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Abstract
Background: Digital measures offer an unparalleled oppor-
tunity to create a more holistic picture of how people who
are patients behave in their real-world environments, there-
by establishing a better connection between patients,
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caregivers, and the clinical evidence used to drive drug
development and disease management. Reaching this vi-
sion will require achieving a new level of co-creation be-
tween the stakeholders who design, develop, use, and make
decisions using evidence from digital measures. Summary:
In September 2022, the second in a series of meetings
hosted by the Swiss Federal Institute of Technology in
Zürich, the Foundation for the National Institutes of Health
Biomarkers Consortium, and sponsored by Wellcome Trust,
entitled “Reverse Engineering of Digital Measures,” was held
in Zurich, Switzerland, with a broad range of stakeholders
sharing their experience across four case studies to examine
how patient centricity is essential in shaping development
and validation of digital evidence generation tools. Key
Messages: In this paper, we discuss progress and the re-
maining barriers to widespread use of digital measures for
evidence generation in clinical development and care deliv-
ery. We also present key discussion points and takeaways in
order to continue discourse and provide a basis for dissem-
ination and outreach to the wider community and other
stakeholders. The work presented here shows us a blueprint
for how and why the patient voice can be thoughtfully
integrated into digital measure development and that con-
tinued multistakeholder engagement is critical for further
progress. © 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

The number of studies using digital measures for
evidence generation continues to rise [1], and increasing
collaboration across stakeholder groups [2–4] is yielding
progress toward the adoption of digital measures as
trusted outcomes for decision making in clinical trials
and clinical practice. In order to continue to catalyze
collaboration and examine remaining barriers to the use
of digital measures in clinical development and care
delivery, a public meeting was hosted by the Swiss
Federal Institute of Technology in Zürich (ETHZ; Ger-
man: Eidgenössische Technische Hochschule Zürich),
the Foundation for the National Institutes of Health
(FNIH) Biomarkers Consortium, and sponsored by the
Wellcome Trust, entitled “Reverse Engineering of Dig-
ital Measures” on 15–16 September 2022 in Zurich,
Switzerland [5]. This meeting built on the success of a
previous FNIH-sponsored meeting [3, 6, 7] by assessing
progress around one of the central themes developed in
those discussions: the criticality of involving patients in
the development of new digital measurement tools. The

conference focused on a reverse engineering approach
which was fundamentally patient centric: the data and
input derived from patients’ lived experience proac-
tively drives the creation and development of novel tools
and medicines [8, 9]. Sharing the experiences of four
extended case studies and involving regulators, Pharma/
Biotech, technology service providers, patients, and
innovators, the meeting examined how the roles, con-
tributions, and impact of people who are patients are
shaping the development and validation of new digital
tools and what evidence is needed for healthcare pro-
viders (HCPs), Pharma/Biotech companies, regulators,
and payors to accept these tools and the respective data
(Fig. 1). Over a period of 2 days, the meeting partic-
ipants explored how the human-centered, holistic, and
evidence-based science of digital measure development
is being put into practice and examined exemplary use
cases and best practices for how this is shaping regu-
latory and payor interactions, patient engagement,
product development, and embedding of digital meas-
ures into decision making throughout care delivery.

Human-centered is a term borrowed from systems and
product development where the design process focuses
on the person for whom the product is designed and their
needs, ultimately safeguarding usability and success [10].
In the context of this meeting, it refers to understanding
how far we are from achieving meaningful engagement
with the ultimate stakeholders: patients, participants, and
caregivers. Nonetheless, true patient empowerment ne-
cessitates a mind-set shift from patients as testers to
patients as partners and co-creators, which can be
achieved by involving them in every step of the
human-centered design and development process [9].
Holistic refers to seeing the patient and their health/
disease experience as a whole [11]; encompassing physical
and psychological health, as well as social and environ-
mental spheres; assessing how our understanding of
disease is changing; and what efforts at breaking down
silos across treatment, services, and data sources are
occurring. Evidence-based science for digital measure
development is built on demonstrating performance at
the sensor technology and algorithm level, but ultimately
aims to demonstrate fit for purpose (regulators) and
treatment value (insurers) to business value (pharma,
startups).

The first day focused on evidence in studies and
clinical development and was titled “Qualification of
New Digital Evidence.” The second day focused on
evidence for care delivery and the use of evidence on
the individual patient level and was titled “From Efficacy
to Effectiveness.”
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The meeting had several overarching aims:
• Bring together regulators, industry, patients, HCPs,
payors, and technology service providers to empha-
size how patient centricity is essential in shaping
development and validation of digital evidence
generation tools.

• Examine progress and remaining barriers to wide-
spread use of digital measures for evidence generation
in clinical development.

• Explore how human-centered, holistic, evidence-based
science is being put into practice.
This paper summarizes the progress, discussions, and

main takeaways presented in the meeting. We recognize
that patient centricity is key for future development and
shared values. This echoes recent guidance from theWorld
Health Organization, stating that we must “. . .place the

individual at the center of trustworthy care delivered
digitally. The successful uptake and use of digital tech-
nologies in health is contingent on a patient-centered
approach” [12]. New stakeholders in the field (e.g., from
technology and product development fields or advocacy
groups) are bringing in new knowledge and skills in how to
implement this human-centered, holistic, and evidence-
based vision. The intention here is to continue discourse
and provide a basis for dissemination and outreach to the
wider community and other stakeholders.

Momentum in the Digital Measure Field

Digital measures, an umbrella term encompassing
measurement tools based on digital health technologies

Fig. 1. Selected examples of how patient engagement has been approached across the four use cases presented in
the meeting, represented as a “golden circle.” Moving from the center outward, each example highlights “why”
(motivation and intended outcome), “how” (strategies), and “what” (specific actions). Selected examples
demonstrate paths to enable patients to take a seat as partners at the table and co-create solutions that bring
mutual value to all stakeholders.
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(DHTs) which include digital biomarkers [13–15], elec-
tronic clinical outcome assessments, and corresponding
digital endpoints [16], are becoming more mature, in
particular, community (i.e., developer) understanding of
regulatory requirements for individual drug assets as
well as qualification of these new digital evidence gen-
eration tools for drug development [17–24]. In 2019,
qualification of stride velocity 95th centile (SV95C)
represented the first major breakthrough in this new
field [25]. As the first DHT-derived measure to receive
qualification from the European Medicines Agency
(EMA), also currently under review by the US Food
and Drug Administration (FDA), SV95C quantifies the
ambulation ability of ambulant patients with Duchenne
muscular dystrophy in interventional studies [26–29].
This use case, along with others, was presented and
discussed at the previous meeting called “Remote Digital
Monitoring for Medical Product Development” work-
shop [3, 7], sparking much interest in how to increase
the volume and diversity of qualified digital measures.
That meeting highlighted several areas that could cata-
lyze further momentum: more regulatory feedback and
guidance are needed; patient engagement must be rec-
ognized as critical to success at every step of digital tool
development; precompetitive collaborations can help
share risk; and we need the community to share their
experience developing and validating digital measures so
that relevant frameworks and policies can be further
refined.

The case studies discussed at themost recent workshop
show that progress has been made in all these areas,
building on new regulatory documents and publications
[16, 30, 31]. All case studies integrate the patient’s voice as
part of their project planning and execution and, either as
part of large consortia, smaller groups, or collaborations
across industry, seek to work together to drive progress
toward increasing the availability of patient-centric digital
evidence generation tools.

Patient Centricity Is Essential in Shaping Development
and Validation of Digital Evidence Generation Tools:
Consensus across Regulators, Payors, Industry, Patients,
Healthcare Providers, and Technology Developers
A noticeable trend and central theme of recent pro-

gress in the field has been the increase in multistake-
holder, transdisciplinary collaboration. Digital health, by
necessity, brings together many stakeholder groups, sit-
ting at the nexus of drug development, clinical practice,
technology, software, and analytics [2]. As a new field,
such collaboration is vitally important for “norm-critical
innovation” [32], as it facilitates exploration of solutions

outside the experience of individual stakeholder groups.
What may be novel to one group may be standard
practice in another. It is critical that bridges continue
to be built, including to the broader “big tech” commun-
ities (Alphabet, Apple, etc.), payor communities (nation-
al, regional, and local), and points of care (clinicians,
hospitals, caregiver communities, etc.). Both incentive
and opportunity to participate in tool development are
different across stakeholders; thus, creating an environ-
ment of shared responsibility and parity among stake-
holders is of utmost importance before we can have true
co-development.

As the ultimate user and therefore central stakehold-
er, patients have historically not been sufficiently in-
volved in the digital measure development process and,
indeed, in healthcare research in general. Funding of
large public-private consortia like IMI FACILITATE
[33] and IMI PREFER [34] demonstrates that there is
considerable interest in rectifying this. Indeed, experi-
ence from the technology development sector has shown
that the rationale for improving patient and public
engagement not only has an ethical basis but is central
to creating improved understanding, engagement, and
mutual value [35]. For digital measures specifically, the
“measures that matter” framework has recently provided
guidance for how we can define potential measurements
that would be rooted in mutual value [36] and advocacy
portals making it easier to connect with patients on a
deep level [37], yet the practical implementation of
engagement still clearly has a long way to go. The
inclusion of patients in clinical development is more
mature with both the EMA and FDA providing guidance
[38, 39]. However, there is a lack of regulatory guidance
when it comes to digital health directly related to patient
involvement.

The FDA patient-focused drug development (PFDD)
initiative [40], through public workshops and related
guidance [41], has paved the way for concrete involve-
ment of patients into defining meaningful concepts to be
measured and gaining insights into how such measures
might be implemented. The central role of patient input is
also acknowledged by other regulatory agencies, includ-
ing the EMA [42], and became an International Council
for Harmonization (ICH) strategic priority area (see
“ICH Reflection Paper: Proposed ICH Guideline Work
to Advance Patient-Focused Drug Development, En-
dorsed by the ICH Assembly on June 2, 2021” [43]),
which is expected to guide creation of a future global
guideline framework for incorporation of the patient’s
perspective in drug development and informing regula-
tory decision making.
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Throughout the meeting, the clear message from the
use cases was that mutual value is dependent on deep
integration, beyond involvement in initial planning but
extending to accountability and integration into decision
making and oversight structures to create an open, trust-
ful environment and expand the capacity for learning and
understanding. Specifically, these use cases highlighted
that, if we want to embed the patient voice into research,
we need to embed it into the governance structures of our
projects. It is not sufficient to ask a small number of
patients’ opinions on items such as protocols or consent
forms. Indeed, such “tick the box exercises” are one of the
reasons that patient involvement is often criticized
[44–46]. Instead, meaningful integration requires pa-
tients to sit alongside the decision makers of projects
to ensure that they too have decision making capabilities
that extend into the research questions being asked, the
development of protocols, the interpretation of results,
and the dissemination of work. It was also clear during
the panel discussions that the use cases are not the norm
when it comes to co-creating, as it was highlighted that
their methods of operationalizing patient involvement
were considered to be advanced in the field. Thus, these
examples, and the learnings derived from them, demon-
strate that there is still significant work to be completed
when it comes to creating structures and planning re-
search that actively and meaningfully develops a patient-
centered approach in the creation of multistakeholder
networks that are required to enhance impact in the field.
Figure 1 gives a visual summary of some of the key
progress made across the four use cases toward mean-
ingful co-creation in the digital measure development
process. The breadth of these examples shows that in-
tegration of the patient voice does not (and should not)
follow any set process, yet they do offer a blueprint for
how it can be thoughtfully approached.

Progress and Remaining Barriers to Widespread Use
of Digital Measures for Evidence Generation in
Clinical Development

“Qualification of New Digital Evidence” Use Cases
The first case study was presented by the Innovative

Medicine Initiative’s (IMI) Mobilise-D consortium [47, 48]
and focused on the physical functioning domain, specifi-
cally real-world mobility. As the world’s population ages
and chronic diseases become more common and long-
lasting, it has become clear that loss of mobility due to high
age or disease is a key problem that negatively impacts
people’s independence and quality of life. Although we can

readily see when someone has trouble moving about,
until recently we could not easily measure this loss
except for snapshot assessments in clinics or laboratory
settings. New technologies now allow us to measure
mobility accurately in people’s homes and natural en-
vironments. Wearable digital sensors have revolution-
ized the ability to determine if someone is losing their
ability to walk, to what degree, and in what aspects of
mobility, such as walking speed, volume, or variability.
By frequently measuring everyday mobility with small
wearable sensors, the effort can potentially improve
treatment and patient follow-up, personalize healthcare,
and allow the conduct of more informative clinical trials
[49–51]. The aim of the Mobilise-D initiative is to link
real-world digital assessment of mobility to established
clinical endpoints to support both regulatory acceptance
and clinical practice, thereby establishing digital mobi-
lity outcomes as a basis for primary, surrogate, and
secondary endpoints for use in several indications.
The focus is on people living with multiple sclerosis
[52], Parkinson’s disease [53, 54], congestive heart fail-
ure, chronic obstructive pulmonary disease, and people
recovering from proximal femur fracture (hip fracture).
The disease cohorts have been chosen because they
represent different classes of mobility problems relating
to low physical activity, different gait disturbances, and
frailty, each affecting large groups of European citizens
over substantial periods of time. The disease cohorts
include a broad and heterogeneous range of subject
characteristics with varying chronic care needs and
represent different trajectories of disability.

The consortium is undertaking a wide range of scoping
reviews, working on consensus and standardization/har-
monization of data [15], as well as conducting studies to
establish both technical and clinical validity of digital
mobility outcomes [55, 56]. Technical validation is as-
sessed with a sample of n = 120 across the above-
mentioned diseases plus healthy older adults, and clinical
validation is undertaken in a large longitudinal study
(n = 2,400) with 2-year follow-up [56]. The patient
perspective is crucial for the Mobilise-D project, and
patient involvement is supported at all stages of the
project. Given the range of patient cohorts across multiple
countries in Europe, it was recognized that robust patient
and public involvement and engagement (PPIE) struc-
tures were required to ensure that PPIE tasks were visible,
that tasks were aligned to the research objectives and
patient needs, and that patient representation was present
in key governance committees. Consequently, the con-
sortium established two independent but collaborative
governing groups to oversee, plan, and operationalize
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their PPIE activities: a PPIE Board and a Patient and
Public Advisory Group (PPAG; Fig. 2). The PPIE Board,
consisting mostly of researchers and other stakeholder
representatives from the consortium, provides oversight
and guidance on the implementation of PPIE activities
across the consortium. The PPAG, consisting mostly of
patient advisors, was created to ensure that the needs and
opinions of patient and public contributors are embedded
in the work through identifying topics of importance,
highlighting changes in protocols, and supporting the
interpretation and dissemination of findings. The two
groups work collaboratively in a continuous feedback
loop to ensure consistency in planning and development
of all key activities within Mobilise-D.

Outputs relating to these structures include a concep-
tual framework of mobility, which outlines the experience
and perception of walking from the perspective of pa-
tients. This meta-ethnography identified striking similar-
ities in relation to how people with widely different

chronic health conditions experience walking, which is
an integral part of a person’s sense of self that has
physical, social, and mental and emotional experiences
– regardless of the specific underlying condition. Fur-
thermore, webinars, publications, qualitative research
task planning, and public-facing documents have all
been conducted with PPAG input and advice, as outlined
on the Mobilise-D website [57].

Key learning points from the close collaboration with
patients were identified and outlined. For example, it was
crucial to set budgets and time for effective patient
engagement early in the process as cost and time for
patient collaboration must be embedded in funding.
Additionally, close patient collaboration will lead to
substantial time commitment for meetings and engage-
ments, which should be kept in mind for all projects.
Ownership for patient involvement should be across the
consortium, and the identification of needs and expect-
ations for the process should be undertaken early on with

Fig. 2.Mobilise-D robust patient and public involvement and engagement (PPIE) structures integrated within the
overall project governance. Inclusion of the patient voice in the structures of the project ensures accountability
and maintains a focus on creating mutual value. The figure summarizes the overall project governance; boards
with patient or public representation are highlighted in green/yellow with bold type, external European
commission in dark blue, and remaining components in light gray.
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patient advisers. This approach has already demonstrated
positive impact on the larger project and on study pro-
tocols, including articulating measurement concepts
which form the basis of all study protocols and regulatory
proceedings [58] and very high levels of acceptability for
the digital technologies being explored in the project [59].

The Mobilise-D case study also shared experiences
with implementing a framework for selecting digital
measures with the highest value for implementation
[60], building on “measures that matter,” and outlined
key statistical properties: Discriminant ability – How do
measures differ between healthy people and those with
chronic conditions? Construct validity – What relation-
ships exist between the digital mobility measures and
common measures of disease severity and physical func-
tion? Prognostic value – Do measures provide useful
information about how health status might change
over time? Responsiveness – Are we able to observe
changes in measures due to treatment? Finally, the
Mobilise-D case study shared their experiences regarding
the pathway toward regulatory qualification of digital
mobility outcomes, highlighting the need for early inter-
actions with EMA and FDA, as well as the explicit advice
from both agencies to approach regulation on a case-by-
case basis. So far, the regulatory work in Mobilise-D has
resulted in two letters of support from EMA [54, 61]. The
second case study, also through IMI, was from the IDEA-
FAST team [62] and aimed to identify digital endpoints
that provide reliable, objective and sensitive evaluation of
fatigue and sleep disturbances for multiple neurodege-
nerative diseases: Parkinson’s disease, Huntington’s dis-
ease, and immune-mediated inflammatory diseases:
rheumatoid arthritis, systemic lupus erythematosus, pri-
mary Sjögren’s syndrome, and inflammatory bowel dis-
ease. These specific indications were chosen to be studied
as problems with fatigue and sleep are highly prevalent in
these chronic diseases and are often rated by patients
among the most disabling aspects of these conditions
[63]. The broad range of conditions allows generalizable
aspects of fatigue to be studied and aligns with the
capabilities of the project partners. Furthermore, assess-
ment of these symptoms is complicated by their high
variability and a lack of consistently identifiable relation-
ship with the severity of the underlying disease. Evalua-
tion of therapeutic intervention is often reliant on stand-
ardized questionnaires which are prone to recall bias,
reliability issues, social desirability, and poor sensitivity to
change. The development of low-burden, reliable, and
objective digital measures to complement existing meas-
ures for fatigue and sleep disturbance is thus necessary to
provide a more comprehensive and patient-centric

assessment of treatments for neurodegenerative diseases
and immune-mediated inflammatory diseases.

The identification and development of novel digital
measures for fatigue and sleep disturbances is expected to
provide more reliable measures of the severity and impact
of these symptoms in the person’s normal surroundings,
which could prove superior to current questionnaires.
Fatigue and sleep disturbances are debilitating, as they
affect work and personal life, can lead to an increase in
disability claims, sick leave, and medical consultations,
and even result in job loss. Poor quality of life is thus
closely linked to this condition. Patients suffering from
fatigue show marked differences to healthy individuals:
fatigue presents as unpredictable and highly variable, it
correlates poorly with the underlying disease activity
(i.e., it may still be present despite the disease being in
remission), and persists even after rest, it is chronic, very
severe, and negatively affects life. Fatigue relates to de-
pression, anxiety, pain, HPA axis dysfunction, CNS
changes, and neurotransmitter changes. However, few
treatment options are available in fatigue management,
which presents a high unmet need for the development of
better treatment for this debilitating condition.

The unmet need outlined above was underlined by
patient testimony shared as part of the meeting, where
participants from IDEA-FAST studies talked about their
experience living with fatigue [5]. They spoke of their
challenges communicating their invisible symptoms to
different stakeholders including medical professionals:
“Even talking to the consultant, by phone or talking, I
don’t feel like I get my point over,” their family: “it has
affected my social life; I don’t make plans to go out. . . I
just get eye-rolling, and that is frommy family!”, and even
themselves: “It comes on so gradually, you just end up
wearing it. . . it becomes part of life.” Furthermore,
patients talked about their willingness to use digital
monitoring, especially if it helped them understand their
own symptoms better and helped other patients living
with similar feelings of fatigue. Patient testimony has
been incorporated into the design and planning of IDEA-
FAST research; for example, multiple devices are cur-
rently being considered for use in measurement of differ-
ent reported aspects of fatigue to reflect the multidimen-
sional (physical, mental, and emotional) nature of this
symptom [64] and inform future research into more
complex diseases affecting multiple modalities. Early
results, for example, with tools assessing cognitive symp-
toms [65], show high levels of acceptability in patients
suffering from fatigue. Furthermore, research into meth-
ods to support mutual value and long-term engagement
with digital tools is also showing promise [66], which is
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vital to support the long-term monitoring required in
chronic conditions.

“Qualification of New Digital Evidence” Key
Discussion Points
Both Mobilise-D and IDEA-FAST have the ultimate

aim of expanding the range of measurement tools available
for use in clinical development decision making across a
range of conditions. Both consortia are pursuing qualifi-
cation procedures for digital measures that have a central
relevance to health-related quality of life (HRQoL), i.e., gait
speed and other mobility outcomes for Mobilise-D and
fatigue for IDEA-FAST, and therefore a relevance to a
broad range of conditions. Both consortia have been very
transparent in sharing their regulatory strategy and regular
updates as procedures progress [48, 61, 67]. As a result of
these experiences, gaining a better understanding of the
scale of investment required to qualify a digital measure,
much discussion was devoted to the best way to broaden
the scope of the qualification procedure, i.e., across a range
of possibly related conditions rather than for a single
condition at a time. If successful, this would increase
return on investment and improve efficiency by enabling,
if the qualification is successful, the measure to be adopted
more broadly rather than having to wait for successive
qualifications in different indications or the significant
investment of pursuing qualification in several indications
in parallel. This in turn would have benefits for both
developers and regulators by encouraging investment
and would make regulatory review more efficient (i.e., a
single coordinated review vs. multiple related review pro-
cesses). Qualification of newmeasures must bemade more
efficient and faster as qualified measures themselves may
not directly benefit patients, but their use as a tool to develop
new therapies and optimize their effect on improving
meaningful aspects of the patient experience will. However,
the recommended qualification path of Mobilise-D via
individual use cases as described above shows that we still
need to build trust before being able to broaden the
qualification scope in the future.

As well as the regulatory aspects of pursuing broad
qualification for a new measure, the case studies raised
practical aspects relevant to the collection of the evidence
to support qualification procedures. Endeavoring to ensure
that study populations are representative and diverse is a
topic well covered in the context of individual studies and the
focus of recent FDA guidance [68], but what happens when
cultural differences influence understanding of a measure-
ment concept, such that different measures associated with a
given meaningful aspect of health have different relevance
for different cultural groups? Or when demographic

differences between indications have an influence on use
and usability of a technology and the resulting data quality?
For example, wearable sensors may be less acceptable in the
summer than the winter if they are visible, and older
populations may require additional support in order to
integrate technology into their care [69, 70]. These and
related issues are particularly important when thinking
about measures with direct relevance to HRQoL and there-
fore relevance across a wide range of conditions.

Against these challenges, through the patient testi-
mony presented, and highlighted by the differences be-
tween the two qualification-focused case studies, was the
clear value and relevance of objective measures to patients
themselves, especially those with “non-visible” symptoms
like pain or anxiety. Although these are intrinsically
subjective states and development of objective digital
biomarkers is more challenging than with physical char-
acteristics, objective digital biomarkers can deliver sub-
stantial value to patients. A repeating theme in the patient
testimony in the case studies was that their subjective
reports of “invisible” symptoms, i.e., the impact of their
health condition on their daily activities, feelings of
tiredness, or “knowing” something was wrong, was not
considered in as great a depth as they expected or desired
which sometimes led to substantial delays in diagnosis
and subsequent treatment. In their own words, objective
measures would help them in their daily life, support
communication of their needs, and possibly aid in earlier
diagnosis and better treatment. Indeed, the two case
studies, through their use of PPIE tasks, patient advisors,
and patient stories, clearly emphasized that patient cen-
tricity requires projects to move away from focusing only
on physical aspects of health and instead ensure that
psychological, social, and environmental aspects of a
person’s life are considered a part of decision making.
This has clear relevance to clinical development but also
in supporting care on an individual basis [71]. Figure 3
presents a conceptual model of the factors, derived from
the patient themselves and contextual information from
their environment, which help build a complete picture of
an individual’s HRQoL. Clearly, digital measures cannot
capture all these factors; they can play a role in improving
our understanding of HRQoL on an individual level.

Digital Measures Can be Part of Implementing
Human-Centered, Holistic, Evidence-Based Science on
an Individual Patient Level

That new measurement tools have relevance far be-
yond clinical development and can provide value to
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individual patient journeys and care was emphasized in
testimony from Dr. Elena Izmailova, as she shared her
experience as both a scientist and a patient [72]. This
testimony preceded two further case studies focused on
reimbursement, real-world evidence (RWE), and care
delivery.

“From Efficacy to Effectiveness” Use Cases
The third case study explored a digital assessment tool

developed by Roche for people living with spinal mus-
cular atrophy (plwSMA), focusing on motor, respiratory,
and bulbar functioning domains. SMA is a rare autosomal
recessive genetic disorder caused by reduced levels of
SMN protein throughout the body, affecting ~1 in 10,000
babies born worldwide each year and being the most
common genetic cause of death in infants [73, 74]. SMA is
marked by large heterogeneity in both disease severity as
well as age. Relevant, accurate, and sensitive measures are
thus crucial for clinical trials and practice as timely
treatment initiation is important, with the disease having
a particularly narrow window of intervention. Standard
health outcome assessments have highlighted survival,
motor weakness in the upper and lower limb functions,
fatigue and endurance, respiratory function, motor neu-
ron andmuscle properties, as highly impacted areas in the

life of plwSMA. Emerging treatment options that restore
SMN expression [75] create further opportunity and
urgency for understanding the impact of these novel
interventions on plwSMA. Novel sensitive and specific
outcomes of bulbar function, fine motor symptoms, and
respiration may complement or improve regular assess-
ment of symptom severity and progression of many of
these motor neuron-affected functions in individuals
receiving treatment.

The Roche SMA Digital Assessment Tool (DAT) is a
combination of active smartphone-based and passive
wearable remote sensor-based measurements, the design
of which was specifically informed by patient input.
Specifically, to understand the changing needs of
plwSWA and to identify their preferences for monitoring,
a mixed-methods study was conducted with plwSMA and
HCPs using an online questionnaire, qualitative inter-
views, and focus groups [76]. The results provided evi-
dence of various meaningful aspects of health related to
motor and bulbar function which may not be fully
captured by current assessments in routine clinical prac-
tice. Interviewees indicated that developing in-home
remote monitoring tools can provide healthcare teams
with essential information about bulbar and respiratory
function and contribute to better health monitoring of

Fig. 3. A conceptual model of characteristics and contextual information relevant to building a holistic
understanding of health-related quality of life. Digital measures provide insight into physiological, functional,
and contextual concepts, which, augmented by other inputs, can empower decisions to be made based on an
overall picture of an individual’s health.
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plwSMA. Thus, the SMA DAT app comprises multiple
active tasks for the assessment of finger, hand, lung,
and speech functions via tapping, tracing, squeezing,
phone-turning, sustained-phonation, and speech activ-
ities, and a high-frequency accelerometer sensor patch
worn on the suprasternal notch [77]. The data collected
supports establishing a value framework which is key to
both plwSMA and HCPs for reimbursement for new
therapies [78].

The final case study was based on efforts included
with the Accelerating Medicines Partnership® Schizo-
phrenia (AMP® SCZ; [79]) Program, focusing on phys-
ical, physiological, and psychological, as well as social,
functioning domains. Schizophrenia is one of the lead-
ing causes of disability worldwide and yet one of the least
understood brain disorders [80, 81]. Schizophrenia is
most often associated with distortions in thinking and
behavior, including delusions and hallucinations [80].
Less recognized, however, are persistent cognitive symp-
toms as well as those related to social withdrawal and
diminished emotional expression, which can have a
profound adverse effect on patients’ ability to function
across many domains of life and that are not effectively
treated by current medications [82]. Early detection and
intervention before psychosis develops, when individu-
als are at clinical high risk for psychosis, could attenuate,
postpone, or even prevent the transition to psychosis
and improve individuals’ clinical and functional out-
comes (Fig. 4). Utilizing the open-source mindLAMP
digital phenotyping app [83], one of the many aims of
AMP SCZ is to develop digital measures and tools to
better define early stages of risk and predict the like-
lihood of progression to psychosis and other related
outcomes such as anxiety, depression, and substance use
disorders, and as sensitive measures that can detect
clinically meaningful change. The project will assess
the potential of both population as well as personal
digital measures of risk over 1 year of longitudinal
data capture. The need for digital measures to help
advance treatment options for mental illness is clear
to all stakeholders; however, the relative lack of objective
metrics or any biomarkers for mental illnesses makes the
validation of digital measures challenging [6, 19]. This is
a challenge not limited to mental illness; indeed, much
research into digital measures is motivated by a paucity
of available measurement tools for advancing therapies,
yet without a clear predicate or reference measure
(i.e., true de novo measurement), validation and regu-
latory advancement can be even more challenging [19].
Human-centered design, building a clear rationale
around patient needs, is even more critical in this setting.

The AMP SCZ case study offered several examples of
how patient centricity had influenced their approach,
picking up on several themes that have been further
underlined by a recent community-led PFDD meeting
[84]. One theme was a need to help patients understand
and communicate their own experience. AMP SCZ spe-
cifically offers patients accessible, co-created visualizations
of their own data as part of the smartphone app. This not
only supports engagement through value creation, but the
use of such digital measures may also help decrease stigma
surrounding mental health by providing objectivity that
supports patients’ communication with themselves and
their community [85]. Mental health suffers from a strong
association with social inequalities [86]. This has been the
primary motive behind making the study app freely
available. The team is also further building trust with
the patient community and enabling them to contribute
to research; thus, the data processing pipeline has been
made publicly available, allowing further adaptation and
individualization of the platform [87].

Stakeholder consensus has also shaped the overall aims
of the project, with a particular focus on early detection or
warning of illness onset or relapse as a major priority for
enabling better care [88]. Digital measures can be a
critically important tool to help people connect to the
right care at the right time, and there was a consensus that
such care be direct human, and not digital, interaction at
this point in time.

Digital measures for mental health are, however, still in
the early stages of development, and hurdles remain [89],
not the least of which are ethical concerns and privacy
risks. Ensuring they are developed and deployed within the
right environment, with diverse teams and appropriate
safeguards is critical if value is to be realized [90–93].
Research into ethical and privacy matters related to digital
health is expanding but still remains underexplored [94].
Engagement has also been a challenge across all digital
measures in mental health to date [95], but when tech-
nology is created with patient feedback [96] and data are
used to advance patient care, engagement can actually be
quite high [97]. Overcoming these challenges and con-
tinuing research on digital measures in mental health,
especially longitudinal studies, holds the potential to
help understand mechanisms, individual-level behaviors,
and finally move the field toward prevention [98, 99].

“From Efficacy to Effectiveness” Key Discussion Points
Broader progress of digital measures and evidence

generation in post-clinical development settings (e.g.,
care delivery, Real-World Evidence (RWE), payor reimburse-
ment) is dependent upon further anddeepermultistakeholder
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engagement. Multiple discussions throughout the work-
shop indicated that the requirements across stakeholders
are not necessarily aligned, requiring further discussions
and clarifications (Fig. 1). As we think about the use of
digital measure evidence beyond clinical development, the
landscape of critical stakeholders’ changes. We must do
more to facilitate collaboration and co-design with big tech,
hospital systems, treating clinicians, payors, and of course,
the patients themselves. Many tools currently in use are
designed with clinical trials in mind, which provide a
controlled environment where patients receive a high
degree of support and significant resource is dedicated
to securing and interpreting the resulting data. Without
these resources, it can be hard for patients to effectively use
these tools and integrate them into their management, a

problem further exacerbated by the explosion of app
availability [100]. Even choosing the right app can be a
challenge for patients and caregivers [101], yet new clinical
support roles, such as “digital navigators” [102], can aid
acceptance and use of digital tools in real-world, uncon-
trolled environments. Beyond support, co-design that fa-
cilitates shared decision making can clearly facilitate high
levels of engagement even in challenging populations [33].

There was extensive discussion on the requirements
needed for stakeholders – patients, clinicians, regulators,
and reimbursement decisionmakers – to make decisions on
DHT-generated evidence. The most important is the val-
idation evidence, which begins with a robust understanding
of what is relevant to the patient and how the newmeasures
compare to the prevailing standards. The concept of “not so

Fig. 4. Digital measures in the context of the Accelerating Medicines Partnership Schizophrenia (AMP SCZ 72)
Program. Digital measures form a key component of gathering a deep phenotype of each patient’s lived
experience, which is then used to stratify individuals according to their risk profile.
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gold standards”was again brought up in the context of what
a measure would be compared against if the traditional
Clinical Outcome Assessments (COAs) were not ideal or
nonexistent. The discussion continued on the topic of
population- versus individual-level measurements. Recent
trends have seen RWE incorporated into clinical develop-
ment, driven by the possibility to reduce the time required
to bring a drug tomarket (i.e., collecting evidence for clinical
development and phase 4 in parallel) and by an increased
acceptance of RWE for regulatory decision making
[103–105]. Further efficiency gains would be possible
with better alignment of the requirements for validating
new tools, as the evidence collected would be valid across
settings (e.g., registration and reimbursement). Such inte-
grated evidence planning would benefit all stakeholders and
is receiving increasing support [106], but will require sig-
nificant evolution of traditional means of evaluation of
digital measures and tools. For such far-sighted thinking,
there needs to be a new paradigm on what is acceptable and
of value to all stakeholders including the patient, the
sponsor, and the healthcare system. In particular, there
needs to be significant investment in validation of effective-
ness on the individual level, for example, N-of-1 designs
[107–109]. This will include developing our understanding
of how to incorporate contextual information into digital
measures. On a cohort level, context can be modeled and
“averaged out,” but on an individual level, real-world digital
measures provide the opportunity to capture a patient’s
“lived experience,” but lived experience is impacted by a set
of diverse factors, some not related to the patient’s disease.
Mitigating confounding factors [110] and understanding
implications for interpreting these data will be milestones in
the use of digital measures for individual care and manage-
ment decisions.

It is important that, in view of such challenges, we
remain optimistic; the very fact that development, vali-
dation, and acceptance of new digital measures, evidence
generation tools across clinical development, scaling and
implementation, reimbursement, and care delivery have
reached levels where we are even having these discussions
is cause for celebration. Considerable progress has been
made, and we must continue to build on that progress if
digital measures are to play a full role in bringing new
therapies to patients.

Conclusions and Outlook

Challenges Remaining
There remain, of course, many challenges, and there

are several tractable areas where immediate-term

progress can be made. The first is to continue to evolve
definition and understanding of the digital medicine
lexicon [111], specifically that related to digital measures
[19, 20, 112]. As more and more digital measures move
out from the feasibility phase [113] and toward scaling,
regulatory acceptance, and qualification, it is ever more
important to have clear understanding of not just the
differences between, for example, COAs and biomarkers,
or qualification and acceptance, but why it matters to
distinguish between them.

A related challenge will be how to encourage not just
continued innovation in digital measures but commit-
ment to pursuing qualification for those new digital
measures. One possible approach is to enable and pursue
much broader context of use (COU), i.e., scope, to
qualification. While a relatively narrow COU, e.g., as
seen with acceptance proceedings where COU is limited
to a specific study, benefit short- and mid-term progress
because, for example, the validation population is gen-
erally well defined and risk relatively predictable, now
that more teams are looking at qualification of digital
measures, it seems that in order to balance the required
investment (whether from pharma, tech, etc.), the qual-
ification needs to be broadened. Predicate for how this
might be achievable can be taken from the currently
ongoing qualification procedure for PROMIS-PF-8c, a
COA for physical function in “adult patients (>18 years)
with solid tumors or hematologic malignancies,” i.e., all
adult cancer patients receiving therapy [114]. If success-
ful, the investment in advancing this new instrument
stands to benefit many patients. Encouraging broader
“umbrella” COUs, especially for HRQoL-relevant digital
measures, would encourage innovation and long-term
investment. Alternately, simplified “pivoting” from one
COU to another and continuing the deepened alignment
of EMA and FDA evidence requirements [115, 116] will
have a similar effect on innovators, as well as reducing
load on regulators.

We must also continue to enhance the acceptability
and relevance of digital measures for patients. There is a
pressing need to include the voice of patients at all stages
in the development of digital biomarker design which
allows for greater adherence and trust [9]. As our ability
to extract insights from sensor data advances, to maintain
trust, we must ensure that the people who provide their
data are comfortable with those insights. Clearly, very
broad, undefined consent is not a solution, but perhaps
the digital measure field can learn from progress made
around conceptually similar challenges in genomics/ge-
netics [117, 118]. Active development of capabilities to
derive insights from sensor data makes static consent
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limiting. Full use of the data will require development and
implementation of dynamic consent and processes for
returning data to the patient community itself, as is
happening in the diabetes hacker community [119, 120].

It is clear that digital measures offer considerable
opportunities in the area of remote clinical trial solutions
and at-home disease management. It raises several chal-
lenges, for example, technical, compliance, ethical, and a
key consideration with all types of digital measures lies
around data use and ownership. The challenge remains
how we provide fair and transparent use of data. The data
generated from the digital measures often serves to
answer only the sponsor’s question. The true value of
real-world evidence is not understood by the population
at large. A challenge that the field needs to address is
actively providing insights and value from the data
generated in answering questions other stakeholders,
particularly patients, wish to address.

Future Directions
Huge strides in the use and acceptability of digital

measures have been made, andmore will follow.Wemust
continue to widely engage in multistakeholder collabo-
rations, including pharma, big tech, payors, health sys-
tems, clinicians, and patients. Continued evolution of
policy and best practices will encourage further invest-
ment and innovation: pursuit of broader COUs for
qualification, alignment of evidentiary standards between
EMA and FDA, clinical development of RWE, and input
and oversight from regulators and payors. If we view drug
development as a whole, only ending at delivery to a
patient, then a human-centered, holistic, and evidence-
based approach to digital measure evidence generation
will deliver mutual value for all stakeholders.
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