
Viewpoint

Toward Personalized Medicine Approaches for Parkinson Disease
Using Digital Technologies

Amit Khanna1, PhD; Graham Jones2,3, DSc, PhD
1Neuroscience Global Drug Development, Novartis Pharma AG, Basel, Switzerland
2GDD Connected Health and Innovation Group, Novartis Pharmaceuticals, East Hanover, NJ, United States
3Clinical and Translational Science Institute, Tufts University Medical Center, Boston, MA, United States

Corresponding Author:
Graham Jones, DSc, PhD
GDD Connected Health and Innovation Group
Novartis Pharmaceuticals
1 Health Plaza
East Hanover, NJ, 07936
United States
Phone: 1 8572757045
Email: graham.jones@novartis.com

Abstract

Parkinson disease (PD) is a complex neurodegenerative disorder that afflicts over 10 million people worldwide, resulting in
debilitating motor and cognitive impairment. In the United States alone (with approximately 1 million cases), the economic burden
for treating and caring for persons with PD exceeds US $50 billion and myriad therapeutic approaches are under development,
including both symptomatic- and disease-modifying agents. The challenges presented in addressing PD are compounded by
observations that numerous, statistically distinct patient phenotypes present with a wide variety of motor and nonmotor symptomatic
profiles, varying responses to current standard-of-care symptom-alleviating medications (L-DOPA and dopaminergic agonists),
and different disease trajectories. The existence of these differing phenotypes highlights the opportunities in personalized approaches
to symptom management and disease control. The prodromal period of PD can span across several decades, allowing the potential
to leverage the unique array of composite symptoms presented to trigger early interventions. This may be especially beneficial
as disease progression in PD (alongside Alzheimer disease and Huntington disease) may be influenced by biological processes
such as oxidative stress, offering the potential for individual lifestyle factors to be tailored to delay disease onset. In this viewpoint,
we offer potential scenarios where emerging diagnostic and monitoring strategies might be tailored to the individual patient under
the tenets of P4 medicine (predict, prevent, personalize, and participate). These approaches may be especially relevant as the
causative factors and biochemical pathways responsible for the observed neurodegeneration in patients with PD remain areas of
fluid debate. The numerous observational patient cohorts established globally offer an excellent opportunity to test and refine
approaches to detect, characterize, control, modify the course, and ultimately stop progression of this debilitating disease. Such
approaches may also help development of parallel interventive strategies in other diseases such as Alzheimer disease and Huntington
disease, which share common traits and etiologies with PD. In this overview, we highlight near-term opportunities to apply P4
medicine principles for patients with PD and introduce the concept of composite orthogonal patient monitoring.
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Introduction

Parkinson disease (PD) is a debilitating neurodegenerative
disorder with age-related onset [1]. In the United States alone,
close to 100,000 new patients are currently diagnosed with PD
each year, representing a sharp increase from premillennium

estimates and aligning with general trends of an aging population
and increased life expectancies [2]. The incidence of PD is
higher in women than in men and there appear to be regional
and geographic variations, suggesting that the disease
pathogenesis may be influenced by a combination of genetic,
epigenetic, and environmental factors [3]. The average age at
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diagnosis is 60 years; however, the prodromal period can present
up to 20 years before a formal diagnosis, which offers potential
for interventions to delay or even prevent onset [4]. As a

neurodegenerative disease, there are some similarities of PD
with related disorders, including Alzheimer disease (AD) and
Huntington disease (HD) (Table 1) [5].

Table 1. Comparative targets and assessment tools across major neurodegenerative diseases [6].

Huntington diseaseParkinson diseaseAlzheimer diseaseTargets and tools

406060Age of diagnosis (years)

102015Induction period (years)

Huntingtin (HTT)α-Synuclein (SNCA)Amyloid-β, tauTarget proteins

HTTLRRKc, PARKd, PINKe, SNCAAPOEa, PSENbGenetic markers

NoneL-DOPAf, istradefyllineNoneSymptomatic treatment

MovementMovementMemoryPrimary impairment

UHDRSmMDS-UPDRSi, H&Yj, ADLk, PDQ-39liADRSg, ADAS-CoghRating scales

aAPOE: apolipoprotein E.
bPSEN: presenilin-1.
cLRRK: leucine-rich repeat kinase 2.
dPARK: parkin.
ePINK: PTEN-induced kinase.
fL-DOPA: levodopa (L-3,4-dihydroxyphenylalanine).
giADRS: Integrated Alzheimer's Disease Rating Scale.
hADAS-Cog: Alzheimer’s Disease Assessment Scale-Cognitive subscale.
iMDS-UPDRS: Movement Disorder Society-Unified Parkinson’s Disease Rating Scale.
jH&Y: Hoehn and Yahr scale.
kADL: Activities of Daily Living.
lPDQ-39: Parkinson’s Disease Questionnaire.
mUHDRS: Unified Huntington’s Disease Rating Scale.

Genetic and molecular targets have been established for all three
diseases, and advances in molecular imaging, biofluid analysis,
and exploratory biomarkers (including cerebrospinal fluid [CSF]
and serum neurofilament light chain, sebum-based
amyloid-β1-42, acoustic signatures) are helping to reduce the
reliance on traditional analyses, in turn is expanding our
understanding of disease progression [7].

PD differs from AD and HD in that (1) there is an extended
prodromal period and (2) the availability of symptomatic
therapies for the treatment of motor symptoms allows the capture
of potentially rich information on symptomatic management
[8]. To this end, several high-profile registries have been
established, enabling sharing insight in real time on progression
and providing useful health outcome assessments. Principal
among these are the Oxford Discovery [9], Tracking UK [10],
and Parkinson's Progression Markers Initiative (PPMI) [11]
cohorts, and an integrated database has been established by the
Critical Path Institute to allow users seamless access to
standardized data [12].

Disease Progression and Management

The disease trajectory for patients with PD is complex, involving
motor and nonmotor manifestations, compounded by motor and

neurobehavioral complications at later stages [13] (Figure 1).
Of significance, many manifestations are observed in the
prodromal stages and can be useful indicators to stimulate
patient awareness and subsequent interventions, including
accurate diagnosis. Given the association of a number of
well-defined genetic markers with PD, screening and genetic
counseling may also offer opportunity for the deployment of
specific monitoring approaches for at-risk individuals at a
presymptomatic stage [14]. In particular, the rapid development
of consumer-grade sensors and biometric devices may be useful
in detecting signature events and more importantly offering a
means to track them longitudinally over extended time periods
[15]. For example, wrist-worn devices can monitor sleep profiles
and irregular motor movements, and, if tied to a health-related
app that surveys other parameters (eg, olfactory), might serve
as an early alert. Commercially available smartwatches with
three-axis ballistographic sensors and photoplethysmography
technologies (eg, Apple iPhone) are currently able to capture
signals relevant to PD (Figure 1, blue text) and the potential
exists for patients who are diagnosed to switch from passive to
active monitoring, allowing surveillance of other signals (eg,
voice-based signals, which might detect the severity of
dysphagia and fatigue) [16].
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Figure 1. Symptomatic progression of Parkinson disease from prodromal through diagnostic stages [13]. GI: gastrointestinal; OCD: obsessive compulsive
disorder.

Clinical Analysis of PD Patient
Populations

Numerous clinical studies are underway through a variety of
cohorts and registries established by government, foundations,
and nonprofit organizations. A number of different and distinct
patient phenotypes have been proposed, which may be a
consequence of the genetic contributors of the disease; crossover
with comorbid neurodegenerative diseases such as AD; and
lack of clear definition on etiology, including ties to Lewy body
dementia (LBD). In an analysis of the 769-patient Oxford
Parkinson Disease Centre discovery cohort, Lawton et al [17]
proposed a total of five distinct phenotypic patient subgroups
(see Table 2, where a higher score represents a worsening
effect). In subsequent studies involving the UK Tracking
Parkinson’s cohort, four discrete patient clusters were suggested
(Figure 2), which present with widely differing motor and
nonmotor impairments and progression rates along with varying
degrees of response to the standard-of-care symptomatic therapy,
levodopa (L-DOPA) [6]. Origins of the subgroupings were
reasoned to be based on dopaminergic-resistant features that
when coupled with measures of dopamine-responsive motor
activities provide the basis for study of progression and early

stage treatment response [18]. Based on these observed
heterogeneities in clinical presentation and progressions, there
are sustained efforts to track phenotyped cohorts longitudinally.
A very recent study examined patients across the UK Tracking
PD cohort (N=1807), the Oxford Discovery cohort (N=842),
and PPMI cohort (N=472) using mixed modeling methods
including genetic factors [19]. The Bayesian phenotypes
developed (from longitudinal data spanning 5-10 years) were
characterized in the form of three “axes,” the most influential
of which (axis 1) was associated with an increased risk for AD
and upregulation of microglia-expressed genes, which may
imply involvement of neuroinflammatory pathways [19]. This
axis presents with lowered levels of CSF amyloid-β1-42, severe
baseline motor and nonmotor features, and with a higher
likelihood of progression to early dementia. The availability of
these patient cohorts is playing an invaluable role in the quest
to standardize disease characterization, tracking, and
management, but clearly indicate that unified approaches to
assessment and treatment may not be appropriate or even
desirable. There is also considerable effort being applied to
evaluate the biological underpinnings of PD and challenging
established hypotheses in the bid to develop effective
therapeutics for the management of symptoms [20].
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Table 2. Phenotypic subgroups of Parkinson disease and specimen features identified in the Oxford Parkinson Disease Centre cohort [17].

CognitionaSmellaTremoraFrequency (%)Group

–2–2–225.4Mild motor and nonmotor disease

+2–2–223.3Poor posture and cognition

–10+420.8Severe tremor

–2+3–218.9Poor psychological well-being,

RBDb, and sleep

+5+5+211.7Severe motor and nonmotor disease
and poor psychological well-being

aA higher score represents a worsening effect.
bRBD: REM sleep behavior disorder.

Figure 2. Clustering of disease progression in patients with Parkinson disease observed in the UK Tracking Parkinson’s cohort [15].

Drug Targets for PD

As noted in Table 1, α-synuclein remains a primary target for
therapeutic drug development, either through reducing its
production, propensity to aggregate, or ability to spread
extracellularly. Major clinical evaluations of monoclonal
antibodies targeting α-synuclein have been reported, including
prasinezumab developed by Roche [21] and cinpanemab from
Biogen [22]. Although these clinical trials did not meet primary
endpoints, the prasinezumab trial had a promising signal relating
to motor function, prompting Roche to revisit their clinical
development strategy with an additional phase II trial [23]. One
unresolved question relates to the precise role of α-synuclein
itself. Aggregates of misfolded α-synuclein accumulate in Lewy
bodies (a hallmark of the disease); yet, determining the exact

mechanism underlying this effect and identification of the toxic
form of the protein remain a challenge, with some theorizing
that these deposits may even be protective [24]. In terms of
impairment of axonal transport (a key detriment in patients with
PD), at least three other proteins are known to play roles,
including amyloid and tau (primary targets for AD research)
and the transactive response DNA-binding protein TDP43, albeit
by differing mechanisms [25]. Indirect targeting of α-synuclein
aggregation may also prove fruitful. Early studies showed that
Annovis’ buntanetap (which targets an iron response element
in mRNAs encoding proteins found in Lewy bodies) had the
effect of lowering aggregation of α-synuclein and improving
cognition of patients with PD and AD [26]. A 450-person phase
III trial in patients with early stage PD will read out in 2023
and may bolster interest in this approach [26]. Additional
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strategies include inhibiting other neuroinflammatory pathways
[27], correcting impaired autophagy [28], addressing proteasome
dysregulation [29], and repairing defective lysosomes [30]. One
of these approaches, targeting dysfunctional mitochondria in
PD [31], is being actively pursued with drug candidates
developed by Lucy Therapeutics, NRG Therapeutics, and Pretzel
Therapeutics, among others [32]. Based on potential overlap
between PD and AD, the general interplay between
neurodegenerative disease pathways is receiving considerable
attention, and in this regard LBD is highly relevant [33].

Although anatomic and histopathologic traits are reminiscent
of those encountered in PD, LBD presents symptoms reflecting
both AD and PD. Cognitive decline is typically pronounced,
often more so than movement impairment, but is often
accompanied by psychotic episodes and falls, prompting debate
on whether it is a dementia-dominant variant of PD or a different
condition [34]. The detection of elevated levels of amyloid-β
plaques in the brains of patients with LBD suggests that it is a
more defined disease as patients show wide-ranging responses
to antipsychotics and cognitive enhancers used in the treatment
of both PD and AD [35]. Patients with PD and AD also
commonly suffer from anxiety, sleep disturbance, and depressive
episodes, and new symptomatic therapeutic and behavioral
approaches to these ailments are needed in addition to those
addressing causative factors [36]. The similarities and
differences between the disease etiology of PD, AD, and LBD
coupled with genetic, epigenetic, lifestyle, and environmental
factors drives the need for personalized approaches to disease
management.

Preventive and Personalized Approaches
to PD

There is compelling evidence that correlates improved outcomes
when patients play an active, participatory role in their health
management. Further research has identified specific patient
phenotypes that are likely to respond more favorably due to
higher levels of engagement [37]. In the case of PD, it is relevant
to consider factors that benefit the patient in the extended
prodromal phase and subsequently following disease onset or
diagnosis. The prodromal period can exceed two decades, and
given the fluid debate on causative and influencing factors, there
may be actions and behaviors that could potentially delay onset,
including dietary regimens, environmental location, and degree
of physical activity. Likewise, following initial diagnosis, the
potential to delay progression (or the rate) of the disease could
be influenced by the patient. The social and economic impact
of delaying onset by merely 1 year is substantial and could form
the basis of coverage decisions for therapeutics made by payers
[38]. For these reasons, the merits of adopting personalized

medicine (PM) approaches over the patients’ health span are
interesting to consider. One of the most developed frameworks
for PM was articulated as “P4 medicine” by Leroy Hood and
his team at the Institute of Systems Biology [39] in which the
4 Ps represent predictive, preventive, personalized, and
participatory components of medicine. This approach could
overlay well in PD as there are genetic associations (predictive)
and studies that infer that delayed onset/progression might be
achieved through lifestyle, dietary factors, and potentially
therapeutics (preventive).

The highly fragmented nature of the PD patient cohorts
described above supports individualized approaches to patient
care (personalized) and improved outcomes (eg, cognitive score,
motor function) when patients (and in later stages of the disease
with caregivers) actively engage in the treatment plans
(participatory). The components are illustrated in Figure 3
where objectives would be to delay the onset of motor
dysfunction through use of early warning signals (A, B) to
prompt lifestyle factor changes (D) and earlier access to
therapeutics once prodromal signals are confirmed (C). If
successful, such an approach could serve to delay onset of the
diseased state (E-F) and also stimulate clinical trials of new
therapeutics (G). The early detection methods could be a
combination of behavioral (Figure 1), serological and biologic
analytes, and digital measures. Under the P4 approach, this
would then trigger best actions on the patient’s part, including
accessing dedicated care services, engaging in a physical activity
plan (specific exercise regimens are associated with slowing
PD progression), and adhering to specific dietary
recommendations (eg, high-antioxidant diets to ameliorate the
impact of reactive oxygen species) [40]. This period would then
represent an ideal baseline point for the subsequent capture of
digital signals using a composite monitoring platform (vide
infra). This also represents a time when therapeutic options can
be considered. Alongside the standard L-DOPA–based
symptomatic therapies, there are myriad investigational
disease-modifying drugs being evaluated, and the wider
availability of well-described patient cohorts will be beneficial
to increase diversity in the clinical trials and help uncover
underlying principles accounting for the observed heterogeneity
of the disease [41]. Coupled with the tenets of P4M, the
likelihood of clinical success of these agents may be higher. Of
note, the Critical Path for Parkinson’s Disease group (CPP) has
outlined a drug development pathway that is intended to
integrate traditional and digital measures in the holistic
management of patients with PD. This consortium-based
approach (CPP 3DT) is noteworthy as it embodies the tenets of
P4M across the patient support structure, including carers and
family members [42].
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Figure 3. Illustrative approach to components of P4 (predict, prevent, personalize, and participate) medicine in Parkinson disease management. DAT:
dopamine transporter; HRV: heart rate variability; ROS: reactive oxygen species; serum sNfL: serum neurofilament light chain.

The Role of Digital Devices

Overview
Consumer-grade digital monitoring devices have begun to have
a marked impact in the detection and management of health
conditions [43]. As sensitivity, reliability, and interoperability
of these data are refined, there is high expectation that they will
factor into standard practice and serve as clinical outcome
assessment tools relied upon to inform decisions made by health
care providers (HCPs), health authorities, and payers. Consortia
are already actively advocating for standardized approaches and
parallel efforts are focusing on data security and regulations
[44]. While multiple approaches can and will add value to the
PD community at large, there seems to be logic in consideration
of low-cost, ubiquitous devices that have a low burden of friction
for the user. This latter consideration is especially relevant in
PD, as deterioration in both motor skills and cognitive ability
impair executive function over time. Two devices with high
appeal are smartwatches and smartphones, with an
ever-increasing array of capabilities added. For the purposes of
illustration, herein, we focus on the smartphone (of which there
are over 6 billion worldwide), but features are often later
incorporated into smartwatches as sensors, computing power,
battery life, and cost of goods fall. In the prodromal stages, there
is a major opportunity to utilize the smartphone platform to
detect early warning signals. The array of PD symptoms (Figure
1) span audible, motor, and movement, and combinations of
signals could be analyzed and developed through personal-level
artificial intelligence (AI)/machine learning processes to develop
alerts [45]. Over time (months or years), these data captured
longitudinally could form part of the individual’s health data
through the smartphone or a third-party app and trigger
discussions with their HCP during scheduled checkups. In the
same way that early warning systems detect seismic activity
and tremors underground, algorithms subsequently predict the
degree of severity, duration, and interval of future events; thus,
analogies in neurodegenerative disease and stroke are realistic.
As an example, deviations in the REM sleep profile are an early

warning sign for prodromal PD, and the opportunity for a
smartphone to capture related acoustic changes passively is a
very real possibility [46]. There are other components of the
patients’ so-called digital exhaust, which might be useful in PD
detection and management based on both passive and active
device engagement [47].

Smartphone Sensors Relating to PD
Modern smartphones contain an array of sensors with relevance
to the assessment of PD manifestations and their management
(Figure 4). The inertial measurement unit (IMU) utilizes an
accelerometer, magnetometer, or gyroscope to record movement
and specifically for PD the angular rate and direction of
movement. This functions across three axes (yaw, pitch, and
roll) and if coupled to GPS sensors can track over distances,
which could identify signals from short tremor bursts all the
way through to balance impairment and ultimately falls. In
another example, tremors associated with so-called “off” periods
in patients with PD using symptomatic therapies might be
detected, alerting them (and the HCP) to intervene [48]. The
microphones on modern smartphones are now research-grade
instruments and the devices are thus capable of detecting,
interpreting, and recording both vocal and acoustic measures.
This has been investigated heavily in PD with microfeatures
able to discern between diseased states in cohorts [49]. Likewise,
the virtual keyboards in smartphones have been used to identify
hallmark signatures of PD through analysis of variables such
as stroke pressure and interkey flight/dwell time in addition to
specific aspects of what is typed, the frequency of such, and the
error rates within [50]. A rapidly emerging tool is the use of the
front camera for the analysis of features and idiosyncrasies in
PD, which includes saccadic movement of the eye [51] and
signature movements of the facial muscles, including the lips
[52]. Each of these four classes of signals are powerful in their
own right, and could form a time stamp of baseline to current
to assess time-lapsed disease progression and the impact of
therapeutics and P4 medicine interventions longitudinally,
potentially over decades.
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Figure 4. Parkinson disease–relevant digital measures from consumer-grade smartphones. IMU: inertial measurement unit.

However, taken together, the potential power of composite,
orthogonal measures is even higher [53]. Such methods offer
many advantages over single-point analyses and offer the
potential to help interpret individual data sets by providing
contextual information. For example, a suddenly elevated heart
rate prompting a rapid respiratory response and resulting
acoustic signature may be explainable by GPS/IMU, which is
trained by machine learning/AI to detect when the patient climbs
long flights of stairs [53]. The use of orthogonal analytics is
also supported by regulatory agencies such as the Food and
Drug Administration (FDA) in the characterization of complex
drug substances, requiring sponsors to demonstrate
comparability through a totality of evidence (fingerprint) as
opposed to isolated individual metrics [54]. Additionally, just
as analytical methods improve over time, so will sensing
technologies used to develop composite signals. These data can
form a part of a powerful blueprint to empower the patient and
their caregivers to take into discussions with their treating
physician to recommend best actions. Digital interfaces and
customized data repositories could form the basis of a form of
“home hub” to guide disease management. It is of course
expected that decisions are ultimately made by the patients’
HCPs who could be opted in to receive the personalized data
sets. However, the process of patient participation in capturing
these data is an attractive and essential component of the P4
medicine approach and could have a positive benefit in terms
of engagement and positive outlook [55]. However, the trend
in health care toward personal diagnostics goes far beyond that
associated with smart devices. Specifically, there are emerging

point-of-care and at-home diagnostics that could be of benefit
to PD management and are thus worth highlighting.

At-Home Analytical Methods
The growth of remote medical testing tools has become
pronounced recently and accelerated by the COVID-19
pandemic. The utility of a simple-to-use disposable diagnostic
device with colorimetric output was first demonstrated with
at-home pregnancy test kits and later refined for devices for the
rapid detection of antibodies such as in SARS-CoV-2 variants,
which subsequently grew into a US $20 billion industry [56].
Part of the attractiveness is that the analytes (urine flow and
saliva, respectively) are accessible noninvasively and the
readouts are simple, being binary in nature. In terms of analysis
of diagnostic, prognostic, and maintenance biomarkers for PD,
there may be near-term potential for this approach. The first of
these could be serology-based. For example, fragments of two
of the signature proteins associated with PD are found in plasma
in addition to CSF (neurofilament light chain and amyloid-β1-42)
[57]. Although it may be unrealistic currently to effect
point-of-care quantitation of these proteins (eg, through an
antibody flow assay on a glucometer-style device), many of the
barriers to pinprick blood sampling have been overcome and a
hybrid approach may be feasible, with the patient mailing in or
dropping off a device at a local pharmacy for subsequent
quantitation. Of note, exosomal markers of amyloid proteins
associated with AD and PD have been detected in saliva, which
could ultimately lead to a COVID-19 type binary test (Figure
5) [58].
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Figure 5. Potential Parkinson disease–relevant health measures attainable using at-home diagnostics. Aβ: amyloid β; DMPK: drug metabolism and
pharmacokinetics; FAMGA: Facebook, Apple, Microsoft, Google, Amazon; HRV: heart rate variability; PSS: patient support services; sNfL: serum
neurofilament light chain.

Another hallmark of early stage PD is the impact on olfactory
sensing [59]. For example, patients may be encouraged to report
on sensing ability if supplied with a series of test strips (similar
to those used in a perfumery) periodically. Results could be
captured by a gamified prompt on a smartphone app and the
data fed in to the powerful composite analytics described above.
In this manner, the voice analysis could be considered passive
with respect to the main task of describing smell, which could
have additional advantages in terms of unbiasing [60]. There is
also evidence that olfactory analysis of the sebum of patients
with PD is a powerful indicator of a diseased state, suggesting
that self-captured sebum could be used for analysis and
potentially help in classifying the disease subtype (Figure 2)
[61]. The field of remote urinalysis has also developed rapidly
in recent years. Originally, in the purview of dedicated analytical
testing laboratories (eg, employer-based drug testing), many of
these procedures have been adapted for the consumer market.
One such example is the Test Card system, which offers a
colorimetric readout for urinary metabolites that can be in the
form of specifically tailored biomarkers [62]. The visual image

is captured and digitized using a smartphone, thus potentially
feeding directly into a digital health record. Such a system could
be useful for analyzing drug metabolism and pharmacokinetics
of metabolites of symptomatic- and disease-modifying therapies,
newly discovered biomarkers, or explaining any
contraindications encountered by polypharmacy connected with
treatments for comorbidities. Other variants exist; for example,
the FDA approved a mail test kit developed by dip.io for
biomarker analysis [63].

Finally, one can also consider integration of signals from other
devices the patient has access to. This could include data from
smartwatches, fitness bands, smart rings, or even Internet of
Medical Things devices deployed in the home (smart scales,
smart toilets, voice assistants). Also important could be links
through social media not accessed through the smartphone (eg,
frequency of interacting in chat groups on a personal computer),
as this behavior has been tied to gauge social well-being and
detection of depressive episodes [64]. A possible approach to
integrate these data sets as part of the patient’s electronic health
record is depicted in Figure 6.

Figure 6. Integrating consumer-generated and health provider data sets. EEG: electroencephalogram; EMR: electronic medical record; fMRI: functional
magnetic resonance imaging; H-Y: Hoehn and Yahr; PET [DAT]: positron emission tomography dopamine transporter scan; UPDRS: Unified Parkinson’s
Disease Rating Scale.

Summary and Next Steps

The above approaches and opportunities appear to have the
potential to refine how PD is diagnosed and treated and how
patients are monitored and ultimately supported. There is an

effective balance required for success that will demand careful
deliberation, but a potential upside is that it could help codify
improvements in quality of life for patients with PD across
cognitive and motor dimensions. In the future, such data—which
might be measurable over 1-, 6-, and 12-month time
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frames—could form the basis of informed decisions for HCPs
and payers on treatment and prescribing actions, which, from
recent experience with AD therapeutics, is a critical
consideration to drive action [65]. Integrating patient-captured
data into individual electronic health records would require
adherence to predefined standards but could form a natural
component of holistic care (Figure 6, left panel). The benefits
of continual (patient) monitoring versus episodic (physician)
monitoring would of course depend on the stage of disease
(Figure 1) and the patient’s appetite for active engagement, but
the potential upside could be considerable. Having statistically
relevant composite measures could also provide a degree of
granularity, which might serve to motivate certain patients. For
example, a patient may feel disenfranchised learning that they
have at best a maintained level or only slightly increased score
on a broad assessment scale (eg, Unified Parkinson’s Disease
Rating Scale, Hoehn and Yahr scale), but if a signal for real
improvement in one or more digital subscales could be
demonstrated, this might serve to motivate improved adherence
and persistence levels [66]. The psychology of reward-driving
behaviors is well understood in the consumer products and
leisure industry and some of these learnings may help optimize
engagement [67].

To establish the approaches described herein at scale would
require close association with patient groups, advocates, HCPs,
and platform technology developers. What is clear, however,
is that the relentless development of sensitive and impactful
analytic technologies will continue to offer new opportunities
for the PD community. Already, the potential for AI approaches

to personalization has been proposed [68]; the impact of new
automated speech recognition technologies appears to hold great
promise in detection and staging in PD [69,70] and the utility
of chatbots such as GPT3 is already being pursued in
neurodegenerative disease [71]. Interrogation of speech and
acoustic signals as components of composite measures is also
gaining traction, including with facial analysis [72], finger
tapping [73], and nocturnal breathing events [74,75]. Efforts to
integrate such measures alongside conventional assessments
and interventions will help ensure their wider acceptance, and
there is already progress correlating patient acoustic signatures
with electroencephalogram (EEG) analyses [76] and the impact
of symptomatic treatments on digital signal fidelity [77].
Continual technological advances, including in-ear EEG [78],
muscle tremor detectors [79], and new approaches to speech
interrogation [80], promise to push boundaries yet further and
offer additional tools for patient assessment and symptom
management.

In conclusion, the unifying theme we believe necessary to
advance the opportunities and approaches described herein is
the capture and storage of these health data digitally. This can
ensure that appropriate decisions are made by patients and
physicians longitudinally over the decades of the disease.
Perhaps never before has such an opportunity presented itself
for the use of consumer devices for long-term disease
management. These are certainly exciting times and it is
incumbent on us to ensure that opportunities are pursued
logically and systematically so that patients with PD can derive
personalized benefit in their lifetime.

Acknowledgments
References cited were selected using search engines (SciFinder, Google Scholar) on the basis of scientific relevance, with priority
afforded to most recent exemplars. Generative AI was not used in any portion of the manuscript.

Data Availability
All data utilized in the preparation of this manuscript were obtained from publicly available sources listed in the references section.

Conflicts of Interest
The authors are employees of Novartis Pharmaceuticals. Views expressed are those of the authors and Novartis Pharmaceuticals
had no influence on the content of the submitted manuscript.

References

1. Sveinbjornsdottir S. The clinical symptoms of Parkinson's disease. J Neurochem 2016 Oct 11;139 Suppl 1(S1):318-324
[FREE Full text] [doi: 10.1111/jnc.13691] [Medline: 27401947]

2. Parkinson disease. World Health Organization. URL: https://www.who.int/news-room/fact-sheets/detail/parkinson-disease
[accessed 2023-09-01]

3. Emamzadeh FN, Surguchov A. Parkinson's disease: biomarkers, treatment, and risk factors. Front Neurosci 2018 Aug
30;12:612 [FREE Full text] [doi: 10.3389/fnins.2018.00612] [Medline: 30214392]

4. de Bie RMA, Clarke CE, Espay AJ, Fox SH, Lang AE. Initiation of pharmacological therapy in Parkinson's disease: when,
why, and how. Lancet Neurol 2020 May;19(5):452-461 [doi: 10.1016/S1474-4422(20)30036-3] [Medline: 32171387]

5. Flavin WP, Bousset L, Green ZC, Chu Y, Skarpathiotis S, Chaney MJ, et al. Endocytic vesicle rupture is a conserved
mechanism of cellular invasion by amyloid proteins. Acta Neuropathol 2017 Oct 19;134(4):629-653 [doi:
10.1007/s00401-017-1722-x] [Medline: 28527044]

6. Lawton M, Baig F, Rolinski M, Ruffman C, Nithi K, May MT, et al. Parkinson's disease subtypes in the Oxford Parkinson
Disease Centre (OPDC) Discovery Cohort. J Parkinsons Dis 2015;5(2):269-279 [FREE Full text] [doi: 10.3233/JPD-140523]
[Medline: 26405788]

JMIR Form Res 2023 | vol. 7 | e47486 | p. 9https://formative.jmir.org/2023/1/e47486
(page number not for citation purposes)

Khanna & JonesJMIR FORMATIVE RESEARCH

XSL•FO
RenderX

https://onlinelibrary.wiley.com/doi/10.1111/jnc.13691
http://dx.doi.org/10.1111/jnc.13691
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27401947&dopt=Abstract
https://www.who.int/news-room/fact-sheets/detail/parkinson-disease
https://europepmc.org/abstract/MED/30214392
http://dx.doi.org/10.3389/fnins.2018.00612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30214392&dopt=Abstract
http://dx.doi.org/10.1016/S1474-4422(20)30036-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32171387&dopt=Abstract
http://dx.doi.org/10.1007/s00401-017-1722-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28527044&dopt=Abstract
https://europepmc.org/abstract/MED/26405788
http://dx.doi.org/10.3233/JPD-140523
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26405788&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


7. Kwon EH, Tennagels S, Gold R, Gerwert K, Beyer L, Tönges L. Update on CSF biomarkers in Parkinson's disease.
Biomolecules 2022 Feb 18;12(2):329 [FREE Full text] [doi: 10.3390/biom12020329] [Medline: 35204829]

8. Mahlknecht P, Marini K, Werkmann M, Poewe W, Seppi K. Prodromal Parkinson's disease: hype or hope for
disease-modification trials? Transl Neurodegener 2022 Feb 21;11(1):11 [FREE Full text] [doi: 10.1186/s40035-022-00286-1]
[Medline: 35184752]

9. Picillo M, Barone P, Amboni M, Moccia M, Pellecchia MT. Comment on Szewczyk-Krolikowski et al.: the influence of
age and gender on motor and non-motor features of early Parkinson's disease: initial findings from the Oxford Parkinson
Disease Center (OPDC) discovery cohort. Parkinsonism Relat Disord 2014 Nov;20(11):1319-1320 [doi:
10.1016/j.parkreldis.2014.03.014] [Medline: 25081092]

10. Malek N, Swallow DM, Grosset KA, Lawton MA, Marrinan SL, Lehn AC, PRoBaND. Tracking Parkinson's: study design
and baseline patient data. J Parkinsons Dis 2015 Oct 31;5(4):947-959 [FREE Full text] [doi: 10.3233/JPD-150662] [Medline:
26485428]

11. Marek K, Chowdhury S, Siderowf A, Lasch S, Coffey CS, Caspell-Garcia C, Parkinson's Progression Markers Initiative.
The Parkinson's Progression Markers Initiative (PPMI) - establishing a PD biomarker cohort. Ann Clin Transl Neurol 2018
Dec 31;5(12):1460-1477 [FREE Full text] [doi: 10.1002/acn3.644] [Medline: 30564614]

12. Critical path for Parkinson's. Critical Path Institute. URL: https://c-path.org/programs/cpp/ [accessed 2023-09-01]
13. Kalia LV, Lang AE. Parkinson's disease. Lancet 2015 Aug 29;386(9996):896-912 [doi: 10.1016/S0140-6736(14)61393-3]

[Medline: 25904081]
14. Klein C, Westenberger A. Genetics of Parkinson's disease. Cold Spring Harb Perspect Med 2012 Jan 03;2(1):a008888

[FREE Full text] [doi: 10.1101/cshperspect.a008888] [Medline: 22315721]
15. Espay AJ, Hausdorff JM, Sánchez-Ferro Á, Klucken J, Merola A, Bonato P, Movement Disorder Society Task Force on

Technology. A roadmap for implementation of patient-centered digital outcome measures in Parkinson's disease obtained
using mobile health technologies. Mov Disord 2019 May;34(5):657-663 [FREE Full text] [doi: 10.1002/mds.27671]
[Medline: 30901495]

16. Dos Santos KW, da Cunha Rodrigues E, Rech RS, da Ros Wendland EM, Neves M, Hugo FN, et al. Using voice change
as an indicator of dysphagia: a systematic review. Dysphagia 2022 Aug 21;37(4):736-748 [doi: 10.1007/s00455-021-10319-y]
[Medline: 34019177]

17. Lawton M, Ben-Shlomo Y, May MT, Baig F, Barber TR, Klein JC, et al. Developing and validating Parkinson's disease
subtypes and their motor and cognitive progression. J Neurol Neurosurg Psychiatry 2018 Dec 25;89(12):1279-1287 [FREE
Full text] [doi: 10.1136/jnnp-2018-318337] [Medline: 30464029]

18. van der Heeden JF, Marinus J, Martinez-Martin P, van Hilten JJ. Importance of nondopaminergic features in evaluating
disease severity of Parkinson disease. Neurology 2014 Feb 04;82(5):412-418 [doi: 10.1212/WNL.0000000000000087]
[Medline: 24391163]

19. Sandor C, Millin S, Dahl A, Schalkamp AK, Lawton M, Hubbard L, et al. Universal clinical Parkinson's disease axes
identify a major influence of neuroinflammation. Genome Med 2022 Nov 16;14(1):129 [FREE Full text] [doi:
10.1186/s13073-022-01132-9] [Medline: 36384636]

20. Fereshtehnejad S, Romenets SR, Anang JBM, Latreille V, Gagnon J, Postuma RB. New clinical subtypes of Parkinson
disease and their longitudinal progression: a prospective cohort comparison with other phenotypes. JAMA Neurol 2015
Aug 01;72(8):863-873 [doi: 10.1001/jamaneurol.2015.0703] [Medline: 26076039]

21. Pagano G, Taylor KI, Anzures-Cabrera J, Marchesi M, Simuni T, Marek K, PASADENA Investigators, Prasinezumab
Study Group. Trial of prasinezumab in early-stage Parkinson's disease. N Engl J Med 2022 Aug 04;387(5):421-432 [doi:
10.1056/NEJMoa2202867] [Medline: 35921451]

22. Lang AE, Siderowf AD, Macklin EA, Poewe W, Brooks DJ, Fernandez HH, SPARK Investigators. Trial of cinpanemab
in early Parkinson's disease. N Engl J Med 2022 Aug 04;387(5):408-420 [doi: 10.1056/NEJMoa2203395] [Medline:
35921450]

23. A Study to Evaluate the Efficacy and Safety of Intravenous Prasinezumab in Participants With Early Parkinson's Disease
(PADOVA). ClinicalTrials.gov. URL: https://clinicaltrials.gov/ct2/show/NCT04777331 [accessed 2023-09-01]

24. Simon C, Soga T, Okano HJ, Parhar I. α-Synuclein-mediated neurodegeneration in dementia with Lewy bodies: the
pathobiology of a paradox. Cell Biosci 2021 Nov 19;11(1):196 [FREE Full text] [doi: 10.1186/s13578-021-00709-y]
[Medline: 34798911]

25. Jo M, Lee S, Jeon Y, Kim S, Kwon Y, Kim H. The role of TDP-43 propagation in neurodegenerative diseases: integrating
insights from clinical and experimental studies. Exp Mol Med 2020 Oct 13;52(10):1652-1662 [doi:
10.1038/s12276-020-00513-7] [Medline: 33051572]

26. Fang C, Hernandez P, Liow K, Damiano E, Zetterberg H, Blennow K, et al. Buntanetap, a novel translational inhibitor of
multiple neurotoxic proteins, proves to be safe and promising in both Alzheimer's and Parkinson's patients. J Prev Alzheimers
Dis 2023;10(1):25-33 [doi: 10.14283/jpad.2022.84] [Medline: 36641607]

27. Grotemeyer A, McFleder RL, Wu J, Wischhusen J, Ip CW. Neuroinflammation in Parkinson's disease - putative
pathomechanisms and targets for disease-modification. Front Immunol 2022 May 18;13:878771 [FREE Full text] [doi:
10.3389/fimmu.2022.878771] [Medline: 35663989]

JMIR Form Res 2023 | vol. 7 | e47486 | p. 10https://formative.jmir.org/2023/1/e47486
(page number not for citation purposes)

Khanna & JonesJMIR FORMATIVE RESEARCH

XSL•FO
RenderX

https://www.mdpi.com/resolver?pii=biom12020329
http://dx.doi.org/10.3390/biom12020329
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35204829&dopt=Abstract
https://translationalneurodegeneration.biomedcentral.com/articles/10.1186/s40035-022-00286-1
http://dx.doi.org/10.1186/s40035-022-00286-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35184752&dopt=Abstract
http://dx.doi.org/10.1016/j.parkreldis.2014.03.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25081092&dopt=Abstract
https://europepmc.org/abstract/MED/26485428
http://dx.doi.org/10.3233/JPD-150662
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26485428&dopt=Abstract
https://europepmc.org/abstract/MED/30564614
http://dx.doi.org/10.1002/acn3.644
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30564614&dopt=Abstract
https://c-path.org/programs/cpp/
http://dx.doi.org/10.1016/S0140-6736(14)61393-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25904081&dopt=Abstract
https://europepmc.org/abstract/MED/22315721
http://dx.doi.org/10.1101/cshperspect.a008888
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22315721&dopt=Abstract
https://europepmc.org/abstract/MED/30901495
http://dx.doi.org/10.1002/mds.27671
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30901495&dopt=Abstract
http://dx.doi.org/10.1007/s00455-021-10319-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34019177&dopt=Abstract
http://jnnp.bmj.com/lookup/pmidlookup?view=long&pmid=30464029
http://jnnp.bmj.com/lookup/pmidlookup?view=long&pmid=30464029
http://dx.doi.org/10.1136/jnnp-2018-318337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30464029&dopt=Abstract
http://dx.doi.org/10.1212/WNL.0000000000000087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24391163&dopt=Abstract
https://genomemedicine.biomedcentral.com/articles/10.1186/s13073-022-01132-9
http://dx.doi.org/10.1186/s13073-022-01132-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36384636&dopt=Abstract
http://dx.doi.org/10.1001/jamaneurol.2015.0703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26076039&dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa2202867
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35921451&dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa2203395
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35921450&dopt=Abstract
https://clinicaltrials.gov/ct2/show/NCT04777331
https://cellandbioscience.biomedcentral.com/articles/10.1186/s13578-021-00709-y
http://dx.doi.org/10.1186/s13578-021-00709-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34798911&dopt=Abstract
http://dx.doi.org/10.1038/s12276-020-00513-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33051572&dopt=Abstract
http://dx.doi.org/10.14283/jpad.2022.84
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36641607&dopt=Abstract
https://europepmc.org/abstract/MED/35663989
http://dx.doi.org/10.3389/fimmu.2022.878771
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35663989&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


28. Hou X, Watzlawik JO, Fiesel FC, Springer W. Autophagy in Parkinson's disease. J Mol Biol 2020 Apr 03;432(8):2651-2672
[FREE Full text] [doi: 10.1016/j.jmb.2020.01.037] [Medline: 32061929]

29. McKinnon C, De Snoo ML, Gondard E, Neudorfer C, Chau H, Ngana SG, et al. Early-onset impairment of the
ubiquitin-proteasome system in dopaminergic neurons caused by α-synuclein. Acta Neuropathol Commun 2020 Feb
14;8(1):17 [FREE Full text] [doi: 10.1186/s40478-020-0894-0] [Medline: 32059750]

30. Wallings RL, Humble SW, Ward ME, Wade-Martins R. Lysosomal dysfunction at the centre of Parkinson's disease and
frontotemporal dementia/amyotrophic lateral sclerosis. Trends Neurosci 2019 Dec;42(12):899-912 [FREE Full text] [doi:
10.1016/j.tins.2019.10.002] [Medline: 31704179]

31. Park J, Davis RL, Sue CM. Mitochondrial dysfunction in Parkinson's disease: new mechanistic insights and therapeutic
perspectives. Curr Neurol Neurosci Rep 2018 Apr 03;18(5):21 [FREE Full text] [doi: 10.1007/s11910-018-0829-3] [Medline:
29616350]

32. Guy R. Lucy: mitochondrial solutions to CNS diseases. BioCentury. 2022 Dec 14. URL: https://www.biocentury.com/
article/645846/lucy-mitochondrial-solutions-to-cns-diseases [accessed 2023-09-01]

33. Outeiro TF, Koss DJ, Erskine D, Walker L, Kurzawa-Akanbi M, Burn D, et al. Dementia with Lewy bodies: an update and
outlook. Mol Neurodegener 2019 Jan 21;14(1):5 [FREE Full text] [doi: 10.1186/s13024-019-0306-8] [Medline: 30665447]

34. Jellinger KA, Korczyn AD. Are dementia with Lewy bodies and Parkinson's disease dementia the same disease? BMC
Med 2018 Mar 06;16(1):34 [FREE Full text] [doi: 10.1186/s12916-018-1016-8] [Medline: 29510692]

35. Armstrong MJ, Weintraub D. The case for antipsychotics in dementia with Lewy bodies. Mov Disord Clin Pract 2017 Jun
24;4(1):32-35 [FREE Full text] [doi: 10.1002/mdc3.12383] [Medline: 30713945]

36. Linazasoro G. Recent failures of new potential symptomatic treatments for Parkinson's disease: causes and solutions. Mov
Disord 2004 Jul 21;19(7):743-754 [doi: 10.1002/mds.20120] [Medline: 15254931]

37. Bombard Y, Baker GR, Orlando E, Fancott C, Bhatia P, Casalino S, et al. Engaging patients to improve quality of care: a
systematic review. Implement Sci 2018 Jul 26;13(1):98 [FREE Full text] [doi: 10.1186/s13012-018-0784-z] [Medline:
30045735]

38. Jones GB, Wright JM. The economic imperatives for technology enabled wellness centered healthcare. J Public Health
Policy 2022 Sep 03;43(3):456-468 [FREE Full text] [doi: 10.1057/s41271-022-00356-8] [Medline: 35922479]

39. Flores M, Glusman G, Brogaard K, Price ND, Hood L. P4 medicine: how systems medicine will transform the healthcare
sector and society. Per Med 2013;10(6):565-576 [FREE Full text] [doi: 10.2217/pme.13.57] [Medline: 25342952]

40. Holton KF. Micronutrients may be a unique weapon against the neurotoxic triad of excitotoxicity, oxidative stress and
neuroinflammation: a perspective. Front Neurosci 2021 Sep 22;15:726457 [FREE Full text] [doi: 10.3389/fnins.2021.726457]
[Medline: 34630015]

41. Prasad EM, Hung S. Current therapies in clinical trials of Parkinson's disease: a 2021 update. Pharmaceuticals 2021 Jul
25;14(8):717 [FREE Full text] [doi: 10.3390/ph14080717] [Medline: 34451813]

42. Stephenson D, Alexander R, Aggarwal V, Badawy R, Bain L, Bhatnagar R, et al. Precompetitive consensus building to
facilitate the use of digital health technologies to support Parkinson disease drug development through regulatory science.
Digit Biomark 2020 Nov 26;4(Suppl 1):28-49 [doi: 10.1159/000512500] [Medline: 33442579]

43. Del Din S, Kirk C, Yarnall AJ, Rochester L, Hausdorff JM. Body-worn sensors for remote monitoring of Parkinson's disease
motor symptoms: vision, state of the art, and challenges ahead. J Parkinsons Dis 2021;11(s1):S35-S47 [FREE Full text]
[doi: 10.3233/JPD-202471] [Medline: 33523020]

44. Hill DL, Stephenson D, Brayanov J, Claes K, Badawy R, Sardar S, et al. Metadata framework to support deployment of
digital health technologies in clinical trials in Parkinson's disease. Sensors 2022 Mar 09;22(6):2136 [FREE Full text] [doi:
10.3390/s22062136] [Medline: 35336307]

45. Guthrie NL, Carpenter J, Edwards KL, Appelbaum KJ, Dey S, Eisenberg DM, et al. Emergence of digital biomarkers to
predict and modify treatment efficacy: machine learning study. BMJ Open 2019 Jul 23;9(7):e030710 [FREE Full text] [doi:
10.1136/bmjopen-2019-030710] [Medline: 31337662]

46. Dafna E, Tarasiuk A, Zigel Y. Sleep staging using nocturnal sound analysis. Sci Rep 2018 Sep 07;8(1):13474 [doi:
10.1038/s41598-018-31748-0] [Medline: 30194402]

47. Wright JM, Jones GB. Harnessing the Digital Exhaust: Incorporating wellness into the pharma model. Digit Biomark
2018;2(1):31-46 [doi: 10.1159/000488132] [Medline: 30272048]

48. Kuosmanen E, Wolling F, Vega J, Kan V, Nishiyama Y, Harper S, et al. Smartphone-based monitoring of Parkinson disease:
quasi-experimental study to quantify hand tremor severity and medication effectiveness. JMIR Mhealth Uhealth 2020 Nov
26;8(11):e21543 [FREE Full text] [doi: 10.2196/21543] [Medline: 33242017]

49. Rusz J, Hlavnicka J, Tykalova T, Novotny M, Dusek P, Sonka K, et al. Smartphone allows capture of speech abnormalities
associated with high risk of developing Parkinson's disease. IEEE Trans Neural Syst Rehabil Eng 2018 Aug;26(8):1495-1507
[doi: 10.1109/TNSRE.2018.2851787] [Medline: 29994713]

50. Alfalahi H, Khandoker AH, Chowdhury N, Iakovakis D, Dias SB, Chaudhuri KR, et al. Diagnostic accuracy of keystroke
dynamics as digital biomarkers for fine motor decline in neuropsychiatric disorders: a systematic review and meta-analysis.
Sci Rep 2022 May 11;12(1):7690 [doi: 10.1038/s41598-022-11865-7] [Medline: 35546606]

JMIR Form Res 2023 | vol. 7 | e47486 | p. 11https://formative.jmir.org/2023/1/e47486
(page number not for citation purposes)

Khanna & JonesJMIR FORMATIVE RESEARCH

XSL•FO
RenderX

https://linkinghub.elsevier.com/retrieve/pii/S0022-2836(20)30103-0
http://dx.doi.org/10.1016/j.jmb.2020.01.037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32061929&dopt=Abstract
https://actaneurocomms.biomedcentral.com/articles/10.1186/s40478-020-0894-0
http://dx.doi.org/10.1186/s40478-020-0894-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32059750&dopt=Abstract
https://europepmc.org/abstract/MED/31704179
http://dx.doi.org/10.1016/j.tins.2019.10.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31704179&dopt=Abstract
https://europepmc.org/abstract/MED/29616350
http://dx.doi.org/10.1007/s11910-018-0829-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29616350&dopt=Abstract
https://www.biocentury.com/article/645846/lucy-mitochondrial-solutions-to-cns-diseases
https://www.biocentury.com/article/645846/lucy-mitochondrial-solutions-to-cns-diseases
https://molecularneurodegeneration.biomedcentral.com/articles/10.1186/s13024-019-0306-8
http://dx.doi.org/10.1186/s13024-019-0306-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30665447&dopt=Abstract
https://bmcmedicine.biomedcentral.com/articles/10.1186/s12916-018-1016-8
http://dx.doi.org/10.1186/s12916-018-1016-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29510692&dopt=Abstract
https://europepmc.org/abstract/MED/30713945
http://dx.doi.org/10.1002/mdc3.12383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30713945&dopt=Abstract
http://dx.doi.org/10.1002/mds.20120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15254931&dopt=Abstract
https://implementationscience.biomedcentral.com/articles/10.1186/s13012-018-0784-z
http://dx.doi.org/10.1186/s13012-018-0784-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30045735&dopt=Abstract
https://europepmc.org/abstract/MED/35922479
http://dx.doi.org/10.1057/s41271-022-00356-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35922479&dopt=Abstract
https://europepmc.org/abstract/MED/25342952
http://dx.doi.org/10.2217/pme.13.57
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25342952&dopt=Abstract
https://europepmc.org/abstract/MED/34630015
http://dx.doi.org/10.3389/fnins.2021.726457
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34630015&dopt=Abstract
https://www.mdpi.com/resolver?pii=ph14080717
http://dx.doi.org/10.3390/ph14080717
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34451813&dopt=Abstract
http://dx.doi.org/10.1159/000512500
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33442579&dopt=Abstract
https://europepmc.org/abstract/MED/33523020
http://dx.doi.org/10.3233/JPD-202471
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33523020&dopt=Abstract
https://www.mdpi.com/resolver?pii=s22062136
http://dx.doi.org/10.3390/s22062136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35336307&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=31337662
http://dx.doi.org/10.1136/bmjopen-2019-030710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31337662&dopt=Abstract
http://dx.doi.org/10.1038/s41598-018-31748-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30194402&dopt=Abstract
http://dx.doi.org/10.1159/000488132
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30272048&dopt=Abstract
https://mhealth.jmir.org/2020/11/e21543/
http://dx.doi.org/10.2196/21543
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33242017&dopt=Abstract
http://dx.doi.org/10.1109/TNSRE.2018.2851787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29994713&dopt=Abstract
http://dx.doi.org/10.1038/s41598-022-11865-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35546606&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


51. Lai H, Saavedra-Pena G, Sodini CG, Sze V, Heldt T. Measuring saccade latency using smartphone cameras. IEEE J Biomed
Health Inform 2020 Mar;24(3):885-897 [doi: 10.1109/jbhi.2019.2913846]

52. Reichmann H, Klingelhoefer L, Bendig J. The use of wearables for the diagnosis and treatment of Parkinson's disease. J
Neural Transm 2023 Jun 07;130(6):783-791 [FREE Full text] [doi: 10.1007/s00702-022-02575-5] [Medline: 36609737]

53. Kovalchick C, Sirkar R, Regele OB, Kourtis LC, Schiller M, Wolpert H, et al. Can composite digital monitoring biomarkers
come of age? A framework for utilization. J Clin Transl Sci 2017 Dec 23;1(6):373-380 [FREE Full text] [doi:
10.1017/cts.2018.4] [Medline: 29707260]

54. Berkowitz SA, Engen JR, Mazzeo JR, Jones GB. Analytical tools for characterizing biopharmaceuticals and the implications
for biosimilars. Nat Rev Drug Discov 2012 Jun 29;11(7):527-540 [FREE Full text] [doi: 10.1038/nrd3746] [Medline:
22743980]

55. Hurt CS, Burn DJ, Hindle J, Samuel M, Wilson K, Brown RG. Thinking positively about chronic illness: an exploration
of optimism, illness perceptions and well-being in patients with Parkinson's disease. Br J Health Psychol 2014 May
19;19(2):363-379 [doi: 10.1111/bjhp.12043] [Medline: 23510498]

56. Vo LH, Le T. COVID-19 test-kit trade and trade policy: implications for developing countries. World Econ 2022 May
13;45(10):3246-3268 [FREE Full text] [doi: 10.1111/twec.13276] [Medline: 35601729]

57. de Wolf F, Ghanbari M, Licher S, McRae-McKee K, Gras L, Weverling GJ, et al. Plasma tau, neurofilament light chain
and amyloid-β levels and risk of dementia; a population-based cohort study. Brain 2020 Apr 01;143(4):1220-1232 [FREE
Full text] [doi: 10.1093/brain/awaa054] [Medline: 32206776]

58. Rani K, Mukherjee R, Singh E, Kumar S, Sharma V, Vishwakarma P, et al. Neuronal exosomes in saliva of Parkinson's
disease patients: a pilot study. Parkinsonism Relat Disord 2019 Oct;67:21-23 [doi: 10.1016/j.parkreldis.2019.09.008]
[Medline: 31621600]

59. Haehner A, Hummel T, Reichmann H. Olfactory loss in Parkinson's disease. Parkinsons Dis 2011;2011:4509396 [doi:
10.4061/2011/450939] [Medline: 21687752]

60. Dror IE. Cognitive and human factors in expert decision making: six fallacies and the eight sources of bias. Anal Chem
2020 Jun 16;92(12):7998-8004 [doi: 10.1021/acs.analchem.0c00704] [Medline: 32508089]

61. Trivedi DK, Sinclair E, Xu Y, Sarkar D, Walton-Doyle C, Liscio C, et al. Discovery of volatile biomarkers of Parkinson's
disease from sebum. ACS Cent Sci 2019 Apr 24;5(4):599-606 [FREE Full text] [doi: 10.1021/acscentsci.8b00879] [Medline:
31041379]

62. How TestCard technology gives clinical grade results. TestCard. 2020 Jan. URL: https://testcard.com/blog/
how-testcard-technology-gives-clinical-grade-results [accessed 2023-09-01]

63. Olsen E. Healthy.io receives FDA clearance for smartphone-based home kidney test. Mobile Health News. 2022 Jul 12.
URL: https://www.mobihealthnews.com/news/healthyio-receives-fda-clearance-smartphone-based-home-kidney-test
[accessed 2023-09-01]

64. Eichstaedt JC, Smith RJ, Merchant RM, Ungar LH, Crutchley P, Preoţiuc-Pietro D, et al. Facebook language predicts
depression in medical records. Proc Natl Acad Sci U S A 2018 Oct 30;115(44):11203-11208 [FREE Full text] [doi:
10.1073/pnas.1802331115] [Medline: 30322910]

65. King R. Major insurers won't pay for Biogen's Alzheimer’s drug until they get more proof that it works: Bloomberg survey.
FIERCE Healthcare. 2021 Nov. URL: https://www.fiercehealthcare.com/payer/
bloomberg-survey-major-insurers-question-if-controversial-alzheimer-s-drug-medically [accessed 2023-09-01]

66. Golay A, Lagger G, Giordan A. Motivating patients with chronic diseases. J Med Pers 2007;5:57-63
67. Lewis ZH, Swartz MC, Lyons EJ. What's the point?: a review of reward systems implemented in gamification interventions.

Games Health J 2016 Apr;5(2):93-99 [doi: 10.1089/g4h.2015.0078] [Medline: 26812253]
68. Lin B, Wu S. Digital transformation in personalized medicine with artificial intelligence and the Internet of Medical Things.

Omics 2022 Feb 01;26(2):77-81 [doi: 10.1089/omi.2021.0037] [Medline: 33887155]
69. Goudarzi A, Moya-Galé G. Automatic speech recognition in noise for Parkinson's disease: a pilot study. Front Artif Intell

2021 Dec 22;4:809321 [FREE Full text] [doi: 10.3389/frai.2021.809321] [Medline: 35005616]
70. Moya-Galé G, Walsh SJ, Goudarzi A. Automatic assessment of intelligibility in noise in Parkinson disease: validation

study. J Med Internet Res 2022 Oct 20;24(10):e40567 [FREE Full text] [doi: 10.2196/40567] [Medline: 36264608]
71. Agbavor F, Liang H. Predicting dementia from spontaneous speech using large language models. PLOS Digit Health 2022

Dec 22;1(12):e0000168 [FREE Full text] [doi: 10.1371/journal.pdig.0000168] [Medline: 36812634]
72. Lim WS, Chiu S, Wu M, Tsai S, Wang P, Lin K, et al. An integrated biometric voice and facial features for early detection

of Parkinson's disease. NPJ Parkinsons Dis 2022 Oct 29;8(1):145 [doi: 10.1038/s41531-022-00414-8] [Medline: 36309501]
73. Deng K, Li Y, Zhang H, Wang J, Albin RL, Guan Y. Heterogeneous digital biomarker integration out-performs patient

self-reports in predicting Parkinson's disease. Commun Biol 2022 Jan 17;5(1):58 [doi: 10.1038/s42003-022-03002-x]
[Medline: 35039601]

74. Bloem BR, Post E, Hall DA. An apple a day to keep the Parkinson's disease doctor away? Ann Neurol 2023
Apr;93(4):681-685 [doi: 10.1002/ana.26612] [Medline: 36708048]

JMIR Form Res 2023 | vol. 7 | e47486 | p. 12https://formative.jmir.org/2023/1/e47486
(page number not for citation purposes)

Khanna & JonesJMIR FORMATIVE RESEARCH

XSL•FO
RenderX

http://dx.doi.org/10.1109/jbhi.2019.2913846
https://europepmc.org/abstract/MED/36609737
http://dx.doi.org/10.1007/s00702-022-02575-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36609737&dopt=Abstract
https://europepmc.org/abstract/MED/29707260
http://dx.doi.org/10.1017/cts.2018.4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29707260&dopt=Abstract
https://europepmc.org/abstract/MED/22743980
http://dx.doi.org/10.1038/nrd3746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22743980&dopt=Abstract
http://dx.doi.org/10.1111/bjhp.12043
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23510498&dopt=Abstract
https://europepmc.org/abstract/MED/35601729
http://dx.doi.org/10.1111/twec.13276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35601729&dopt=Abstract
https://europepmc.org/abstract/MED/32206776
https://europepmc.org/abstract/MED/32206776
http://dx.doi.org/10.1093/brain/awaa054
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32206776&dopt=Abstract
http://dx.doi.org/10.1016/j.parkreldis.2019.09.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31621600&dopt=Abstract
http://dx.doi.org/10.4061/2011/450939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21687752&dopt=Abstract
http://dx.doi.org/10.1021/acs.analchem.0c00704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32508089&dopt=Abstract
https://europepmc.org/abstract/MED/31041379
http://dx.doi.org/10.1021/acscentsci.8b00879
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31041379&dopt=Abstract
https://testcard.com/blog/how-testcard-technology-gives-clinical-grade-results
https://testcard.com/blog/how-testcard-technology-gives-clinical-grade-results
https://www.mobihealthnews.com/news/healthyio-receives-fda-clearance-smartphone-based-home-kidney-test
https://www.pnas.org/doi/abs/10.1073/pnas.1802331115?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1073/pnas.1802331115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30322910&dopt=Abstract
https://www.fiercehealthcare.com/payer/bloomberg-survey-major-insurers-question-if-controversial-alzheimer-s-drug-medically
https://www.fiercehealthcare.com/payer/bloomberg-survey-major-insurers-question-if-controversial-alzheimer-s-drug-medically
http://dx.doi.org/10.1089/g4h.2015.0078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26812253&dopt=Abstract
http://dx.doi.org/10.1089/omi.2021.0037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33887155&dopt=Abstract
https://europepmc.org/abstract/MED/35005616
http://dx.doi.org/10.3389/frai.2021.809321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35005616&dopt=Abstract
https://www.jmir.org/2022/10/e40567/
http://dx.doi.org/10.2196/40567
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36264608&dopt=Abstract
https://europepmc.org/abstract/MED/36812634
http://dx.doi.org/10.1371/journal.pdig.0000168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36812634&dopt=Abstract
http://dx.doi.org/10.1038/s41531-022-00414-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36309501&dopt=Abstract
http://dx.doi.org/10.1038/s42003-022-03002-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35039601&dopt=Abstract
http://dx.doi.org/10.1002/ana.26612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36708048&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


75. Yang Y, Yuan Y, Zhang G, Wang H, Chen Y, Liu Y, et al. Artificial intelligence-enabled detection and assessment of
Parkinson's disease using nocturnal breathing signals. Nat Med 2022 Oct 22;28(10):2207-2215 [FREE Full text] [doi:
10.1038/s41591-022-01932-x] [Medline: 35995955]

76. Balaji C, Suresh D. Implications of EEG and speech signal in the analysis of neurological disorders-a survey. Op Acc J
Bio Eng Bio Sci 2019;3(3):322-329 [doi: 10.32474/OAJBEB.2019.03.000165]

77. Suppa A, Costantini G, Asci F, Di Leo P, Al-Wardat MS, Di Lazzaro G, et al. Voice in Parkinson's disease: a machine
learning study. Front Neurol 2022 Feb 15;13:831428 [FREE Full text] [doi: 10.3389/fneur.2022.831428] [Medline:
35242101]

78. Tabar YR, Mikkelsen KB, Shenton N, Kappel SL, Bertelsen AR, Nikbakht R, et al. At-home sleep monitoring using generic
ear-EEG. Front Neurosci 2023 Feb 1;17:987578 [FREE Full text] [doi: 10.3389/fnins.2023.987578] [Medline: 36816118]

79. Yousef M, Hafizh M, Sassi S, Adeli G. Development of a wearable wireless sensing device for characterization of hand
tremors through vibration frequency analysis. J Vib Eng Technol 2022 Oct 10:2022 [doi: 10.1007/s42417-022-00734-2]

80. Almeida JS, Rebouças Filho PP, Carneiro T, Wei W, Damaševičius R, Maskeliūnas R, et al. Detecting Parkinson’s disease
with sustained phonation and speech signals using machine learning techniques. Pattern Recognition Letters 2019
Jul;125:55-62 [doi: 10.1016/j.patrec.2019.04.005]

Abbreviations
AD: Alzheimer disease
AI: artificial intelligence
CSF: cerebrospinal fluid
CPP: Critical Path for Parkinson’s
EEG: electroencephalogram
FDA: Food and Drug Administration
HCP: health care provider
HD: Huntington disease
IMU: inertial measurement unit
LBD: Lewy body dementia
L-DOPA: levodopa
PD: Parkinson disease
PM: personalized medicine
PPMI: Parkinson's Progression Markers Initiative
P4: predictive, preventative, personalized, and participatory

Edited by A Mavragani; submitted 21.03.23; peer-reviewed by K Van Ooteghem, S Mitra; comments to author 01.09.23; revised
version received 03.09.23; accepted 05.09.23; published 27.09.23

Please cite as:
Khanna A, Jones G
Toward Personalized Medicine Approaches for Parkinson Disease Using Digital Technologies
JMIR Form Res 2023;7:e47486
URL: https://formative.jmir.org/2023/1/e47486
doi: 10.2196/47486
PMID: 37756050

©Amit Khanna, Graham Jones. Originally published in JMIR Formative Research (https://formative.jmir.org), 27.09.2023. This
is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in JMIR Formative Research, is properly cited. The complete bibliographic information,
a link to the original publication on https://formative.jmir.org, as well as this copyright and license information must be included.

JMIR Form Res 2023 | vol. 7 | e47486 | p. 13https://formative.jmir.org/2023/1/e47486
(page number not for citation purposes)

Khanna & JonesJMIR FORMATIVE RESEARCH

XSL•FO
RenderX

https://europepmc.org/abstract/MED/35995955
http://dx.doi.org/10.1038/s41591-022-01932-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35995955&dopt=Abstract
http://dx.doi.org/10.32474/OAJBEB.2019.03.000165
https://europepmc.org/abstract/MED/35242101
http://dx.doi.org/10.3389/fneur.2022.831428
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35242101&dopt=Abstract
https://europepmc.org/abstract/MED/36816118
http://dx.doi.org/10.3389/fnins.2023.987578
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36816118&dopt=Abstract
http://dx.doi.org/10.1007/s42417-022-00734-2
http://dx.doi.org/10.1016/j.patrec.2019.04.005
https://formative.jmir.org/2023/1/e47486
http://dx.doi.org/10.2196/47486
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37756050&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

