et al., 2003). This temporal sequence explains why RBD often emerges years before motor
symptoms, as the brainstem nuclei controlling REM atonia are affected early in the disease
process. The locus coeruleus, in particular, plays a crucial role in REM sleep regulation and
shows significant pathology in PD patients with RBD.

Neuroimaging studies have demonstrated structural and functional alterations in brainstem
regions of RBD patients, including reduced substantia nigra echogenicity on transcranial
sonography and altered connectivity patterns in sleep-wake regulatory networks. These findings



provide objective evidence of the neuroanatomical basis for RBD and support its utility as a
biomarker of brainstem synucleinopathy.

Hyposmia: Olfactory System Pathology

Olfactory dysfunction in PD stems from early and extensive a-synuclein pathology affecting
multiple levels of the olfactory system, from peripheral olfactory epithelium to central processing
regions (Doty, 2012). The olfactory bulb represents one of the earliest sites of Lewy pathology in
PD, with a-synuclein aggregates appearing in mitral and tufted cells before substantia nigra
involvement. This early pathological involvement corresponds to the temporal pattern of
olfactory loss, which often precedes motor symptoms by several years.

The olfactory system's unique anatomical features contribute to its vulnerability in PD. Unlike
other sensory systems, olfactory neurons project directly to limbic and cortical structures without
thalamic relay, potentially facilitating the spread of pathological proteins. The olfactory bulb's
high dopamine content and the presence of dopaminergic periglomerular neurons make it
particularly susceptible to the same pathological processes affecting the substantia nigra.

Pathological studies have revealed extensive involvement of the anterior olfactory nucleus,
olfactory tract, and primary olfactory cortex in PD, with a-synuclein pathology correlating with
the degree of olfactory impairment. The piriform cortex, orbitofrontal cortex, and entorhinal
cortex—key components of olfactory processing—show early pathological changes that may
contribute to both olfactory dysfunction and cognitive impairment in PD.



Figure 2: Comparative Characteristics of Three Key Behavioral Biomarkers
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Figure 2. Radar chart comparing the clinical characteristics of bradykinesia, REM sleep behavior disorder (RED), and hyposmia across
multiple dimensions relevant to clinical utility. Bradykinesia demonstrates the highest diagnostic requirement and treatment
responsiveness, while RBD shows superior prodromal value. Hyposmia offers the best accessibility and cost-effectiveness for screening
applications. Assessment complexity varies significantly, with RBD requining specialized sleep laboratory facilities while olfactory testing

can be performed at bedside. Data compiled from multiple validation studies referenced in the review.

Assessment Tools and Quantification Methods

The accurate measurement and quantification of behavioral biomarkers in Parkinson's disease
has evolved from subjective clinical observations to sophisticated, technology-enhanced
assessment methods. The development of reliable, sensitive, and standardized tools for
evaluating bradykinesia, REM sleep behavior disorder, and hyposmia has been crucial for
advancing both clinical care and research in PD.

Bradykinesia Assessment Methods



Traditional clinical assessment of bradykinesia relies primarily on standardized rating scales,
with the Movement Disorder Society-Unified Parkinson's Disease Rating Scale (MDS-UPDRS)
serving as the gold standard for clinical evaluation (Goetz et al., 2008). The MDS-UPDRS Part
[l motor examination includes specific items for assessing bradykinesia through finger tapping,
hand movements, pronation-supination, toe tapping, and leg agility tasks. Each task is scored
from O (normal) to 4 (severe), with trained raters evaluating speed, amplitude, rhythm, and
fatigue patterns.

While clinical rating scales provide standardized assessment frameworks, they suffer from
inherent limitations including inter-rater variability, ceiling and floor effects, and inability to detect
subtle changes. These limitations have driven the development of objective, technology-based
measurement approaches that offer enhanced sensitivity and reproducibility.

Digital assessment methods for bradykinesia have rapidly advanced with the proliferation of
motion sensors and computational analysis techniques. Accelerometry and gyroscopy
embedded in smartphones, smartwatches, and dedicated sensor devices enable precise
measurement of movement parameters during standardized tasks (Espay et al., 2016). These
systems can quantify velocity, amplitude, frequency, and rhythm with millisecond precision,
detecting subtle changes that may not be apparent to clinical observation.

Spiral drawing analysis represents another innovative approach to bradykinesia quantification,
utilizing digital tablets or smartphone touchscreens to capture pen pressure, velocity, and tremor
characteristics during guided drawing tasks. Machine learning algorithms can extract multiple
features from spiral drawings, including smoothness indices, velocity profiles, and frequency
domain characteristics that correlate with clinical severity ratings.

Advanced motion capture systems using optical tracking, electromagnetic sensors, or depth
cameras provide comprehensive three-dimensional analysis of movement patterns during
complex motor tasks. These systems, while primarily used in research settings, offer
unparalleled precision in characterizing the spatial and temporal aspects of bradykinetic
movements, enabling detailed study of movement strategies and compensatory mechanisms.

REM Sleep Behavior Disorder Assessment

The diagnosis of RBD requires comprehensive sleep assessment, traditionally accomplished
through overnight polysomnography (PSG) in specialized sleep laboratories. Standard PSG
monitoring includes electroencephalography (EEG), electrooculography (EOG),
electromyography (EMG) of chin and limb muscles, respiratory monitoring, and video recording
to capture behavioral manifestations during sleep (American Academy of Sleep Medicine,
2014).

The key diagnostic criterion for RBD is the demonstration of REM sleep without atonia (RSWA),
characterized by excessive muscle tone during REM sleep as measured by EMG. Quantitative
scoring methods have been developed to standardize RSWA assessment, including the REM



Atonia Index and various automated detection algorithms that analyze EMG signal
characteristics throughout REM sleep periods.

Clinical screening for RBD has been facilitated by the development of validated questionnaires
that can identify patients likely to have the disorder. The RBD Screening Questionnaire
(RBDSQ) and the Mayo Sleep Questionnaire provide structured approaches to capturing the
characteristic features of dream-enactment behavior through patient and partner reports
(Stiasny-Kolster et al., 2007). While these tools cannot replace polysomnographic confirmation,
they offer practical screening methods for clinical settings.

Olfactory Function Assessment

Olfactory assessment in PD primarily relies on standardized smell identification tests that
evaluate the ability to correctly identify common odors. The University of Pennsylvania Smell
Identification Test (UPSIT) represents the most widely used and validated instrument, consisting
of 40 scratch-and-sniff items with four-choice multiple-choice responses (Doty et al., 1984). The
UPSIT provides age- and gender-adjusted normative data, enabling classification of olfactory
function as normal, mild hyposmia, moderate hyposmia, severe hyposmia, or anosmia.

Recent developments in olfactory assessment include computerized testing systems that
standardize odor presentation and automated scoring, reducing administrator burden and
improving standardization. Digital scent delivery systems under development may eventually
enable remote olfactory testing, though current technology limitations prevent widespread
implementation.

Integrated Assessment Approaches

The recognition that individual biomarkers provide complementary information has led to the
development of integrated assessment batteries that combine multiple behavioral measures.
Digital health platforms now enable simultaneous collection of movement data, sleep patterns,
and cognitive performance through smartphone applications and wearable devices. These
multimodal approaches may enhance diagnostic accuracy and provide more comprehensive
characterization of disease status than individual measures alone.

Machine learning and artificial intelligence techniques are increasingly applied to behavioral
biomarker data, enabling pattern recognition and predictive modeling that may surpass
traditional analytical approaches. These methods can identify subtle relationships between
different behavioral measures and detect changes that precede clinically apparent progression.



Figure 3: Prevalence and Temporal Patterns in Parkinson’s Disease
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Figure 3. Prevalence rates and temporal onzet patterns for behavicral biomarkers in Parkinson's disease. Hyposmia affects »80% of PD
patients and often precedes motor symptoms by 4-6 years. RBD affects approximately 30% of PD patients but shows >80% conversion
rate from idiopathic RBD to synucleinopathies, Bradykinesia is universally required for diagnosis and represents the core motor feature.
The temporal patterns illustrate the potential for early detection using prodromal markers, with significant implications for intervention
timing and patient counseling.

Diagnostic and Prognostic Value

The diagnostic and prognostic utility of behavioral biomarkers in Parkinson's disease represents
a critical area of clinical research and practice, with each biomarker offering unique advantages
for different stages of disease identification and monitoring. The integration of bradykinesia
assessment, RBD screening, and olfactory testing into diagnostic algorithms has the potential to
enhance early detection, improve diagnostic accuracy, and provide valuable prognostic
information for patients and clinicians.

Bradykinesia: Core Diagnostic Criterion



Bradykinesia serves as the fundamental motor requirement for PD diagnosis according to
established clinical criteria, making its accurate identification essential for proper disease
recognition (Postuma et al., 2015). The diagnostic value of bradykinesia extends beyond its
requirement for clinical diagnosis to encompass its ability to distinguish PD from other
movement disorders and monitor disease progression over time.

Clinical studies have demonstrated that bradykinesia assessment through standardized tasks
can differentiate PD from essential tremor, drug-induced parkinsonism, and atypical
parkinsonian syndromes with high specificity when combined with other clinical features. The
characteristic pattern of progressive decrement during repetitive tasks represents a particularly
valuable diagnostic feature, as this phenomenon is more specific to PD than simple movement
slowness alone.

Objective measurement of bradykinesia using digital assessment tools has shown promise for
enhancing diagnostic precision, particularly in early-stage disease where clinical signs may be
subtle. Studies utilizing smartphone-based movement analysis have demonstrated the ability to
detect bradykinetic changes in prodromal PD subjects and differentiate them from healthy
controls with sensitivity and specificity comparable to or exceeding clinical assessment (Arora et
al., 2015).

RBD: Powerful Prodromal Indicator

REM sleep behavior disorder represents perhaps the most potent single prodromal biomarker
for synucleinopathies, with longitudinal studies demonstrating conversion rates exceeding 80%
from idiopathic RBD to clinical PD, dementia with Lewy bodies, or multiple system atrophy over
10-15 year follow-up periods (Iranzo et al., 2013). This high conversion rate makes RBD
identification crucial for early intervention strategies and research recruitment for
neuroprotective trials.

The diagnostic utility of RBD extends beyond its prodromal value to include its ability to identify
PD subtypes with distinct clinical characteristics. PD patients with concurrent RBD tend to
exhibit more rapid cognitive decline, greater autonomic dysfunction, and more severe non-motor
symptoms compared to those without RBD. This phenotypic distinction has important
implications for prognosis and treatment planning.

Screening questionnaires for RBD have demonstrated good sensitivity and specificity for
identifying the disorder in both general populations and at-risk groups. The RBDSQ, with a
cutoff score of 5 or greater, shows sensitivity of approximately 85% and specificity of 75% for
polysomnography-confirmed RBD (Stiasny-Kolster et al., 2007). While questionnaire-based
screening cannot replace definitive polysomnographic diagnosis, it provides a practical
approach for identifying individuals who warrant further evaluation.

Hyposmia: Accessible Screening Tool



Olfactory dysfunction offers exceptional diagnostic utility as a screening tool for PD, with
hyposmia affecting more than 90% of patients across all disease stages and often preceding
motor symptoms by several years (Doty, 2012). The high prevalence of olfactory impairment in
PD, combined with its relative preservation in other movement disorders such as essential
tremor and drug-induced parkinsonism, makes it valuable for differential diagnosis.

Studies utilizing the UPSIT and other standardized olfactory tests have consistently
demonstrated the ability to discriminate PD patients from healthy controls with sensitivity
ranging from 85-95% and specificity of 75-85%. The diagnostic performance of olfactory testing
is particularly strong in early-stage disease, where motor signs may be subtle or equivocal.
Combining olfactory assessment with other non-motor features such as constipation,
depression, or RBD can further enhance diagnostic accuracy.

The prognostic value of olfactory assessment in PD relates to its correlation with disease
progression patterns and development of cognitive impairment. Patients with more severe
hyposmia at diagnosis tend to experience faster motor progression and earlier onset of
cognitive decline. Longitudinal studies have shown that the degree of baseline olfactory
impairment can predict future development of dementia, making it a valuable tool for prognostic
counseling.

Population-based studies have explored the utility of olfactory screening for identifying
individuals at risk for future PD development. While most people with hyposmia will not develop
PD, the combination of olfactory impairment with other risk factors or prodromal features may
identify high-risk populations suitable for preventive interventions or early treatment trials.

Multimodal Biomarker Integration

The recognition that individual biomarkers provide complementary diagnostic and prognostic
information has led to the development of integrated assessment approaches that combine
multiple behavioral measures. Research studies have demonstrated that combining olfactory
testing with RBD screening and quantitative motor assessment can achieve higher diagnostic
accuracy than any single measure alone.

The Movement Disorder Society has proposed research criteria for prodromal PD that integrate
multiple risk factors and biomarkers, including RBD and hyposmia, to calculate probabilistic
estimates of future PD development (Berg et al., 2015). These criteria provide a framework for
identifying individuals in the preclinical phase of disease who may benefit from neuroprotective
interventions.

Future directions in diagnostic and prognostic applications include the development of machine
learning algorithms that can integrate multiple behavioral biomarkers with clinical, genetic, and
neuroimaging data to provide personalized risk assessments and treatment recommendations.
Digital health platforms that continuously monitor behavioral biomarkers may enable real-time
Regulatory and Implementation Considerationstracking of disease progression and early
detection of treatment response or disease modification effects.



Figure 4: Evolution from Clinical Assessment to Digital Biomarkers
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Figure 4. Progression from traditicnal clinical assessment methods to modern digital biomarker technologies across the three
behavioral domains. Traditional methods include clinical rating scales (MDS-UPDRS), polysomnography, and standardized olfactory
tests. Digital advances encompass smartphone-based movement analysis, wearable sleep monitoring, and emerging electronic nose
technologies. The accuracy improvements and accessibility gains demonstrate the transformative potential of technology-enhanced

assessment, with smartphone-based approaches achieving clinical-grade accuracy while significantly reducing assessment barriers.

Intervention Approaches and Treatment Monitoring

The application of behavioral biomarkers in Parkinson's disease extends beyond diagnosis and
prognosis to encompass their crucial roles in monitoring therapeutic interventions and guiding
treatment decisions. Each of the three key biomarkers—bradykinesia, RBD, and
hyposmia—offers unique perspectives on treatment response and disease modification,
providing clinicians and researchers with valuable tools for optimizing patient care and
evaluating novel therapeutic approaches.

Bradykinesia: Monitoring Motor Interventions



Bradykinesia assessment serves as the primary endpoint for evaluating motor symptom
interventions in PD, ranging from pharmacological treatments to surgical procedures and
rehabilitation therapies. The objective quantification of bradykinetic movements has become
increasingly important for detecting subtle treatment responses that may not be apparent
through clinical observation alone.

Dopaminergic medication effects on bradykinesia can be precisely monitored using digital
assessment tools that capture movement parameters during standardized tasks. Studies have
demonstrated that smartphone-based movement analysis can detect the onset, peak, and
wearing-off effects of levodopa with temporal resolution superior to clinical rating scales (Espay
et al., 2016). This capability enables optimization of medication timing and dosing based on
objective movement data rather than subjective patient reports.

Deep brain stimulation (DBS) programming and monitoring represent another area where
objective bradykinesia assessment provides significant clinical value. Real-time measurement of
movement parameters during DBS parameter adjustment allows for precise optimization of
stimulation settings to maximize motor improvement while minimizing side effects. Long-term
monitoring can detect changes in stimulation efficacy and guide decisions regarding hardware
adjustments or medication modifications.

Physical therapy and exercise interventions increasingly utilize objective movement monitoring
to tailor treatment programs and track progress. Digital assessment tools can identify specific
movement components that respond best to particular interventions, enabling personalized
rehabilitation approaches. The ability to monitor movement patterns in home environments
provides insights into real-world treatment effects that may differ from clinic-based assessments.

Emerging gene therapies and neuroprotective treatments for PD require sensitive outcome
measures to detect potential disease-modifying effects. Objective bradykinesia assessment may
provide more sensitive detection of treatment benefits compared to traditional clinical scales,
particularly for interventions that produce gradual improvements over extended periods.

RBD: Sleep-Targeted Interventions

The management of RBD in PD involves both symptomatic treatment to reduce injury risk and
potential neuroprotective approaches targeting the underlying pathophysiology.
Polysomnographic monitoring remains the gold standard for assessing treatment response,
though practical limitations have prompted development of alternative monitoring approaches.

Pharmacological treatments for RBD, primarily melatonin and clonazepam, require careful
monitoring for efficacy and side effects. Melatonin has shown particular promise for reducing
RBD symptoms while potentially offering neuroprotective benefits through its antioxidant
properties (Zhang et al., 2013). Follow-up polysomnography can document improvements in
REM muscle atonia and reduction in dream-enactment behaviors, though the optimal timing and
frequency of monitoring remain to be established.



Home-based monitoring technologies are being developed to enable continuous assessment of
RBD symptoms without the need for repeated sleep laboratory studies. Wearable devices that
monitor movement patterns during sleep may detect changes in RBD frequency and severity in
response to treatments. Video monitoring systems can capture behavioral episodes for clinical
review, providing objective documentation of treatment effects.

The potential role of RBD treatment in neuroprotection represents an active area of research,
with several clinical trials investigating whether early intervention in idiopathic RBD can delay or
prevent conversion to clinical PD. These studies require long-term monitoring of RBD symptoms
alongside assessment of motor and cognitive function to evaluate potential disease-modifying
effects.

Hyposmia: Limited Treatment Options

Unlike motor symptoms and sleep disorders, olfactory dysfunction in PD has proven largely
resistant to available treatments, with neither dopaminergic medications nor surgical
interventions providing consistent improvement in smell function. This treatment resistance likely
reflects the extensive and irreversible pathological changes affecting olfactory structures in PD.

Despite limited treatment options, olfactory monitoring retains value for tracking disease
progression and evaluating potential neuroprotective interventions. Some studies have
suggested that certain antioxidant supplements or anti-inflammatory medications might slow the
progression of olfactory loss, though definitive evidence remains limited (Doty, 2012).

The stability of olfactory dysfunction over time makes it potentially useful as a surrogate
endpoint for neuroprotective trials. Interventions that slow or halt disease progression might be
expected to prevent further deterioration in olfactory function, even if they do not restore lost
smell ability.

Multimodal Treatment Monitoring

The integration of multiple behavioral biomarkers provides a comprehensive assessment of
treatment effects across different symptom domains and neural systems. Digital health
platforms that simultaneously monitor movement, sleep, and other behavioral parameters
enable holistic evaluation of therapeutic interventions and identification of unexpected treatment
effects.

Wearable technology and smartphone applications are increasingly being incorporated into
clinical trials and routine care to provide continuous monitoring of behavioral biomarkers. These
technologies enable detection of treatment effects in real-world settings and may identify optimal
treatment timing based on individual patient patterns.

Personalized medicine approaches in PD increasingly rely on biomarker-guided treatment
selection and monitoring. Patients with different biomarker profiles may respond differently to



specific interventions, necessitating individualized treatment approaches based on their unique
combination of motor, sleep, and sensory symptoms.

The development of closed-loop therapeutic systems, such as adaptive DBS that responds to
real-time movement monitoring, represents the future integration of behavioral biomarker
assessment with treatment delivery. These systems promise to optimize therapeutic
interventions based on continuous biomarker feedback, potentially improving outcomes while
reducing side effects.

Developmental Trajectory and Age-Related Changes

The expression and evolution of behavioral biomarkers in Parkinson's disease demonstrate
complex relationships with aging processes, developmental factors, and disease progression
that vary significantly across the lifespan. Understanding these temporal patterns is crucial for
interpreting biomarker significance in different age groups and optimizing diagnostic approaches
for early-onset versus late-onset PD presentations.

Bradykinesia Across the Lifespan

Normal aging is associated with gradual slowing of movement speed and reduced movement
amplitude, creating challenges for distinguishing pathological bradykinesia from age-related
motor changes. Healthy elderly individuals demonstrate decreased finger tapping speed,
prolonged reaction times, and reduced coordination compared to younger adults, though these
changes typically lack the characteristic decrement pattern seen in PD (Bennett et al., 1996).

Young-onset PD (YOPD), defined as symptom onset before age 50, presents unique challenges
for bradykinesia assessment due to the contrast between expected motor performance in
younger individuals and the presence of movement slowing. YOPD patients often demonstrate
more prominent dystonic features and asymmetric presentation compared to older-onset cases,
requiring age-adjusted interpretation of movement assessments.

The rate of bradykinesia progression shows age-dependent patterns, with older patients at
diagnosis typically experiencing faster motor decline compared to younger patients. However,
the absolute functional impact may be greater in younger patients due to higher baseline
expectations for motor performance and occupational demands. These considerations
necessitate age-stratified approaches to treatment monitoring and prognostic counseling.

Compensation strategies for bradykinesia also vary with age, as younger patients may
demonstrate greater neuroplasticity and ability to develop alternative movement patterns.
Rehabilitation approaches must account for these age-related differences in adaptive capacity
when designing intervention programs.



RBD Development and Aging

RBD prevalence increases with age in the general population, affecting approximately 1-2% of
adults overall but rising to 5-7% in individuals over 65 years (Kang et al., 2013). This
age-related increase complicates the interpretation of RBD as a prodromal marker, as elderly
individuals may develop RBD due to age-related changes in sleep architecture rather than
underlying synucleinopathy.

The natural history of RBD demonstrates important age-related patterns in conversion to
neurodegenerative disease. Younger individuals with idiopathic RBD (onset before age 50)
show particularly high conversion rates to synucleinopathies, often exceeding 90% over 10-year
follow-up periods. In contrast, RBD developing in very elderly individuals (over age 80) may be
less likely to progress to clinical PD due to competing mortality risks and potentially different
underlying mechanisms.

The severity and frequency of RBD episodes may also vary with age, with younger patients
often displaying more violent and frequent dream-enactment behaviors compared to elderly
individuals. These differences may reflect age-related changes in sleep intensity, dream content,
or physical capacity for expressing complex movements during sleep.

Olfactory Function and Aging

Normal aging is associated with gradual decline in olfactory function, with approximately 25% of
individuals over age 65 demonstrating some degree of hyposmia and up to 10% showing
severe impairment or anosmia (Doty & Kamath, 2014). This age-related olfactory decline
creates challenges for using smell testing as a diagnostic tool in elderly populations, requiring
age-adjusted normative data and cutoff scores.

The mechanisms underlying age-related olfactory decline include peripheral changes in the
olfactory epithelium, reduced number of olfactory receptor neurons, and central nervous system
changes affecting olfactory processing regions. These normal aging processes can overlap with
pathological changes in PD, necessitating careful interpretation of olfactory test results in elderly
patients.

Developmental Considerations in Assessment

The assessment of behavioral biomarkers must account for developmental factors that influence
baseline performance and expected trajectories. Normative data collection across age groups is
essential for establishing appropriate reference ranges and diagnostic thresholds for different
populations.

Cognitive factors associated with aging, including processing speed, attention, and executive
function, can influence performance on biomarker assessments. Olfactory testing, in particular,
may be affected by cognitive impairment that interferes with odor identification rather than



reflecting true olfactory dysfunction. Age-appropriate assessment protocols should account for
these potential confounding factors.

Physical limitations associated with aging, such as arthritis, visual impairment, or hearing loss,
can impact the validity of motor and sleep assessments. Standardized protocols should include
accommodations for common age-related limitations while maintaining assessment sensitivity
and specificity.

Implications for Clinical Practice

Age-stratified approaches to biomarker interpretation are essential for optimizing diagnostic
accuracy across the lifespan. Separate normative data and diagnostic algorithms may be
needed for different age groups, particularly when distinguishing pathological changes from
normal aging processes.

Screening strategies should account for age-related prevalence patterns, with more intensive
evaluation warranted for younger individuals presenting with suggestive symptoms. Conversely,
elderly patients may require additional assessment to distinguish PD-related changes from
age-associated alterations.

Treatment monitoring approaches must consider age-related differences in treatment response,
progression rates, and functional priorities. Younger patients may benefit from more aggressive
intervention strategies aimed at preserving long-term function, while elderly patients may
prioritize symptom management and quality of life considerations.

The development of age-specific biomarker reference ranges and diagnostic criteria represents
an ongoing research priority, requiring large-scale longitudinal studies across diverse age
groups. Digital assessment technologies may facilitate collection of age-stratified normative data
and enable personalized interpretation of biomarker results based on individual age and
demographic characteristics.

Cross-Cultural Validity and Socioeconomic Influences

The global nature of Parkinson's disease and the increasing diversity of patient populations
necessitate careful consideration of cultural, ethnic, and socioeconomic factors that may
influence the expression, assessment, and interpretation of behavioral biomarkers. These
influences can significantly impact diagnostic accuracy, treatment outcomes, and research
generalizability across different populations.

Cultural Influences on Biomarker Expression

Cultural factors can substantially influence the presentation and reporting of behavioral
symptoms in PD, with important implications for biomarker assessment and interpretation. Sleep



habits, dietary patterns, occupational exposures, and lifestyle factors vary significantly across
cultures and may modulate the expression of RBD, olfactory function, and motor symptoms.

Sleep practices and bedroom arrangements differ markedly across cultures, potentially affecting
the recognition and reporting of RBD symptoms. In cultures where partners commonly sleep
separately or where violent dream behaviors might be attributed to spiritual or supernatural
causes, RBD may be underreported or misinterpreted. Additionally, cultural attitudes toward
sleep disorders and medical evaluation can influence the likelihood of seeking assessment for
sleep-related symptoms.

Dietary and occupational factors demonstrate significant cultural variation that may impact
olfactory function assessment. Population differences in spice usage, cooking methods, and
food preferences can influence baseline olfactory sensitivity and familiarity with odors used in
standardized testing. Occupational exposures to chemicals, dusts, or other substances that
affect olfactory function may be more common in certain cultural or geographic populations.

Motor function expression and interpretation can be influenced by cultural norms regarding
physical activity, gesture patterns, and age-appropriate behavior. Some cultures may emphasize
slower, more deliberate movements as signs of dignity or respect, potentially complicating the
assessment of bradykinesia in elderly individuals from these populations.

Ethnic and Genetic Variations

Ethnic differences in PD prevalence, clinical presentation, and biomarker patterns have been
documented across multiple populations, though the underlying mechanisms remain
incompletely understood. These variations may reflect genetic susceptibility factors,
environmental exposures, or gene-environment interactions that differ across ethnic groups.

African American patients with PD demonstrate distinct clinical patterns compared to Caucasian
patients, including lower prevalence of tremor-dominant subtypes and different progression
rates for certain symptoms (Dahodwala et al., 2009). These differences may extend to
behavioral biomarker expression, requiring population-specific normative data and diagnostic
criteria.

Asian populations show variations in PD clinical features and genetic risk factors compared to
European populations, with implications for biomarker assessment and interpretation. Studies in
Japanese and Chinese populations have identified different patterns of olfactory dysfunction and
sleep disturbances compared to Western cohorts, suggesting the need for population-specific
validation of biomarker tools.

Hispanic and Latino populations represent a rapidly growing demographic in many countries,
yet remain underrepresented in PD biomarker research. Limited available data suggest potential
differences in disease presentation and biomarker patterns that warrant further investigation and
validation of assessment tools in these populations.



Socioeconomic Factors and Healthcare Access

Socioeconomic status significantly influences access to healthcare services, diagnostic
resources, and specialized testing required for behavioral biomarker assessment. These
disparities can create substantial inequities in early detection, accurate diagnosis, and optimal
treatment of PD across different population groups.

Olfactory testing requires standardized smell identification kits that may not be readily available
or affordable in resource-limited settings. The cultural specificity of odors used in tests like the
UPSIT may limit their validity in populations unfamiliar with the tested odors, necessitating
development of culturally adapted versions.

Sleep laboratory access for RBD diagnosis is severely limited in many healthcare systems,
particularly affecting underserved populations and rural communities. This limitation may result
in underdiagnosis of RBD and missed opportunities for early intervention in high-risk individuals
from these populations.

Digital assessment technologies for motor function monitoring may be less accessible to
individuals with limited technological literacy or financial resources. The digital divide can create
disparities in access to objective biomarker assessment and remote monitoring capabilities.

Language and Communication Barriers

Language differences can significantly impact the assessment of behavioral biomarkers,
particularly for patient-reported symptoms and questionnaire-based screening tools. Translation
and cultural adaptation of assessment instruments require careful attention to linguistic nuances
and cultural concepts that may not have direct equivalents across languages.

The RBDSQ and other sleep disorder questionnaires have been translated into multiple
languages, but validation studies in diverse populations have revealed important cultural
differences in symptom reporting and interpretation. Some cultures may lack specific
terminology for describing sleep-related phenomena, potentially affecting the accuracy of
guestionnaire-based screening.

Healthcare provider cultural competency and awareness of population-specific biomarker

patterns are crucial for accurate assessment and interpretation. Training programs should

address cultural factors that may influence biomarker expression and provide guidance for
adapting assessment approaches for diverse populations.

Research and Validation Priorities

The underrepresentation of diverse populations in PD biomarker research represents a critical
limitation that must be addressed to ensure equitable healthcare delivery and research
generalizability. Targeted recruitment strategies and community partnerships are essential for
building inclusive research cohorts that reflect population diversity.



International collaborations and standardized protocols can facilitate cross-cultural validation of
biomarker tools and identification of population-specific patterns. These efforts require careful
attention to methodological standardization while allowing for appropriate cultural adaptations.

The development of culturally adapted assessment tools should involve community
stakeholders and cultural experts to ensure appropriate content and acceptable implementation
approaches. Validation studies must demonstrate equivalent psychometric properties across
different populations and cultural contexts.

Digital health technologies offer opportunities to democratize access to biomarker assessment
while collecting data from diverse populations. However, these technologies must be designed
with cultural sensitivity and accessibility considerations to avoid exacerbating existing
healthcare disparities.

Future research priorities include establishing population-specific normative data, validating
biomarker tools across diverse cultural and ethnic groups, and developing implementation
strategies that address socioeconomic barriers to assessment. These efforts are essential for
ensuring that behavioral biomarker advances benefit all patients with PD, regardless of their
cultural background or socioeconomic status.

Future Directions and Translational Applications

The rapidly evolving landscape of behavioral biomarker research in Parkinson's disease
presents unprecedented opportunities for transforming clinical practice, advancing scientific
understanding, and improving patient outcomes. Emerging technologies, analytical approaches,
and conceptual frameworks are poised to revolutionize how we detect, monitor, and intervene in
PD across the disease spectrum.

Digital Health and Remote Monitoring Technologies

The integration of digital health technologies represents perhaps the most transformative
development in behavioral biomarker assessment, offering the potential for continuous,
objective monitoring of PD symptoms in naturalistic environments. Smartphone applications and
wearable devices are increasingly sophisticated in their ability to capture movement patterns,
sleep quality, and other behavioral parameters with clinical-grade accuracy (Maetzler et al.,
2013).

Advanced machine learning algorithms applied to smartphone sensor data can now detect
bradykinetic changes with sensitivity comparable to clinical assessment, while requiring no
specialized equipment or clinical visits. These technologies enable passive monitoring during
routine daily activities, providing insights into real-world motor function that may differ
significantly from clinic-based assessments.



Emerging wearable technologies are expanding beyond simple activity tracking to include more
sophisticated physiological monitoring capabilities. Next-generation devices may incorporate
sensors for muscle activity monitoring during sleep, enabling home-based assessment of RBD
without requiring expensive sleep laboratory studies. Similarly, advances in electronic nose
technology may eventually enable objective olfactory assessment through portable devices.

Artificial Intelligence and Pattern Recognition

Artificial intelligence and machine learning approaches are revolutionizing the analysis and
interpretation of behavioral biomarker data, enabling pattern recognition and predictive modeling
that surpass traditional analytical methods. Deep learning algorithms can identify subtle
movement patterns in high-dimensional sensor data that may not be apparent to human
observation or traditional statistical analysis.

Computer vision applications to movement analysis offer new possibilities for markerless motion
capture using standard video cameras or smartphone recordings. These approaches could
democratize access to sophisticated movement analysis while reducing costs and technical
barriers to implementation.

Precision Medicine Applications

The concept of precision medicine in PD increasingly relies on behavioral biomarker profiling to
identify disease subtypes, predict treatment responses, and guide therapeutic selection.
Different combinations of biomarker patterns may define clinically meaningful PD subtypes with
distinct prognoses and optimal treatment approaches.

Pharmacogenomic applications may integrate genetic information with behavioral biomarker
patterns to predict individual responses to specific medications. This approach could reduce the
trial-and-error period often required for optimal treatment selection and minimize exposure to
ineffective or poorly tolerated therapies.

The development of biomarker-guided clinical trials represents a paradigm shift toward more
efficient and informative research approaches. Adaptive trial designs that modify treatment
assignment or endpoints based on biomarker responses may accelerate therapeutic
development and improve success rates.

Personalized intervention timing based on individual biomarker trajectories may optimize
treatment outcomes and potentially delay disease progression. Rather than waiting for specific
symptom thresholds, interventions could be initiated based on biomarker patterns that predict
impending clinical changes.

Neuroprotection and Disease Modification

Behavioral biomarkers are playing increasingly important roles in neuroprotection research, both
as tools for identifying appropriate trial populations and as sensitive endpoints for detecting



disease-modifying effects. The ability to monitor biomarker changes over time may enable
detection of subtle neuroprotective benefits that might not be apparent through traditional
clinical assessments.

RBD populations represent ideal cohorts for neuroprotection trials due to their high conversion
rates to clinical PD and well-defined natural history. Behavioral biomarker monitoring in these
at-risk populations may enable demonstration of preventive interventions before substantial
neurodegeneration occurs.

The development of composite biomarker scores that integrate multiple behavioral measures
may provide more sensitive endpoints for neuroprotection trials than individual measures alone.
These composite measures could capture treatment effects across multiple neural systems and
disease processes.

Biomarker-guided dosing strategies for neuroprotective interventions may optimize therapeutic
benefits while minimizing side effects. Real-time monitoring of biomarker responses could
enable dynamic dose adjustments based on individual treatment responses.

Population Health and Screening Applications

Large-scale population screening for PD risk using behavioral biomarkers represents an
emerging application with significant public health implications. Cost-effective screening
strategies could identify high-risk individuals for targeted prevention efforts or early intervention
trials.

Community-based screening programs using simplified biomarker assessments may improve
early detection rates and reduce diagnostic delays, particularly in underserved populations with
limited access to specialized care. Mobile health applications could facilitate widespread
screening while reducing healthcare system burden.

The integration of behavioral biomarker screening with routine healthcare encounters, such as
annual physical examinations or health screenings, could improve detection of prodromal PD
without requiring additional healthcare visits or specialized referrals.

Population surveillance using digital biomarker monitoring may provide insights into
environmental risk factors, disease clustering, and population-level trends in PD incidence and
progression. These applications could inform public health interventions and environmental
policy decisions.

Regulatory and Implementation Considerations

The translation of behavioral biomarker advances into clinical practice requires careful attention
to regulatory pathways, validation requirements, and implementation strategies. Regulatory
agencies are developing frameworks for evaluating digital health technologies and
biomarker-based diagnostic tools that will shape future development efforts.



Standardization efforts across research institutions and clinical centers are essential for
ensuring reproducibility and comparability of biomarker data. International collaborations and
consensus-building initiatives may accelerate the development of standardized protocols and
validation criteria.

Figure 5: Clinical Implementation Challenges and Readiness Assessment
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Figure 5. Multi-dimensional assessment of implementation challenges facing widespread clinical adoption of behavioral biomarkers.
Standardization represents the highest priority challenge, followed by technology access barriers and population validation needs.
Cultural adaptation and socioeconomic factors present medium-term challenges reguiring targeted solutions. The analysis reveals that
technical feasibility is well-established, but systematic implementation barriers must be addressed for equitable access to biomarker-
based care across diverse populations and healthcare settings.

The future of behavioral biomarkers in PD holds tremendous promise for transforming our
understanding and management of this complex disease. Success in realizing this potential will
require continued collaboration between researchers, clinicians, technologists, patients, and
policymakers to ensure that advances translate into meaningful improvements in patient care
and outcomes.




Conclusion

The comprehensive examination of behavioral biomarkers in Parkinson's disease reveals their
fundamental importance as clinical tools that extend far beyond traditional symptom assessment
to encompass early detection, differential diagnosis, prognosis, and treatment monitoring. The
three biomarkers examined in this review—bradykinesia, REM sleep behavior disorder, and
hyposmia—each contribute unique and complementary information about the underlying
pathophysiology, temporal progression, and clinical heterogeneity of PD.

Bradykinesia, as the cardinal motor feature required for PD diagnosis, represents the most
direct reflection of basal ganglia dysfunction and provides crucial insights into disease severity
and treatment response. The evolution from subjective clinical rating to objective digital
assessment has enhanced our ability to detect subtle changes and monitor therapeutic
interventions with unprecedented precision. The correlation between bradykinesia patterns and
functional outcomes makes it an invaluable tool for prognostic counseling and treatment
planning.

REM sleep behavior disorder emerges as perhaps the most powerful single prodromal
biomarker available, offering a window into the pre-motor phase of PD that may extend
therapeutic intervention opportunities by years or decades. The high conversion rates from
idiopathic RBD to clinical synucleinopathies, combined with the disorder's association with
distinct clinical phenotypes, position RBD assessment as essential for early detection strategies
and clinical trial recruitment.

Hyposmia and anosmia provide accessible, cost-effective screening tools that can identify PD
with high sensitivity across diverse clinical settings. The early onset of olfactory dysfunction,
often preceding motor symptoms by years, makes smell testing particularly valuable for
detecting prodromal disease and supporting diagnostic decisions in cases with atypical
presentations.

The diagnostic and prognostic applications of these biomarkers demonstrate their utility across
the disease spectrum, from identifying at-risk individuals in prodromal phases to monitoring
established patients for progression and treatment response. The integration of multiple
biomarkers within multimodal assessment frameworks enhances diagnostic accuracy and
provides more comprehensive characterization of disease status than individual measures
alone.

Future directions in behavioral biomarker research encompass technological innovations,
analytical advances, and translational applications that promise to transform PD care. Digital
health technologies, artificial intelligence applications, and precision medicine approaches are
converging to create unprecedented opportunities for personalized disease management and
intervention. The translational potential of behavioral biomarkers extends beyond individual
patient care to encompass population health applications, clinical trial innovation, and public
health strategies for disease prevention and early intervention. The continued development and



validation of these tools require sustained collaboration between researchers, clinicians,
technologists, and patient communities.

As we advance toward an era of precision medicine in Parkinson's disease, behavioral
biomarkers will play increasingly central roles in defining disease subtypes, predicting treatment
responses, and guiding therapeutic decisions. The integration of these measures with genetic,
neuroimaging, and biochemical biomarkers within comprehensive assessment frameworks
holds promise for fundamentally transforming our approach to PD from reactive symptom
management to proactive, personalized intervention strategies.The success of behavioral
biomarker applications in PD will ultimately be measured by their ability to improve patient
outcomes, enhance quality of life, and advance our scientific understanding of this complex
neurodegenerative disorder. Continued investment in research, technology development, and
implementation strategies will be essential for realizing the full potential of these powerful
clinical tools in the ongoing effort to conquer Parkinson's disease.

Supplementary Tables

Table 1. Limitations Table

Limitation Category Description Implications
Assessment Lack of universally standardized Variability in measurements
Standardization protocols for digital biomarker between studies and clinical

assessment across different platforms | centers may limit reproducibility
and devices and meta-analysis capabilities
Population Underrepresentation of diverse ethnic, | Limited generalizability of findings
Representativeness cultural, and socioeconomic and potential for diagnostic
populations in biomarker validation disparities across different
studies population groups
Technology Access Digital assessment tools require Risk of creating healthcare
Barriers smartphones, wearables, or inequities and excluding
specialized equipment that may not be | populations who could benefit
accessible to all patients from biomarker-based care




Longitudinal Data
Limitations

Limited long-term follow-up data for
digital biomarkers, particularly in
prodromal populations

Uncertainty about the stability and
predictive validity of biomarker
patterns over extended time
periods

Confounding Factors

Age-related changes, comorbidities,
medications, and lifestyle factors can
influence biomarker expression

Difficulty distinguishing
pathological changes from normal
aging or other non-PD related
factors

RBD Diagnostic
Requirements

Gold standard RBD diagnosis requires
expensive polysomnography, limiting
accessibility

Potential underdiagnosis of RBD,
particularly in resource-limited
settings, reducing early detection
opportunities

Olfactory Testing
Limitations

Cultural specificity of odors used in
standardized tests may limit validity
across diverse populations

Reduced diagnostic accuracy in
populations unfamiliar with test
odors, requiring culturally adapted
versions

Intervention Evidence
Gaps

Limited evidence for interventions
specifically targeting behavioral
biomarker improvement

Uncertainty about optimal
treatment approaches for
biomarker-guided therapy and
disease modification

Regulatory
Framework

Evolving regulatory pathways for digital
health technologies and
biomarker-based diagnostics

Unclear approval processes may
delay clinical implementation and
reimbursement for biomarker tools

Data Privacy
Concerns

Continuous digital monitoring raises
privacy and security concerns for
sensitive health information

Potential barriers to patient
acceptance and widespread
adoption of digital biomarker
technologies




Table 2. Glossary Table

Term

Definition

Bradykinesia

Progressive slowness and reduction in amplitude of voluntary
movements, characterized by decreased speed, rhythm, and
range during repetitive tasks

REM Sleep Behavior Disorder
(RBD)

A parasomnia characterized by loss of normal muscle atonia
during REM sleep, resulting in dream-enactment behaviors

Hyposmia Partial loss of olfactory function; reduced ability to detect or
identify odors compared to normal age-matched controls
Anosmia Complete or near-complete loss of olfactory function; inability to

detect odors

Prodromal Parkinson's Disease

The preclinical phase of PD characterized by non-motor
symptoms that precede the onset of diagnostic motor features

Digital Biomarkers

Objective, quantifiable physiological and behavioral data
collected through digital devices such as smartphones,
wearables, and sensors

Movement Decrement

Progressive reduction in amplitude, speed, or rhythm during
repetitive movements, characteristic of parkinsonian
bradykinesia

REM Sleep Without Atonia
(RSWA)

Abnormal muscle tone during REM sleep as measured by
electromyography, representing the polysomnographic hallmark
of RBD




Unified Parkinson's Disease
Rating Scale (UPDRS)

Standardized clinical assessment tool for evaluating motor and
non-motor symptoms in Parkinson's disease

University of Pennsylvania
Smell Identification Test (UPSIT)

Standardized scratch-and-sniff test consisting of 40 items used
to assess olfactory function

Synucleinopathy

Neurodegenerative diseases characterized by abnormal
accumulation of a-synuclein protein, including PD, dementia
with Lewy bodies, and multiple system atrophy

Polysomnography

Comprehensive sleep study monitoring brain waves, oxygen
levels, heart rate, breathing, and muscle activity during sleep

Levodopa-Induced Dyskinesias

Abnormal involuntary movements that develop as a complication
of long-term levodopa therapy in Parkinson's disease

Deep Brain Stimulation (DBS)

Surgical procedure involving implantation of electrodes in
specific brain regions to deliver electrical stimulation for
symptom control

Accelerometry

Measurement of acceleration forces using electronic sensors to
quantify movement patterns and activity levels

Machine Learning

Computational methods that enable automated pattern
recognition and prediction from large datasets without explicit
programming

Wearable Technology

Electronic devices worn on the body that can continuously
monitor physiological parameters and movement patterns




Cross-Cultural Validity

The extent to which assessment tools maintain their
psychometric properties and clinical utility across different
cultural and ethnic populations

Table 3. Highlights Table

RBD-synucleinopathy connection
established in 2000s; olfactory dysfunction
recognition since 1970s

Section Key Findings Contributions
Historical Evolution from subjective clinical observation | Provides historical context for
Recognition to objective digital assessment; biomarker development and

validates importance of
technological advancement in
objective measurement

Neurobiological
Basis

Bradykinesia reflects basal
ganglia-thalamocortical circuit dysfunction;
RBD results from brainstem
atonia-generating system compromise;
hyposmia stems from early olfactory system
a-synuclein pathology

Establishes mechanistic
understanding linking biomarker
expression to specific neural
circuit dysfunction and disease
progression patterns

Assessment Tools

Digital technologies enable objective,
sensitive measurement; smartphone-based
assessment achieves clinical-grade
accuracy; standardized questionnaires
provide practical screening approaches

Demonstrates feasibility of
objective biomarker assessment
and provides framework for
clinical implementation across
diverse settings

Diagnostic Value

Bradykinesia required for PD diagnosis with
high specificity; RBD shows >80%
conversion to synucleinopathies; hyposmia
affects >90% of PD patients with high
sensitivity

Establishes clinical utility across
disease spectrum from
prodromal detection to diagnostic
confirmation and differential
diagnosis




Treatment
Monitoring

Digital assessment enables precise
medication optimization; objective measures
detect subtle treatment responses;
biomarkers guide surgical intervention
decisions

Provides evidence for biomarker
utility in personalized treatment
approaches and objective
outcome assessment

Developmental
Trajectory

Age-related changes complicate biomarker
interpretation; young-onset PD shows
distinct patterns; normative data required
across lifespan

Highlights importance of
age-stratified approaches and
population-specific validation for
accurate biomarker interpretation

Cross-Cultural
Validity

Cultural factors influence biomarker
expression and assessment; socioeconomic
barriers limit access; population-specific
validation needed

Identifies critical gaps in
biomarker research and
emphasizes need for inclusive
approaches to ensure equitable
healthcare delivery

Future Directions

Al and machine learning enhance pattern
recognition; digital therapeutics combine
assessment with intervention; precision
medicine applications emerging

Outlines transformative potential
of technological advances and
provides roadmap for
next-generation biomarker
applications

Table 4. Open Questions Table

Research Domain

Research Question

Focus Area

Mechanism
Understanding

What specific neural circuit changes underlie
the characteristic decrement pattern in
parkinsonian bradykinesia?

Basal ganglia physiology
and movement control




Prodromal

Can machine learning models predict individual

Personalized risk

Prediction conversion timelines from RBD to clinical PD? | assessment and early
intervention

Biomarker What is the minimum detectable change in Measurement precision and

Sensitivity digital biomarkers that correlates with clinically | clinical relevance

meaningful progression?

Intervention Timing

When is the optimal time to initiate
neuroprotective interventions based on
biomarker patterns?

Treatment timing and
disease modification

Population
Differences

How do genetic variants influence biomarker
expression and progression patterns across
ethnic groups?

Precision medicine and
population genetics

Technology Can consumer-grade wearable devices Digital health technology
Validation achieve clinical-grade accuracy for biomarker development

assessment?
Multimodal How should multiple biomarkers be weighted Algorithmic development
Integration and combined for optimal diagnostic and and clinical decision support

prognostic accuracy?

Environmental
Factors

What role do environmental exposures play in
modulating biomarker expression and disease
progression?

Gene-environment
interactions and prevention

Therapeutic Targets

Can interventions specifically targeting sleep
dysfunction modify disease progression in RBD
patients?

Neuroprotection and disease
modification




Implementation
Strategy

What are the most effective approaches for
integrating behavioral biomarkers into routine
clinical practice?

Healthcare delivery and
implementation science

Cost-Effectiveness

Do biomarker-guided diagnostic and treatment
approaches improve clinical outcomes while
reducing healthcare costs?

Health economics and
healthcare policy

Regulatory
Pathways

What validation standards should be required
for digital biomarker tools before clinical
implementation?

Regulatory science and
quality assurance

Table 5. Experimental Validation Table

Hypothesis

Experimental Strategy

Expected Outcome

Digital bradykinesia
assessment is more
sensitive than clinical
rating scales for detecting
early motor changes

Longitudinal cohort study
comparing smartphone-based
movement analysis to
MDS-UPDRS in prodromal and
early PD patients

Digital measures detect motor
changes 6-12 months earlier
than clinical scales, with higher
effect sizes for progression

RBD severity correlates
with a-synuclein pathology
burden in at-risk individuals

Cross-sectional study using
quantitative RSWA measures
correlated with CSF a-synuclein
seed amplification assay results

Strong positive correlation
between muscle tone during
REM sleep and synuclein
pathology markers

Olfactory dysfunction
progression patterns
predict cognitive decline
trajectory in PD

5-year longitudinal study tracking
olfactory test scores and
neuropsychological assessments in
newly diagnosed PD patients

Faster olfactory decline predicts
earlier onset and more rapid
cognitive impairment with 70%
accuracy




Multimodal biomarker
algorithms outperform
individual measures for
prodromal PD prediction

Machine learning analysis of
combined movement, sleep, and
olfactory data in at-risk cohorts with
10-year follow-up

Composite algorithms achieve

>85% sensitivity and specificity
for predicting PD development

within 5 years

Cultural adaptation
improves olfactory test
performance in diverse
populations

Validation study comparing
standard UPSIT with culturally
adapted versions across multiple
ethnic groups

Culturally adapted tests show
15-20% improvement in
diagnostic accuracy compared
to standard tests in target
populations

Real-world digital
monitoring provides
superior treatment
optimization compared to
clinic-based assessment

Randomized controlled trial
comparing traditional care to
biomarker-guided treatment
adjustment using continuous
monitoring

Patients receiving
biomarker-guided care show
greater improvement in motor
function and quality of life
measures

Early sleep intervention in
RBD patients delays
conversion to clinical PD

Randomized placebo-controlled
trial of melatonin plus sleep
hygiene intervention in idiopathic
RBD patients

Treatment group shows 30%
reduction in conversion rate to
clinical synucleinopathies over
5-year follow-up

Biomarker-guided DBS
programming improves
motor outcomes and
reduces side effects

Prospective study using real-time
movement monitoring to guide DBS
parameter optimization versus
standard clinical programming

Biomarker-guided programming
achieves 25% greater motor
improvement with 40% fewer
stimulation-related side effects

Environmental factors
modify biomarker
expression and
progression patterns

Population-based cohort study
examining air pollution, pesticide
exposure, and lifestyle factors in
relation to biomarker changes

Specific environmental
exposures associated with
accelerated biomarker
progression and increased PD
risk




Digital therapeutics Randomized trial of smartphone Intervention group shows
combining assessment with | app providing real-time movement | sustained improvement in

intervention improve feedback and exercise guidance movement quality and
patient outcomes versus standard care adherence to exercise
recommendations
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