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Wearable sensor technologies are becoming increasingly relevant in health research, particularly in the
context of chronic disease management. They generate real-time health data that can be translated
into digital biomarkers, which can provide insights into our health and well-being. Scientific methods to
collect, interpret, analyze, and translate health data from wearables to digital biomarkers vary, and
systematic approaches to guide these processes are currently lacking. This paper is based on an
observational, longitudinal cohort study, BarKA-MS, which collected wearable sensor data on the
physical rehabilitation of people living with multiple sclerosis (MS). Based on our experience with
BarKA-MS, we provide and discuss ten lessons we learned in relation to digital biomarker
development across key study phases. We then summarize these lessons into a guiding framework
(DACIA) that aims to informs the use of wearable sensor data for digital biomarker development and
chronic disease management for future research and teaching.

The increasing popularity of ubiquitous mobile technologies, such as
wearables, has the potential to transform chronic disease management'~.
The broad adoption of wearables, particularly commercial activity trackers,
is driven by their affordability, user-friendliness, and overall high accuracy”.
The rising amount of research on chronic diseases that involves wearables
highlights this trend””. Wearables are equipped with sensors that generate
health-related data in real-time, creating opportunities for personalized
care’. The clinical relevance of this data ultimately depends on their trans-
lation into digital biomarkers™"’. This process generally requires the defi-
nition of normal ranges, which is either informed by external benchmarks
(e.g., 10,000 daily steps) or intra-individual norms (e.g., individual average
step counts during the week) that can be further validated with patient-
reported data (e.g, surveys)' ™. However, most wearables have fixed
measurement capabilities (e.g., physical activity and heart rate), which
currently limit their translation to digital biomarkers.

For the potential of digital biomarkers to be achieved, aligning wearable
capabilities and study design with recommended practices for meaningful
clinical measures is essential “. The Food and Drug Agency (FDA) guidance
document on the use of digital health technologies for remote data acqui-
sition in clinical investigations proposes a multi-step approach towards
digital biomarker development, in which the validation and verification

steps take central roles”. Along similar lines, the framework by the Digital
Medicine Society on best practices for evaluating monitoring technologies
for use in clinical trials emphasizes verification, analytical validation, and
clinical validation (V3) as central steps'®'”. While these documents provide
useful high-level guidance, they offer limited support for the development of
digital, wearable-based biomarkers. Furthermore, in current guidance there
is an absence of study design and conduct elements that involve all stake-
holders in an iterative approach and focus on the implementation of digital
biomarkers in practice. Consequently, researchers and health professionals
often rely on limited guidance for the use of wearable data in clinical practice
and chronic disease management'*".

Digital biomarkers may significantly improve the management of
complex chronic conditions, such as multiple sclerosis (MS). MS is a serious
neurodegenerative health condition that is characterized by both extensive
and highly variable physical and mental symptoms. More than 15,000
people are currently living with MS in Switzerland alone”. Optimizing and
tailoring treatment options has been limited by a still unexplained hetero-
geneity in symptom patterns and disease course. For this reason, MS is often
referred to as the ‘disease with 1000 faces™. In this paper, we briefly
introduce the BarKA-MS study program (section “Introduction”), which
collected sensor data from wearables on the physical rehabilitation of people
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living with MS (PwMS), and summarize ten important lessons learned
(section “The BarKA-MS study program”) across key study phases related
to methods aimed at guiding the development of digital biomarkers™. We
then present the DACIA framework (section “Lessons learned from BarKA-
MS”) as a crosscut between the ten lessons and five crucial steps of digital
biomarker development, which has been applied twice in the course “Digital
Health in Practice” for medical students at the University of Zurich. Finally,
we discuss the DACIA framework in the context of existing guidance and
highlight its relevance. Our work aims to inform (1) future research on the
development wearable-based digital biomarkers for chronic disease man-
agement, as well as (2) teaching curricula, through the application of our
framework'*"".

The BarKA-MS study program

BarKA-MS is a semi-remote observational, longitudinal cohort pilot study
program that explored the physical activity rehabilitation of PWMS, which
informed several independent analyses as part of the program'®**. The
methods and results of BarKA-MS are published elsewhere’****. The study
was planned in collaboration between the researchers, clinical staff, as well as
experts in human-centered and interactive visual data analytics (IVDA).
During study design, clinicians and researchers defined relevant clinical
measures for potential future use in a rehabilitation clinic. Study nurses from
the clinical staff were consulted to identify feasible data collection methods,
drawing on their experiences with PwMS and their understanding of patient
needs. Data collection was planned with the Fitabase activity tracker
database” to enable the statistical analysts and IVDA experts to effectively
translate wearable sensor data to digital biomarkers.

BarKA-MS was divided in two phases. First, the physical activity of
participants was measured during their inpatient rehabilitation stay at
the Valens Rehabilitation Centre in Switzerland, which for most patients
lasted between two to three weeks. Second, their physical activity was
measured upon return to their homes. Participants were asked to wear
the Fitbit Inspire HR during the entire duration of the study”® and an
additional research-grade wearable sensor, the Actigraph GTX, during
their last week of rehabilitation and the first week back home™. Parti-
cipants were followed up for up to eight weeks i.e., two to four weeks in
the first phase and four weeks in the second phase. Technical and
motivational support was provided throughout the study. The study
protocol obtained ethical approval from the Zurich cantonal ethics
commission (BASEC-no. 2020-02350). All participants provided writ-
ten informed consent.

Participant demographics of BarKA-MS are available in Supplemen-
tary Table 1. At baseline, most participants were female, had a median age of
46, had MS for a median of 11 years and were either working part-time or
were unemployed. These characteristics align with the typical demographics
observed in MS populations with a more progressed disease state”'. A
follow-up study” involving participants with different characteristics and
chronic illnesses, such as cardiovascular diseases, revealed conclusions
consistent with the main BarKA-MS analyses, suggesting that the findings
discussed in this lessons learned paper may be applicable to other chronic
disease populations.

Relevant wearable sensor data was collected longitudinally and
included heart rate, step count, sleep indicators, physical activity
intensity (time spent in light, moderate, or vigorous physical activity),
and sedentary time. These measurements were available at the minute,
hourly, and daily granularity levels. To provide additional context to the
physical activity measures from the wearable sensors, we collected self-
reported data using the following instruments: (1) the 18-item Barriers
to Health Promoting Activities for Disabled Persons Scale™ to assess
perceived barriers to physical activity, (2) the 12-item MS Walking
Scale-12% to assess the walking ability of the participants and (3) the
Fatigue Scale for Motor and Cognitive Functions™ to assess MS-related
cognitive and motor fatigue. The study achieved a weekly survey com-
pletion of 96%, as well as 99% and 97% valid Fitbit wear days at the
rehabilitation clinic and in the home setting, respectively.

Lessons learned from BarKA-MS

In the following sections, we present our insights (lessons learned) from
designing and implementing BarKA-MS, as well several independent ana-
lyses of sensor measurements and patient reported outcomes'****‘, and a
follow-up study that was modeled after BarKA-MS> that examined the
implementation of a physical activity post-rehabilitation program from the
perspectives of patients and healthcare professionals. We specifically
selected insights that are relevant to the use of wearable sensor data for
digital biomarker development. All our lessons learned were discussed and
co-formulated with healthcare professionals, clinical staff and researchers
involved in BarKA-MS, and categorized in four key study phases, including:
(1) early study design, (2) study execution, (3) data analysis, and (4) data
interpretation.

Early study design

For BarKA-MS, we chose to use the Fitbit Inspire HR commercial wearable
after an assessment against other devices due its low cost, ease of use and
ability to collect relevant data with Fitabase”, a secure third-party data
collection tool that enables remote monitoring of data quality and com-
pleteness checks. By contrast, the Actigraph accelerometer was not chosen
as the primary wearable device for data collection due to its higher costs,
lower participant preference from discomfort of wearing it around the hip,
and increased complexity due to limited storage capacity and the require-
ment to actively download data with a cable. These initial decisions were
taken during the protocol writing phase and in agreement with healthcare
professionals and clinical staff. Central to these decisions was also designing
the study to protect the privacy of the participants, by ensuring the safe
collection and use of data. In particular, only non-identifiable user accounts
were used for wearable devices and potentially sensitive features of the
devices, such as location tracking or data sharing via social media, were
disabled. These decisions led to the following lessons.

Lesson 1: Aligning study goals and technology. The choice of mea-
surement tools should be guided by the research question and the study
outcomes of interest. In our case, the primary outcome was daily-life
physical activity, a proximal outcome that was directly derived from the
Fitbit Inspire HR. To decide whether a wearable is the most suitable
option, it is key to fully understand the functions, but most importantly
the potential limitations of devices. Understanding the limitations
reduces the risk of unreliable measurements. A relevant example comes
from one of our previous unpublished sub-analyses of BarKA-MS, which
examined correlations of self-reported fatigue (using the Multiple
Sclerosis Impact Scale-29 score™) and sensor measurements, including
sleep length and daily-life physical activity. Our findings revealed weak
associations, which were likely due to the wearable’s indirect measure-
ment of distances™. Having missed this limitation would have likely led to
incorrect measurements.

Lesson 2: Aligning measurement and outcome assessment time-
frames. A second lesson learned during the early design phases of
BarKA-MS is the importance of required timeframes, or the time needed
until relevant study outcomes can be fully measured. Chronic diseases,
such as MS, progress over years or decades. Recent digital health studies
on chronic diseases have reported monitoring periods of up to
12 months’. However, the optimal timeframe to detect a change of
interest depends on the study question. In the case of BarKA-MS, we
detected clinically relevant changes in self-reported measures related to
barriers to physical activity for severe fatigue scores in 8 out of the 38
participants, and a median improvement of 16.7 points in the MS
Walking Scale-12 after an 8-week follow-up’**’. By contrast, health
behaviors, such as daily-life physical activity, fluctuate on much smaller
time scales, such as days, weeks, or months. Nevertheless, our experiences
with BarKA-MS and a follow-up study” suggest that even timeframes of 4
to 12 weeks require significant efforts to keep participants engaged. Being
aware of the expected efforts during the study, the availability of
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Fig. 1 | Goal versus effort pyramid to inform the role of wearable sensors in achieving
research goals.

resources, and the characteristics of the study population, such as their
age, level of disability and educational level, will ultimately determine
whether (a) the use of wearables is scientifically meaningful, and (b) what
duration periods will likely be needed*’. Commercial wearables are well-
geared towards measuring health behavior changes on weekly or monthly
time scales, while also supporting longer study durations due to their ease
of use and wear comfort. Not defining timeframes correctly and early
enough risks delays and waste of resources.

Lesson 3: Defining the role of wearables. Wearables can take different
roles and thus, support different goals in chronic disease management. In
our discussions with healthcare professionals involved in BarKA-MS, we
identified the need for clarity regarding the role of wearables in digital
biomarker studies. Two central questions emerged: “how can sensor data
improve patient health?”, and “who should take action to achieve health
benefits?”. These questions led to the development of our “goal pyramid”
(Fig. 1), which outlines various healthcare goals that wearable data can
support. These goals range from low-effort (bottom of the pyramid), to
high-effort, yet clinically more informative, goals (top of the pyramid).
For example, prediction studies might require longer follow-up times,
larger sample sizes, and additional data for prediction model validation.
Overall, the “goal pyramid” is a useful tool to facilitate discussions with
healthcare professionals about study designs and for clarifying technol-
ogy’s role in achieving health outcomes, along with the associated efforts.

Study execution

Not all study execution challenges can be anticipated during the design
phase. For example, BarKA-MS offered comprehensive participant support,
which resulted in high study compliance. However, we recognize that this
approach is likely not an option for studies with larger samples. Overall, our
experiences, based also on feedback from clinical staff, point to a trade-off
between collecting high-quality and near-complete data while optimizing
participant burden and maintaining high compliance. The following two
lessons reflect our experiences during study execution.

Lesson 4: Combining passive monitoring with actively collected
data. BarKA-MS taught us that the combination of wearable sensor data
with other data types (e.g., clinical, physiological, or patent-reported
data) may enhance the accuracy of digital biomarker development.
Rationales for collecting additional data types may include sensor vali-
dation, multivariable predictions of health outcomes, or stratification
through subgroup analyses. In BarKA-MS, we deliberately used

commercial wearables not specifically designed for use by PwMS. To
enhance and contextualize the rather generic wearable sensor data, we
collected patient-reported symptoms, frequency of physical activity, and
its associated barriers, along with free-text feedback on wearable use
and acceptability. In BarKA-MS, assessing this combination of passively
and actively collected data was a crucial first step in exploring possible
digital biomarkers of barriers to physical activity in the context of shifts in
fatigue and mobility”’. However, previous examples have also demon-
strated that active data collection, such as through surveys, carries a risk
of drop-outs or non-compliance™ that may be higher than in studies with
only passive data collection (e.g., wearables). Although a recent scoping
review' was unable to identify clear associations of participant burden
due to active data collection, this aspect should be carefully monitored
and possibly adjusted during the study.

Lesson 5: Maintaining and supporting participant compliance. Data
completeness and participant compliance are particularly relevant,
especially for studies that are conducted remotely. A key initial con-
sideration for digital health studies is ensuring that participants are
representative of the study’s target population, including relevant
underrepresented groups”’. This may require targeted recruiting efforts,
as well as possible contextual and cultural adaptations of the study
design™. In BarKA-MS and a follow-up study”, efforts were taken to
enhance the diversity of the study population in terms of age and gender
by providing participant onboarding and technical support during
follow-up. Participants also provided weekly feedback about their
experience with and usability of the Fitbit. Problems were either
addressed by the clinical staff at the rehabilitation clinic or the two
involved researchers. For example, when participants encountered
technical issues with their Fitbit, researchers promptly scheduled phone
calls to resolve the problems™*‘. As shown by an internal assessment of
support logs, these measures helped retain older or more impaired study
participants with higher MS symptom burden®. BarKA-MS achieved
high study compliance but also required considerable efforts to actively
monitor data collection (e.g., frequent personal reminders from the
researchers). Missing data and dropouts are also inevitable. Declining
participant motivation or health, inconvenient timing, or burdensome
data collection can all contribute to low compliance and missing data. In
BarKA-MS, declining health often demotivated participants who pre-
ferred not to receive physical activity reminders, as these highlighted their
physical limitations. This further illustrates that challenges may emerge
and even multiply over longer observation periods, underscoring the
need for continuous participant support.

Data analysis

For BarKA-MS, we focused the data analysis on: (1) time series assessments
of wearable sensor data for recurring patterns within/between PwMS, and
(2) descriptive analyses to explore physical activity barriers for PwMS. To
better visualize and assess these results, we conducted an unpublished sub-
study in collaboration with experts in IVDA. These were then discussed with
IVDA experts and healthcare professionals to better understand the present
data quality and analytical challenges, and contribute to the formulation of
new hypotheses. The following lessons reflect these experiences.

Lesson 6: Defining appropriate data aggregation level. Wearable
sensors collect data at different time scales. For example, step count,
time spent in active physical activity, and heart rate are available at the
minute level, while resting heart rate, which is measured at nighttime, is
only available as a single daily value. Finding the most appropriate
temporal aggregation level depends on the expected timeframe needed
to observe an effect in the outcome of interest (lesson 2), as well as
mitigating redundancy and low data resolution®, or ensuring that
outcome measures comply with those relevant in clinical settings*’. In
BarKA-MS, we collaborated with healthcare professionals to create
interactive visualizations from the study’s sensor data. These
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experiences highlighted that daily aggregations were meaningful for
most parameters to develop informative composite measures, but
longer-term assessments might benefit from weekly or even monthly
data aggregations, with the option to switch between aggregation levels.
Further considerations include whether data aggregation can help with
managing high volumes of data. Data aggregation can help with redu-
cing information overload, which can help healthcare professionals and
patients understand the data and its signals more easily. In BarKA-MS,
we followed a user-centered design methodology to co-design sensor
data visualizations together with healthcare professionals, to facilitate
informed decision-making based on meaningful data signals. The
resulting data visualizations also revealed useful for guiding researchers
in analyzing BarKA-MS data.

Lesson 7: Contextualizing sensor measurements. In BarKA-MS, the
main challenge of developing digital biomarkers was the con-
textualization of our data. A common issue was distinguishing between
patterns in physical activity due to exercise or unrelated activities, such
as knitting or playing the piano. This was highlighted in a BarKA-MS
analysis that revealed weak correlations between different sensor mea-
surements in a real-world setting™, echoing similar reported difficulties
in the scientific literature® ™. Another challenge involved connecting
irregular patterns of activity or inactivity with individual or group-level
factors that influence motivation. For example, among PwMS there is a
high prevalence of fatigue (affecting over 70% of PwMS™), which may
demotivate them from exercising, as observed in a BarKA-MS analysis
revealing a positive correlation between levels of fatigue and barriers to
physical activity’. Individual-level visualization of the data with
healthcare professionals as part of BarKA-MS highlighted the need for
contextual information related or unrelated to sensor measurements to
help identify patterns of interest for individual participants®. For
example, visualizations of physical activity and sleep data from BarKA-
MS suggested cyclical within-person patterns, such as higher physical
activity on weekends. In BarKA-MS, we also used weather condition
data to assess whether deviations in activities could be contextualized to
other, external influencing factors. Knowledge about the temporal
occurrence of such factors may overall help to better interpret sensor
measurement data.

Lesson 8: Discerning signal from noise. Filtering out “noise”, or sig-
nals in the data collection that are of low value and are not indicative of
the presence of an actual signal®, within sensor data is a key, yet chal-
lenging task. Building on lesson 7, contextual data, such as weather
patterns, can help distinguish between trivial explanations for patterns,
or nuisance parameters, and the actual patterns of interest to the study”’.
For example, by applying interactive visualizations to our BarKA-MS
data we observed differences in step counts or sleep patterns between
weekdays or weekends. In some individuals, healthcare professionals
also noticed distinct within-day patterns, such as reduced activity in
afternoons, which they identified as possible signs of fatigue, a common
symptom in PwMS. Another approach is to build a time series model
that includes these noise parameters to predict expected sensor mea-
surements. This de-noising approach involves gathering and analyzing
data from nuisance variables that introduce noise, such as daily routines,
weather and calendar data, alongside sensor measurements. The inclu-
sion of such nuisance variables, if they are indeed associated with the
outcome, has the potential to decrease noise. Ideally, the identification of
variables required for “de-noising” should be considered at the study
planning stage.

Data interpretation

The data interpretation phase is linked with the analysis phase, however,
focuses more on the contextual interpretation of results. For BarKA-MS,
visual data analytics and discussions with healthcare professionals played a
key role. We derived the following two lessons.

Lesson 9: Choosing internal and external benchmarks. Digital bio-
markers should ideally be characterized by clear norm ranges. However,
it is difficult to develop universal norms, as observed with healthy
individuals occasionally having laboratory values outside the norm, or
the other way around. Data interpretation is further challenged by
possible systematic measurement inaccuracies, such as those from Light
Emission Diode-based wearable devices that may be less accurate for
people of color”*, or datasets omitting underrepresented groups®,
which can contribute to biased benchmarks. Considering these chal-
lenges, digital biomarker studies should focus on inter-individual
changes rather than absolute benchmarks™'. In BarKA-MS,
physical activity level digital biomarkers were informed by internal and
external benchmarks. Internal benchmarks were derived to assess if
individual PWMS exhibited certain patterns that occurred more fre-
quently than expected, considering a normal distribution. External
benchmarks were obtained directly from the wearables, using calculated
measures of e.g., physical activity intensity, such as the amount of time
spent in light, moderate, or vigorous physical activity”. These measures
served as digital biomarkers for low or high levels of physical activity. For
such metrics in chronic disease populations, such as MS, personal
contexts play an important role. This underlines the need for studies on
chronic disease populations to assess changes in intra-individual norms
and, ideally, health status assessments from clinicians to develop
meaningful digital biomarkers.

Lesson 10: Deriving clear actions. For digital biomarkers to be of
clinical value, they should be linked to an action plan. Such an action plan
may include defining the rules that confirm digital biomarker deviations
(e.g., outside-norm signals in two subsequent weeks), monitoring fre-
quently, and adjusting intervention delivery (e.g., motivational phone call
to participant). Building on lesson 3, such action plans should be aligned
with the overall goal of the study and the role of wearables, as illustrated
by the “goal pyramid” (Fig. 1). For BarKA-MS, the interactive data
visualizations and discussions with healthcare professionals revealed
important preconditions for reacting to digital biomarker changes. For
example, healthcare professionals stated that such processes should be
compatible with existing workflows to avoid additional burden to clinical
staff and healthcare professionals themselves, or that technical support
for both patients and clinical staff should be made available”. A follow-up
study explored these topics using the normalization process theory fra-
mework, focusing on how healthcare professionals and patients can
collaborate effectively in remote activity tracking for rehabilitation
aftercare™.

The DACIA framework to inform planning of wearable
sensor data use in healthcare research, management
and teaching

Drawing on identified patterns and themes from the ten lessons from
BarKA-MS, observations from a follow-up study”, and feedback received
when used in the course “Digital Health in Practice” for medical students at
the University of Zurich, we developed the DACIA framework. This fra-
mework is based on the notion that digital biomarker development is
informed by: (1) data, (2) aggregation, (3) contextualization, (4) inter-
pretation, and (5) actions (Fig. 2). These constructs aim to guide future
early-stage research on wearable sensor-based digital biomarker develop-
ment and are scalable to larger studies. The DACIA framework also serves as
an interactive teaching tool for medical students to plan and execute a
hands-on wearable sensor data collection and analysis for a mock digital
health intervention.

In this section, we present the five DACIA constructs along with
examples for guiding questions to inform study planning (Table 1),
which can also be used to support teaching. We then present data loops
among the DACIA constructs, depicted by the orange box, to illustrate
the iterative and flexible aspects of digital biomarker development. To
provide further context on DACIA’s applicability to a study, we apply
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Fig. 2 | DACIA framework constructs and
feedback loops.
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Table 1 | Description of DACIA framework constructs and relevant guiding questions

Construct (related lessons)

Guiding questions

Data collection (lessons 1-5):
The data collection step consists of selecting the most suitable wearable sensor
measurements and time frameworks for digital biomarker development. Additional

relevant clinical or patient-reported data should be considered for validation purposes.

Which wearable sensor data are best suited to monitor relevant health and
behavior change outcomes?

What time frame will be required?

Which other data types can meaningfully complement the wearable sensor
data for higher digital biomarker accuracy?

What could contribute to missing data?

Aggregation (lessons 3-6):

The aggregation step includes the selection of the most suitable temporal analysis level,
combination of measurements, as well as further feature extractions and transformations

(e.g., by using multivariable methods).

Which temporal granularity (e.g., second, minute, hour, day) is most suitable?
Does the wearable provide this aggregation level?
For higher-level granularity: what is the minimal wearable wear-time?

Contextualization (lessons 2, 6, and 7):

The contextualization step involves combining wearable sensor data with details such as

Do the main signals depend on measurement timing (weekday, season) or
specific participant characteristics (gender, age, body mass index (BMI))?

measurement timing (e.g., seasonality), patient traits, population norms, and normal intra-

individual ranges (e.g., average weekday step counts, sleep duration).

Interpretation (lessons 7-9):

The interpretation step includes the development of rules to discern signals from noise.

What level of signal changes from the outcome of interest would be
considered significant and of clinical relevance?

This step is aided by contextual and intra-individual baseline data, as well as feedback

from healthcare professionals and the wearable users themselves. For example,

presenting patients with their data can validate signal detection rules and algorithms.

Action (lessons 3 and 10):

The action step describes the pre-specified interventions (actions) to be triggered in case

of digital biomarker abnormalities by healthcare professionals or individuals.

What are meaningful interventions in case of significant digital biomarker
deviations?
Who is responsible for reacting to these deviations and in what timeframe?

the constructs of the framework to BarKA-MS (Supplementary
Table 2).

Feedback loops in the DACIA framework (orange box, informed
by lessons 4, 7, 8, and 10)

During BarKA-MS, we regularly collected user feedback on the study and
device acceptability in free-text fields. User studies were also conducted to
identify healthcare professionals’ needs for data visualizations and con-
siderations for appropriate data interpretation. This feedback was useful for
study improvements. Therefore, since critical aspects for the study’s success
may only surface during study conduct (e.g., through interim analyses or
user feedback), we recommend that wearable sensor studies be adaptable to
such feedback and evolving data requirements. This is visualized by the
orange box in Fig. 2.

Regularly engaging participants through user feedback, e.g., as part of a
weekly survey or after a data collection task has been completed, may also be
beneficial for overall study compliance. In response to the feedback,
researchers can promptly respond and provide motivational or technical
support. The involved researchers can also keep support logs to record

technical and non-technical issues that require further communication with
participants. Considering participant burden, researchers should also assess
the usefulness of individual data items during data collection, discarding
those irrelevant to the study’s goals to reduce unnecessary burden.
Researchers can also reduce burden by collecting data less frequently or re-
using existing information, for example through linkage with clinical data.

Regular communication with study participants and healthcare pro-
fessionals may also be useful for the interpretation of detected digital bio-
marker signals. Studies can explore implementing automated feedback
loops to share deviating digital biomarker signals with study participants
and healthcare professionals, gathering valuable data for process improve-
ment or supervised machine learning models. These models should be
critically assessed to ensure algorithmic fairness based on a diverse study
population, to ensure that they are externally valid in other clinical settings
and do not exclude underrepresented groups. Reviewing model results and
predictions directly with involved stakeholders and diverse patient groups
can help identify potential issues. Importantly, algorithms and digital bio-
markers should also undergo external validation with independent patient
populations before use in healthcare and clinical practice.
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Discussion

Our paper provides key lessons learned from the BarKA-MS study program
for the use of wearable sensor data for digital biomarker development. Based
on these, we propose the DACIA framework, which aims to guide and
inform future research and support teaching curricula on digital health
interventions. The framework is easily applicable to studies across various
chronic conditions, in both observational as well as interventional study
designs.

The DACIA framework in the context of current guidance

In light of current guidelines, the DACIA framework provides inter-
disciplinary guidance on how to use wearable sensor data for digital bio-
marker development. Our work can be seen as complementary to other
frameworks. The Framework for Meaningful Measurement by Manta etal.”,
for example, provides a sequential list of data collection-related considera-
tions to evaluate the meaningfulness of sensor signals. The Digital Bio-
marker Discovery Pipeline from Bent et al.”, goes a step further and focuses
more specifically on aligning study goals with the collected data and dif-
ferent types of analyses. Guidance from Coravos et al.” rather focuses on the
variability in types of sensor technologies, digital biomarkers and their
clinical relevance. Combined with high-level guidance from the FDA" and
Digital Medicine Society'*”, the DACIA framework provides a more
comprehensive approach for planning and conducting research with
wearable sensors to develop digital biomarkers that places focus on invol-
ving relevant stakeholders in each key step of DACIA in an iterative manner.
This is especially of relevance in the action construct of the framework, going
beyond digital biomarker development guidelines into meaningfully
applying and assessing them along with relevant stakeholders in clinical
practice. Furthermore, the DACIA framework places a more participant-
centric approach that focuses on reducing their burden through support and
continuous feedback. Overall, the DACIA framework complements existing
guidance by focusing on participant needs as a crucial factor for study
success, making it relevant for both short and long-duration studies.

Implication for future studies

The DACIA framework fills an important gap by placing a stronger focus on
the interdisciplinary and iterative planning, analysis and interpretation of
wearable sensor data, to enhance the clinical relevance of future research in
wearable sensor-based digital biomarker development. In particular,
DACIA helps to assign the relevant responsibilities and clarify data
requirements for assessing study outcomes and measurement contexts. It
also underlines the importance of necessary measurement frequency to
support relevant actions, such as by collecting user feedback and adapting
the delivery of the study tasks based on this feedback in real-time, or reg-
ularly communicating with stakeholders to interpret and react to detected
digital biomarker signals. While initially designed for the development of
digital biomarkers from wearable sensors that measure physical activity, the
DACIA framework can be applied to explore digital biomarkers using
various devices or signal measurements, including for digital health inter-
ventions focused on behavior change.

An important consideration when implementing the DACIA frame-
work in research studies is its applicability to larger study samples. BarKA-
MS included 45 participants who received consistent support from the
clinical staff and researchers to ensure completion of both the in-person and
remote study components. The combination of a smaller sample size and
the continuous support enabled higher personalization. However, we
recognize that such approaches may not be directly applicable to larger
studies or studies with limited resources. In the orange feedback loop of the
DACIA framework, we propose approaches to streamline and automate
certain study steps to reduce reliance on clinical staff and researchers. We
also recommend referring to additional guidance documents™*"**** and
implementation science theories, such as the normalization process
theory™, to further inform design actions that align smoothly with health-
care workflows, meet stakeholder needs, and utilize available resources
efficiently.

Strengths and limitations

This paper presents some limitations. The ten lessons are primarily derived
from a single study program, which includes four published outcome
analyses and a subsequent follow-up study, resulting in a relatively con-
strained experience base from a limited range of devices and data collection
methods relevant to BarKA-MS. Moreover, the participant pool in
BarKA-MS is limited to individuals with more advanced stages of MS,
potentially limiting the generalizability of the findings to those living with
other chronic diseases.

It is also important to note that the individual steps of the DACIA
framework may not hold the same significance for certain applications and
studies, particularly those that do not involve interventions. While we
believe the DACIA framework adequately addresses important study design
and conduct decisions relevant for digital biomarker development, we
cannot rule out the possibility that certain studies may demand additional
considerations beyond the scope of the framework. Therefore, further
refinements and real-world testing are advisable.

Nevertheless, the DACIA framework builds on substantial research,
data from wearable sensors and valid survey instruments, practical
experience in conducting various digital health studies that use sensor
measurements from wearables, and teaching experience with medical stu-
dents. As such, we consider the framework to be well-grounded and
reflective of real-world challenges in such studies, which can be informative
for future research and teaching.

Opverall, this paper outlines a set of important lessons learned for
transforming wearable sensor data to digital biomarkers. The DACIA
framework was developed as a crosscut between the lessons learned, which
were summarized into five key steps of digital biomarker development and
adapted based on student feedback. It highlights important elements to be
considered when using wearable sensor data as digital biomarkers and
provides practical guidance for future research and teaching. Our findings
are applicable beyond MS and aim to inform any related digital health
study for chronic disease management. As the popularity and use of
wearables continuous to grow, our work provides an important first step
towards the systematic and transparent development of meaningful
digital biomarkers.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Received: 2 November 2023; Accepted: 29 May 2024;
Published online: 18 June 2024

References

1. Steinhubl, S. R., Muse, E. D. & Topol, E. J. Can mobile health
technologies transform health care? JAMA 310, 2395-2396 (2013).

2. Cilli, E., Ranieri, J., Guerra, F., Ferri, C. & Di Giacomo, D. Naturalizing
digital and quality of life in chronic diseases: systematic review to
research perspective into technological advancing and personalized
medicine. Digit. Health 8, 20552076221144857 (2022).

3. Bonato, P. Advances in wearable technology and its medical
applications. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. IEEE Eng.
Med. Biol. Soc. Annu. Int. Conf. 2010, 2021-2024 (2010).

4. Daniore, P., Nittas, V. & von Wyl, V. Enroliment and retention of
participants in remote digital health studies: scoping review and
framework proposal. J. Med. Internet Res. 24, €39910 (2022).

5. Lu, L. et al. Wearable health devices in health care: narrative
systematic review. JMIR MHealth UHealth. 8, €18907 (2020).

6. Stern, A. D. et al. Advancing digital health applications: priorities for
innovation in real-world evidence generation. Lancet Digit. Health 4,
€200-e206 (2022).

7. Vasudevan, S., Saha, A., Tarver, M. E. & Patel, B. Digital biomarkers:
convergence of digital health technologies and biomarkers. Npj Digit
Med. 5, 1-3 (2022).

npj Digital Medicine | (2024)7:161



https://doi.org/10.1038/s41746-024-01151-3

Perspective

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Jones, M. & Johnston, D. Understanding phenomenain the real world:
the case for real time data collection in health services research. J.
Health Serv. Res. Policy 16, 172-176 (2011).

Coravos, A., Khozin, S. & Mandl, K. D. Developing and adopting safe
and effective digital biomarkers to improve patient outcomes. Npj
Digit Med. 2, 1-5 (2019).

Motahari-Nezhad, H. et al. Digital biomarker—based studies: scoping
review of systematic reviews. JMIR MHealth UHealth. 10, 35722 (2022).
Dillenseger, A. et al. Digital biomarkers in multiple sclerosis. Brain Sci.
11, 1519 (2021).

Wortley, D., An, J. Y. & Nigg, C. Wearable technologies, health and
well-being: a case review. Digit Med. 3, 11 (2017).

Goldsack, J. C., Dowling, A. V., Samuelson, D., Patrick-Lake, B. &
Clay, |. Evaluation, acceptance, and qualification of digital measures:
from proof of concept to endpoint. Digit Biomark. 5, 53-64 (2021).
Dunn, J. et al. Wearable sensors enable personalized predictions of
clinical laboratory measurements. Nat. Med. 27, 1105-1112 (2021).
Food and Drug Administration (FDA). Digital Health Technologies for
Remote Data Acquisition in Clinical Investigations. Published (2023).
Accessed January 14, 2024. https://www.fda.gov/regulatory-
information/search-fda-guidance-documents/digital-health-
technologies-remote-data-acquisition-clinical-investigations.
Goldsack, J. C. et al. Verification, analytical validation, and clinical
validation (V3): the foundation of determining fit-for-purpose for
Biometric Monitoring Technologies (BioMeTs). Npj Digit Med. 3,
1-15 (2020).

General Practice and the Community: Research on health service,
quality improvements and training. Selected abstracts from the
EGPRN Meeting in Vigo, Spain, 17-20 October 2019. Eur. J. Gen.
Pract. 26, 42-50 (2020).

Polhemus, A. et al. Methodological heterogeneity biases physical
activity metrics derived from the Actigraph GT3X in multiple sclerosis:
A rapid review and comparative study. Front Rehabil. Sci. 3 (2022).
Accessed August 29, 2023. https://www.frontiersin.org/articles/10.
3389/fresc.2022.989658.

Borges do Nascimento, I. J. et al. Barriers and facilitators to utilizing
digital health technologies by healthcare professionals. Npj Digit Med.
6, 1-28 (2023).

Kaufmann, M. et al. A framework for estimating the burden of chronic
diseases: design and application in the context of multiple sclerosis.
Front. Neurol. 10 (2019). Accessed October 4, 2023. https://www.
frontiersin.org/articles/10.3389/fneur.2019.00958.

Reich, D. S., Lucchinetti, C. F. & Calabresi, P. A. Multiple sclerosis. N.
Engl. J. Med. 378, 169-180 (2018).

von Wyl, V. Barriers to Physical Activity in People With MS (Barrieren
Fiir Kérperliche Aktivitdt Bei MS-Betroffenen - BarKA-MS) - A
Longitudinal Observational Study. clinicaltrials.gov; 2021. Accessed
February 26, 2023. https://clinicaltrials.gov/ct2/show/NCT04746807.
Lu, Z. et al. Implementation of remote activity sensing to support a
rehabilitation aftercare program: observational mixed methods study
with patients and health care professionals. JMIR MHealth UHealth.
11, e50729 (2023).

Sieber, C. et al. Feasibility and scalability of a fitness tracker study:
Results from a longitudinal analysis of persons with multiple sclerosis.
Front Digit. Health 5, 1006932 (2023).

Polhemus, A. et al. Non-equivalent, but still valid: establishing the
construct validity of a consumer fitness tracker in persons with
multiple sclerosis. PLOS Digit Health 2, 0000171 (2023).

Sieber, C. et al. Exploring the major barriers to physical activity in
persons with multiple sclerosis: observational longitudinal study.
JMIR Rehabil. Assist Technol. 11, 52733 (2024).

Fitabase - Research Device Data and Analytics. Accessed August 30,
2023. https://www.fitabase.com/.

Fitbit Inspire 2 manual. Accessed October 12, 2023. https://help.fitbit.
com/manuals/manual_inspire_2_en_US.pdf.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Koch-Henriksen, N. & Sgrensen, P. S. The changing demographic
pattern of multiple sclerosis epidemiology. Lancet Neurol. 9,
520-532 (2010).

Moore, P. et al. Demographic and clinical factors associated with
changes in employment in multiple sclerosis. Mult. Scler. J. 19,
1647-1654 (2013).

Andersson, P. B., Waubant, E., Gee, L. & Goodkin, D. E. Multiple
sclerosis that is progressive from the time of onset: clinical
characteristics and progression of disability. Arch. Neurol. 56,
1138-1142 (1999).

Kayes, N. M. et al. Exploring the facilitators and barriers to
engagement in physical activity for people with multiple sclerosis.
Disabil. Rehabil. 33, 1043-1053 (2011).

McGuigan, C. & Hutchinson, M. Confirming the validity and
responsiveness of the Multiple Sclerosis Walking Scale-12 (MSWS-
12). Neurology 62, 2103-2105 (2004).

Penner, |. et al. The Fatigue Scale for Motor and Cognitive Functions
(FSMC): validation of a new instrument to assess multiple sclerosis-
related fatigue. Mult. Scler. J. 15, 1509-1517 (2009).

Hobart, J., Lamping, D., Fitzpatrick, R., Riazi, A. & Thompson, A. The
Multiple Sclerosis Impact Scale (MSIS-29): a new patient-based
outcome measure. Brain 124, 962-973 (2001).

Perez, M. V. et al. Large-scale assessment of a smartwatch to identify
atrial fibrillation. N. Engl. J. Med. 381, 1909-1917 (2019).

Daniore, P., Nittas, V., Gille, F. & von Wyl, V. Promoting participation in
remote digital health studies: an expert interview study. Digit Health 9,
20552076231212063 (2023).

Nittas, V., Daniore, P., Chavez, S. J. & Wray, T. B. Challenges in
implementing cultural adaptations of digital health interventions.
Commun. Med. 4, 1-5 (2024).

Meng, Y. et al. A machine learning approach to classifying self-
reported health status in a cohort of patients with heart disease using
activity tracker data. IEEE J. Biomed. Health Inform. 24,

878-884 (2020).

Liang, Z. & Chapa-Martell, M. A. Accuracy of Fitbit wristbands in
measuring sleep stage transitions and the effect of user-specific
factors. JMIR MHealth UHealth. 7, e13384 (2019).

Mikkelsen, M. L. K. et al. Estimating physical activity and sedentary
behaviour in a free-living environment: acomparative study between
Fitbit Charge 2 and Actigraph GT3X. PLOS One. 15, e0234426
(2020).

Shcherbina, A. et al. Accuracy in wrist-worn, sensor-based
measurements of heart rate and energy expenditure in a diverse
cohort. J. Pers. Med. 7, 3 (2017).

Shin, G. D. Investigating the impact of daily life context on physical
activity in terms of steps information generated by wearable activity
tracker. Int. J. Med Inf. 141, 104222 (2020).

Oliva Ramirez, A. et al. Prevalence and burden of multiple sclerosis-
related fatigue: a systematic literature review. BMC Neurol. 21,

468 (2021).

Li, I. Personal informatics & context: Using context to reveal factors
that affect behavior. J. Ambient Intell. Smart Environ. 4, 71-72 (2012).
Dobson, R. et al. Use of consumer wearables in health research:
issues and considerations. J. Med Internet Res. 25, 52444 (2023).
Lederer, L. et al. The importance of data quality control in using Fitbit
device data from the All of us research program. JMIR MHealth
UHealth. 11, 45103 (2023).

Fallow, B. A, Tarumi, T. & Tanaka, H. Influence of skin type and
wavelength on light wave reflectance. J. Clin. Monit. Comput. 27,
313-317 (2013).

Hicks, J. L. et al. Best practices for analyzing large-scale health data
from wearables and smartphone apps. Npj Digit Med. 2, 1-12 (2019).
Huckvale, K., Venkatesh, S. & Christensen, H. Toward clinical digital
phenotyping: a timely opportunity to consider purpose, quality, and
safety. Npj Digit Med. 2, 88 (2019).

npj Digital Medicine | (2024)7:161


https://www.fda.gov/regulatory-information/search-fda-guidance-documents/digital-health-technologies-remote-data-acquisition-clinicalinvestigations
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/digital-health-technologies-remote-data-acquisition-clinicalinvestigations
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/digital-health-technologies-remote-data-acquisition-clinicalinvestigations
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/digital-health-technologies-remote-data-acquisition-clinicalinvestigations
https://www.frontiersin.org/articles/10.3389/fresc.2022.989658
https://www.frontiersin.org/articles/10.3389/fresc.2022.989658
https://www.frontiersin.org/articles/10.3389/fresc.2022.989658
https://www.frontiersin.org/articles/10.3389/fneur.2019.00953
https://www.frontiersin.org/articles/10.3389/fneur.2019.00953
https://www.frontiersin.org/articles/10.3389/fneur.2019.00953
https://clinicaltrials.gov/ct2/show/NCT04746807
https://clinicaltrials.gov/ct2/show/NCT04746807
https://www.fitabase.com/
https://www.fitabase.com/
https://help.fitbit.com/manuals/manual_inspire_2_en_US.pdf
https://help.fitbit.com/manuals/manual_inspire_2_en_US.pdf
https://help.fitbit.com/manuals/manual_inspire_2_en_US.pdf

https://doi.org/10.1038/s41746-024-01151-3

Perspective

51. Voigt, I. et al. Digital twins for multiple sclerosis. Front Immunol. 12,
(2021). Accessed November 1, 2023. https://www.frontiersin.org/
articles/10.3389/fimmu.2021.669811.

52. Manta, C., Patrick-Lake, B. & Goldsack, J. C. Digital measures that
matter to patients: a framework to guide the selection and
development of digital measures of health. Digit Biomark. 4,

69-77 (2020).

53. Bent, B. et al. The digital biomarker discovery pipeline: an open-
source software platform for the development of digital biomarkers
using mHealth and wearables data. J. Clin. Transl. Sci. 5, e19
(2021).

54. May, C. R. et al. Development of a theory of implementation and
integration: normalization process theory. Implement Sci. 4,29 (2009).

Acknowledgements

The authors sincerely thank the participants in the Barrieren fUr kdrperliche
Aktivitat bei Multiple Sklerosis-Betroffenen (Barriers to Physical Activity in
People With Multiple Sclerosis) study who dedicated their time to support
multiple sclerosis research. The authors also thank Ramona Sylvester and
Dr. Jan Kool for their invaluable feedback from their on-site experiences with
the BarKA-MS study. The authors also thank the researchers who con-
ducted all the studies that informed this paper, including Dr. Chloé Sieber,
Dr. Ziyuan Lu, Yves Rutishauser and Gabriela Morgenshtern. Lastly, the
authors thank Dr. Sarah Haile and Andreas Baumer for their assistance with
the revision of the previous version of this paper. This study was funded by
the Digital Society Initiative.

Author contributions

V.V.W. and P.D. conceptualized and wrote the first version of this paper, and
revised the final version of this paper. V.V.W. additionally provided relevant
input and feedback that informed the content of this paper. V.N. assisted
with the conceptualization of the first version of this paper, and revised and
approved the final version of this paper. V.V.W., C.H., and R.G. conducted
the BarKA-MS study that informed this paper. C.H., J.B., and R.G. provided

relevant input and feedback that informed the content of this paper, and
revised and approved the final version of this paper.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41746-024-01151-3.

Correspondence and requests for materials should be addressed to
Viktor von Wyl.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

npj Digital Medicine | (2024)7:161


https://www.frontiersin.org/articles/10.3389/fimmu.2021.669811
https://www.frontiersin.org/articles/10.3389/fimmu.2021.669811
https://www.frontiersin.org/articles/10.3389/fimmu.2021.669811
https://doi.org/10.1038/s41746-024-01151-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	From wearable sensor data to digital biomarker development: ten lessons learned and a framework proposal
	The BarKA-MS study program
	Lessons learned from BarKA-MS
	Early study�design
	Lesson 1: Aligning study goals and technology
	Lesson 2: Aligning measurement and outcome assessment timeframes
	Lesson 3: Defining the role of wearables
	Study execution
	Lesson 4: Combining passive monitoring with actively collected data
	Lesson 5: Maintaining and supporting participant compliance
	Data analysis
	Lesson 6: Defining appropriate data aggregation�level
	Lesson 7: Contextualizing sensor measurements
	Lesson 8: Discerning signal from�noise
	Data interpretation
	Lesson 9: Choosing internal and external benchmarks
	Lesson 10: Deriving clear actions

	The DACIA framework to inform planning of wearable sensor data use in healthcare research, management and teaching
	Feedback loops in the DACIA framework (orange box, informed by lessons 4, 7, 8, and�10)

	Discussion
	The DACIA framework in the context of current guidance
	Implication for future studies
	Strengths and limitations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




