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Abstract. The burden of Parkinson’s disease (PD) continues to grow at an unsustainable pace particularly given that it now
represents the fastest growing brain disease. Despite seminal discoveries in genetics and pathogenesis, people living with
PD oftentimes wait years to obtain an accurate diagnosis and have no way to know their own prognostic fate once they do
learn they have the disease. Currently, there is no objective biomarker to measure the onset, progression, and severity of
PD along the disease continuum. Without such tools, the effectiveness of any given treatment, experimental or conventional
cannot be measured. Such tools are urgently needed now more than ever given the rich number of new candidate therapies
in the pipeline. Over the last decade, millions of dollars have been directed to identify biomarkers to inform progression of
PD typically using molecular, fluid or imaging modalities. These efforts have produced novel insights in our understanding
of PD including mechanistic targets, disease subtypes and imaging biomarkers. While we have learned a lot along the
way, implementation of robust disease progression biomarkers as tools for quantifying changes in disease status or severity
remains elusive. Biomarkers have improved health outcomes and led to accelerated drug approvals in key areas of unmet
need such as oncology. Quantitative biomarker measures such as HbAlc a standard test for the monitoring of diabetes has
impacted patient care and management, both for the healthcare professionals and the patient community. Such advances
accelerate opportunities for early intervention including prevention of disease in high-risk individuals. In PD, progression
markers are needed at all stages of the disease in order to catalyze drug development—this allows interventions aimed to
halt or slow disease progression (very early) but also facilitates symptomatic treatments at moderate stages of the disease.
Recently, attention has turned to the role of digital health technologies to complement the traditional modalities as they
are relatively low cost, objective and scalable. Success in this endeavor would be transformative for clinical research and
therapeutic development. Consequently, significant investment has led to a number of collaborative efforts to identify and
validate suitable digital biomarkers of disease progression.
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in clinical research and look to identify opportunities
to advance this field forward in accelerated ways. We
focus this review on biomarkers of motor progression
because these are the most mature, but recognize the
wider opportunity is to expand to symptom domains
such as cognitive impairment that impact Quality of
Life and overall health outcomes. In addressing the
future perspective, we ask: What would optimal or
excellent look like? What is required to achieve this
and by when? Because the opportunity for digital
health technologies (DHTSs) and digital biomarkers
is broad, throughout, we integrate the perspective of
diverse stakeholders.

DHTS AS DISEASE PROGRESSION
BIOMARKERS

PD serves as a flagship disease for evaluating
DHTs given some of the cardinal manifestations
related to mobility and motor impairment are
amenable to assessment from widely available com-
mercial and research grade devices [1, 2]. DHTs allow
for remote, long-term monitoring of patients in natu-
ralistic settings such as the home, which can be key
to understanding the dynamic nature of the disease.

Traditionally, biomarkers have served as indica-
tors of normal biological and pathogenic processes,
or responses to an intervention [3], and those that can
be measured by a validated DHT are therefore termed
as digital biomarkers [4]. A comprehensive com-
parison between traditional biomarkers and digital
biomarkers has recently been reviewed by illustrat-
ing both commonalities and differences [5]. In 2016,
the FDA and NIH collaborated to achieve consensus
on definitions of types of biomarkers (BEST frame-
work [6]). Specific biomarker categories that were
defined include diagnostic, monitoring, pharmacody-
namics/response, predictive, prognostic, safety, and
susceptibility/risk biomarkers, and reasonably likely
surrogate and validated surrogate endpoints [7]. Such
categories are applicable to biomarkers acquired
using digital device technologies and this topic was
the focus of a 2020 conference including multi-
stakeholder groups [8]. The FDA emphasized that,
while traditional biomarkers may not have direct
meaning to patients as they do not describe how
a patient feels, functions, or survives, they should
be informed by what is relevant to patients [8].
Manta et al. [9] proposed a framework to guide
development of DHTs with patient centricity at
the core.

In the clinic, traditional biomarkers can be inva-
sive, expensive, and only present a snapshot of the
disease due to limited measurements at infrequent
time intervals [10, 11] thus monitoring of disease
progression is subjective and not patient specific.
By contrast, development of non-invasive, sensi-
tive digital biomarkers offers the opportunity to
support monitoring of disease progression through
capturing dynamic fluctuating symptoms at home
in the patient’s lived environment [12, 13]. Digi-
tal health technologies may also reduce patient and
site burden and enable engagement of more diverse
populations including rural environmental settings.
Combining traditional biomarkers with digital tech-
nologies, termed as ‘digital phenotyping’ offers the
opportunity to enable multi-model integration of clin-
ical, behavioral and neurophysiological patient data
in real life settings [14].

CURRENT LANDSCAPE:
WHERE ARE WE NOW?

Existing work in the space of digital biomark-
ers in PD has mainly involved investigative pilot
research studies. Table 1 outlines a list of repre-
sentative examples of ongoing observational studies
aimed at advancing the field of PD digital progres-
sion biomarkers. These studies were selected as they
are designed to assess how DHTs perform relative to
other assessments with the goal of monitoring disease
progression.

The studies listed in Table 1 are representative
examples of single and multisite global clinical non-
interventional studies which are important natural
history investigations for advancing the use of DHTs
as progression markers. Data from natural history
and patient registries will both add to our under-
standing of how diseases progress and develop over
time, but also assist in the determination of the end-
points where a clinically meaningful difference can
be determined. Individual cohort studies represent
an essential step before deploying in clinical trials
where there is greater uncertainty and more sources
of variability.

Two distinctive biomarker strategies are high-
lighted in Table 1. The most common approach is
to identify biomarker signatures based on clinical
phenotypes. Another novel concept is to embark on
an unbiased non-phenotype driven population-based
approach [19]. Each of the observational studies have
some commonalities in that they recruit subjects
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Table 1
Examples of biomarker-progression studies in PD
PPMI [3] PPP [15] CCBP [16] WATCH-PD [17] OPDC [18]
Overview To identify To identify Reverse To elucidate digital To identify baseline
biomarkers of PD biomarkers of PD biology-to-phenotype biomarkers of disease digital
progression progression biomarker progression and technologies that
development to response to distinguish motor
investigate progression symptomatic progression in
of PD and other treatment. iRBD vs PD vs
neurodegenerative Controls
diseases
Biomarker Disease progression  Disease progression ~ Sub-typing Disease progression Progression in at risk
type individuals (RBD)
Directionality phenotype to phenotype to (bioassay-based) phenotype to biomarker  phenotype to
of analysis biomarker biomarker biomarker to (digital) biomarker
phenotype
PD stage PD <2 years PD <5 years PD, PD-like, AD, PD <2 years PD <3.5 years
AD-like (inclusive,
any disease stage)
Enrolment 400 PD (1400 650 PD 0 HC 4000 PD, PD-like, AD, 100 PD 50 HC 334 PD
subjects) 200 HC AD-like patients 1000 84 HC
HC 104 iRBD
Device type ~ Smartwatch: Smartwatch: Smartwatch: pulse rate, ~ Smartwatch and Smartphone:
accelerometer accelerometer HRY, sleep-related smartphone (custom accelerometer,
data, pulse rate, data, pulse rate, parameters app): continuous microphone, and
ECG ECG, clinical passive monitoring, touch screen
scales, and ePRO, cognitive and
questionnaires motor tests
At home Smartwatch Smartwatch passive  Smartwatch passive Smartwatch and Smartphone active
assessment monitoring monitoring: monitoring: 24- h smartphone passive tests: Voice,
22 h/day, 2-years continuous data and active monitoring balance, gait,
Smartphone active finger tapping,
tests: Structured reaction time, rest
15-min mobile tremor, and
assessment battery postural tremor
consisting of ePRO,
cognitive and motor
tests
Accessibility ~ Study data publicly ~ Study data publicly ~ Study data publicly Data available to CPP On request to OPDC
to data available to available to available to research Consortium members steering committee
research research community of 3DT project
community community

Comparison between ongoing biomarker-progression PD clinical studies. Here we list a subset of the most exhaustive studies, all of which
are ongoing: PPMI, Parkinson’s Progression Markers Initiative; PPP, Personalized Parkinson Project; CCBP, Cincinnati Cohort Biomarker
Program; WATCH-PD, Wearable Assessments in the Clinic and Home in PD, OPDC, Oxford Parkinson’s Disease Discovery Cohort; PD,
Parkinson’s disease; iRBD, idiopathic REM sleep behavior disorder; AD, Alzheimer disease; HC, healthy controls; ePRO, electronic patient

reported outcomes; ECG, electrocardiogram; HRYV, heart rate variability.

at a relatively early stage and they evaluate DHT
tools in conjunction with other assessments. Sev-
eral differences emerge when evaluating the studies
in greater detail including selection of digital device
platform, specific symptom domains or concepts of
interest, duration of study, sample size, and investi-
gation of non-PD subjects in parallel. As all studies
are still ongoing; as such, learnings will evolve
as data emerges. Large amounts of data from the
above studies can be used for advanced analytics
approaches (Artificial Intelligence/Machine Learn-
ing), potentially to expand on traditional outcomes,

although the diversity of variables in the different
studies will make it challenging to integrate or har-
monize data beyond one study at a time.

Existing gaps

Despite the promising outlook of digital biomark-
ers in research, it is important to bridge the following
gaps to facilitate their adoption in practice and deliver
patients the best care they deserve.

1 Limited attention to aligning with patient-
centered outcomes: Concepts being measured
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often focus on motor manifestations of the dis-
ease given such symptoms are most amenable
to measurement using DHTs as highlighted in
Table 1. Yet, non-motor symptoms are reported
to be very burdensome to people living with PD
[20, 21].

2 Lack of collaborations: Individual studies are
generally underpowered to measure significant
changes in a slowly progressive degenerative
heterogeneous disease, providing an incomplete
picture of the specific data attributes collected
from diverse patient cohorts.

3 Lack of data standards and harmonization: Diff-
erent approaches and the lack of consensus on
data standards for data collection has resulted in
the inability to harmonize data collected from
distinct/different devices. This consequently hi-
nders data integration for meta-analysis and
results in duplication of effort.

4 Lack of consensus on analytical and clinical val-
idation: Challenges remain in validating digital
biomarkers extracted by machine learning algo-
rithms in uncontrolled settings, especially when
gold standard references are not considered
optimal [22]. For example, in the Fox insight
study [23], it was found that mowing the lawn
mimicked tremor in the sensor data collected
at home.

5 Lack of open science and data sharing: Con-
cerns and barriers posed by key stakeholders for
intellectual property (IP) and competition hin-
ders data sharing and synergy of efforts. Black
box algorithms from individual device manufac-
turers strategies related to IP pose barriers for
assuring complete provenance and reliability of
data workstreams.

The truth is that there is a large gulf that still
remains between promise and practice. Many reviews
have highlighted the challenges that exist in this
rapidly evolving area with special focus on PD
[24-29].

Given that previous attempts to identify disease
progression biomarkers have yet to succeed — can
we be confident that digital biomarkers will prevail?
Can we justify the investment, effort and burden on
patients who willingly participate in observational
studies when no experimental treatment is being
evaluated? We look forward by sharing visionary per-
spectives and focus on key areas where change is
needed.

FUTURE LANDSCAPE: WHERE DO WE
NEED TO BE?

Patient focus

The voice of people living with PD needs to be front
and center at all stages of development from iden-
tification of concepts of interest to the final patient
interviews for every study. It is important to focus
on symptoms manifestation across all stages of the
disease spectrum, as patients are often interested in
capturing and managing complex signs and burden-
some features. Patients expect user-friendly DHTs
with minimal burden. DHTs that do not reflect this
will ultimately suffer from poor patient adherence,
negatively impacting the value of the data.

Collaborations

Aligning global efforts is key to gain efficiencies,
embrace open science and foster broad collaborations
to avoid duplication and save time and resources. Pre-
competitive public private partnerships such as the
European Innovative Medicines Initiative Programs
IDEA-FAST [30] and Mobilise-D [31, 32] and
the Critical Path’s for Parkinson’s Consortium [33]
of the Critical Path Institute, promise to address
gaps in the development of DHTs by engaging
in multi-stakeholder collaborations. In these initia-
tives, the inclusion of technology experts, engineers,
patient advocacy organizations, clinicians, patients,
epidemiologists, health authorities and industry
stakeholders is key to success.

Data standardization

The development of data and metadata standards
are urgently needed to harmonize structured data
collection and well-defined definitions of the data.
Metadata, i.e., data that accompany and describe the
primary data, can be utilized to better understand the
context of the sensor data, such as specifying the
symptom probing task undertaken by a patient, or
the location of the digital health technology on the
patient’s body. Data and metadata standards will play
an important role in facilitating data harmonization as
they will allow us to articulate and specify the infor-
mation required to create comparable and integrable
datasets. Progress in advancing this area has been ini-
tiated as supported by the Michael J Fox Foundation
and multistakeholders who collaboratively proposed
a metadata framework with PD digital biomarkers as
the center of focus [34].
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Fig. 1. Digital Biomarkers for Parkinson’s Disease: Opportunities for the future. An overview of the current state of digital biomarkers for
PD, and what success can be achieved by bringing all key stakeholders to collaborate together.

Advanced analytics and rigor

As patient monitoring outside the lab is more
likely to provide significant value in clinical decision-
making and clinical trials, it will be important to
perform quality control to strip the data of confound-
ing factors in the environment that may generate
misleading results [34]. Thus, analytical and clini-
cal validation of digital biomarkers is necessary to
ensure that clinical and healthcare decisions are not
at scrutiny if machine learning algorithms fail to work
as intended [5, 35].

Data sharing and open science

The majority of people living with PD want to
assure that data based on the lived experience can
be shared [36-38]. As expressed by patients, “Data
sharing, especially for Parkinson’s where there are
no effective treatments, is critical. Science is a com-
munity, continually building on each other’s ideas. In
the era of electronic knowledge exchange, only when
data sharing becomes the norm, can we derive its
full benefits” [39]. A precedent for patient consent to
data sharing took place with the mPower study where
more than 10,000 people with Parkinson’s agreed to
share data directly at the time they signed onto the
PD app [40]. Open source platforms that have the
potential to work with different propriety algorithms
would be a catalyst to advancing this area.

Finally, it is recommended that a diversity of
biomarker strategies is pursued including both clin-
ical phenotype-driven and unbiased non-phenotype
driven population-based approaches with the goal of
analyzing progression using a multidomain strategy
as opposed to relying on a single biomarker.

Figure 1 illustrates a potential roadmap outlining
current and future visions for this rapidly evolving
space.

SUMMARY

The landscape of digital biomarkers in PD is one
that is rapidly evolving, yet it is a field that has been
ongoing for nearly a decade. Why is it taking so long?
People suffering from the relentless progression and
burden of PD do not have time to wait. So, what can be
done now and why is it the right time to transform and
elicit change? One of the unintended consequences
of the Coronavirus pandemic is the rapid advance-
ment of remote monitoring technologies [41]. When
witnessing the speed that such transformations have
taken place in a matter of months, it’s clear that the
time is now to apply such innovative strategies to
rapidly moving the field of Parkinson’s digital tools
forward. It is time we pay attention to the hidden pan-
demic of PD [42] and work collaboratively around the
world to make change happen with utmost speed and
a sense of urgency.
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