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Walk, talk, think, see and feel: harnessing
the power of digital biomarkers in

healthcare

Dylan Powell

®| Check for updates

The critical role of biomarkers

A key pillar of healthcare’s journey towards precision medicine has been the
proliferation and development of biomarkers to detect, monitor and
manage disease. Over the last fifty years, healthcare has seen a rapid accel-
eration in the discovery of traditional biomarkers for a variety of conditions,
including cancer, namely Carcinoembryonic antigen (CEA), and in the
1980s, CA15-3 for breast cancer' (Fig. 1).

Biomarkers remain a crucial source of data and insight for early
detection and diagnosis, assessing the response of treatment and
prognosis"’. However, with both the complexity and increasing demands
for healthcare, research is increasingly exporting novel opportunities that
augment and build upon traditional biomarker approaches™.

Progressing to digital biomarkers

‘Digital Biomarkers’ (DBx) have emerged as a promising paradigm in
healthcare to aid the diagnosis, monitoring, and treatment of various health
conditions.

The opportunity has been enabled partly due to a rapid increase in the
volume, velocity and variety of data collected (images, text, audio and video).
This has coincided with advancements in microengineering and minia-
turisation of electronics, leading to the instrumentation of everyday objects,
commonly referred to as the ‘internet of things”. In turn, various industries,
including medicine, have adopted such approaches, leading to a further
increase in the breadth of readily collectable data from wearable and digital
technologies.

This article explores the potential of common digital biomarkers and
their associated characteristics of health, namely, physical function (walk),
speech and acoustics (talk), cognitive (think), visual (see) and wellbeing or
symptoms (feel).

Moving from ambition to impact: why we need to embrace
‘multimodality’
At present, digital biomarker development and commercialisation is frag-
mented, with various research groups working on individual diseases or
impairment types. There is considerable optimism, interest, and develop-
ment, but there is a need to move from ambition to impact and to provide
‘value’ for patients. To achieve this, more attention must be paid to inte-
grating and fusing multimodal data sources. Monitoring one impairment is
unlikely to reveal optimal insights for the diagnosis or monitoring of
complex traits or conditions (e.g., Dementia). By integrating digital bio-
markers with complementary data sources, such as ‘omics’ data (multi-
omics), we can usher in a new era of precision medicine guided by deep
phenotyping and endotyping™.

This fusion is likely to provide richer insights on disease and has the
potential to unearth unique phenotypes or signatures that would allow
comparison within groups or pathological cohorts. Here we suggest the

term digital biomarker ‘fingerprints’ (DBfx) to encapsulate the integration
and fusion of multimodal data.

What challenges might lie ahead?

The advent of digital measurements has opened up new avenues for com-
prehensively assessing health and wellness, enabling the detection of subtle
changes that may aid in diagnosis and prognosis. However, to fully realise
these benefits, there are a number of difficult challenges to navigate.

Ensuring diverse and representative datasets. While digital bio-
markers offer much promise, those developing these approaches need to be
mindful not to widen existing health inequalities. One challenge within
existing data is the significant reliance on homogenous data sets used to
train and benchmark new products or methods of analysis. Indeed despite
considerable validation work within consumer grade wearables, it has been
highlighted only a small handful of studies that examine the impact of skin
tone on accuracy rates directly”®. This has raised concern that there may be
significant inaccuracies within data, which may be limiting accurate
health-related information for individuals with darker skin tones-
exacerbating existing structural health inequalities. There is also emerging
evidence that pulse oximeters may have increased error rates based on skin
tone differences by devices in response to changes in activity’.

Overall, a renewed focus on increasing the diversity of data will yield
much richer data sets and improve the health equity of digital biomarker.

Navigating the ‘drawbacks of dimensionality’. While biomarkers pro-
vide clear opportunity and increased dimensionality of data sources, the
increased array of sensors and, thus, data capture needs to be carefully
considered against the broader healthcare aims, including sustainability
and societal heuristics or behaviours displayed the public. Al is likely to aid
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BIOMARKER: A defined characteristic that is measured as an indicator of
normal biological processes, pathogenic processes or responses to an exposure
or intervention.*

=
0
DIGITAL BIOMARKER: Characteristic or set of characteristics, collected from

digital health technologies, that is measured as an indicator of normal
biological processes *
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DIGITAL BIOMARKER ‘FINGERPRINT’: an ‘impression’ or unique signature of
a defined healthcare characteristic, made by the integration of various digital
biomarkers.

Fig. 1 | Defining biomarkers with a suggested definition for a digital biomarker
‘fingerprint’. Parts of this figure utilises photos from Stirling University Brand Bank
(https://www.stir.ac.uk/brand-bank/visual-assets/) all licensed under CC BY-SA.
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WHERE CAN WE ‘CAPTURE’ DIGITAL BIOMARKERS?
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Walking is an essential part of daily life and can be indicative
of various health conditions and it has been described as the ‘functional’ vital sign ©. With gait
abnormalities often present in patients with neurological disorders or cognitive decline.
Wearable devices, such as smartwatches and instrumented garments, shoes or insoles, can
track a patient's gait, and speed alongside other measures providing real-time feedback.

SPEECH AND ACOUSTIC: Speech and vocal characteristics have long been used as
indicators of general physical function and health, including stroke or dementia.>® For
example, a smartphone app that analyses a patient's voice can detect changes in pitch, tone
and speed aiding in diagnosis & monitoring of Parkinson's disease. This technology is now
applied in other conditions, including Motor Neurone Disease.

COGNITIVE : There is growing evidence for the use of cognitive digital biomarkers as a
proxy for cognitive function. Harnessing principles from human computer interaction,
research has shown that passive measures from smartphone use could be a continuous
ecological surrogate for laboratory-based neuropsychological assessment (working memory,
memory, executive function etc) %1°,

VISUAL: Monitoring eye movements, gaze fixation, and visual attention can be used to
diagnose and monitor conditions such as autism or traumatic brain injury. Research has found
that a simple model reliably predicts mental fatigue using just a few minutes of gaze data. By
analysing these digital biomarkers, healthcare providers can gain valuable insights into a
patient's visual health status, allowing for early detection and prompt treatment.

SYMPTOM AND MOOD: wearable devices that track heart rate variability, skin

or body can provide insights into a patient's stress levels, anxiety,

or depression. These devices can detect changes in a patient's mood or emotional state,

allowing healthcare providers to intervene before a crisis occurs . By analysing these digital

biomarkers, healthcare providers can improve patient outcomes and reduce healthcare costs
i with treating i and mental health disorders’2.

Fig. 2 | Exploring the range and scope of digital biomarkers. Parts of this figure
utilises photos from following authors, all licensed under CC BY-SA https://www.
stir.ac.uk/brand-bank/, https://thenounproject.com/icon/cognitive-3928976/,
https://thenounproject.com/icon/time-series-2046072/, https://thenounproject.

com/browse/icons/term/finger-print, Eye by Ian Anandara from https://
thenounproject.com/browse/icons/term/eye, Doctor by SANB from https://
thenounproject.com/browse/icons/term/doctor, Line Graph by Zach Bogart from
https://thenounproject.com/browse/icons/term/line-graph.

Fig. 3 | A new equation for healthcare: towards
digital biomarker ‘fingerprints’ (DBfx). Parts of o

fata)
this figure utilises photos from following authors, all social
licensed under CC BY-SA. https://www.stir.ac.uk/ L)

brand-bank/, https://thenounproject.com/icon/
cognitive-3928976/, https://www.stir.ac.uk/brand-
bank/, https://thenounproject.com/icon/cognitive-
3928976/, https://thenounproject.com/icon/time-
series-2046072/, finger print by Mister Pixel https://
thenounproject.com/browse/icons/term/finger-
print, Eye by Ian Anandara from https://
thenounproject.com/browse/icons/term/eye/.
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in the processing and understanding of complex data, however increas-
ingly there is broader ecosystem challenges that need to be addressed in
parallel. Just because ‘we can, doesn’t mean we should’ is an essential
reminder of frugality in the face of innovation. Increased ‘sensing’ and data
capture have potential unintended negative impacts of data junk, storage
and ultimately environmental impacts'’.

Authenticity, regulation and security. The pace and scale of change to
generative Artificial Intelligence (AI) provides unique opportunities
(integration of multimodal datasets) and challenges (verification, valida-
tion, explainability and regulation). Likewise, healthcare is increasingly

delivered within community and home settings, which offers many
potential social, economic and environmental benefits. The negatives of
this decentralised and consumer-first approach include exposure and
increased vulnerability to cyber threats or compromise of personal data.
These regulatory and security challenges require closer examination from
both digital biomarkers and digital health ecosystem lenses'*™"%.

Conclusion and next steps

The use of digital biomarkers in healthcare has the potential to revolutionise
the diagnosis, monitoring, and treatment of various health conditions.
Wearable devices, such as smartwatches, smartphones, and emerging
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intelligent sensors, are enabling this shift towards continuous monitoring of
patients outside of the clinical setting. By integrating this data, a more
complete picture of a patient’s overall health status can be gathered; the
fusion of different types of traditional and digital biomarkers may provide a
unique signature, termed here digital biomarker ‘fingerprint’(Fig. 2).

Moving forward, to ensure value and value for patients, clinicians and
health systems, the challenges of privacy, authenticity, equity and envir-
onmental sustainability must be carefully considered against the core and
principal quadruple aims (care, health, cost and meaning) of healthcare'
(Fig. 3).

Dylan Powell ®
Faculty of Health Sciences & Sport, University of Stirling, Stirling, UK.
e-mail: dylan.powell@stir.ac.uk

Received: 8 December 2023; Accepted: 18 January 2024;
Published online: 24 February 2024

References

1. Califf, R. M. Biomarker definitions and their applications. Exp. Biol. Med. 243, 213-221 (2018).

2. Powell, D., Gvozdanovic, A., Burnett, S., McKninnel, D. & Talibi, S. Digital biomarkers:
Navigating the path from ideation to impact through deep phenotyping in precision medicine.
Deloitte Insigts https://wwwz2.deloitte.com/uk/en/insights/industry/life-sciences/digital-
measurement-and-digital-biomarkers-are-the-future-of-healthcare.html (2023) https://doi.
org/10.13140/RG.2.2.22172.26248.

3. Robin, J. et al. Evaluation of speech-based digital biomarkers: review and recommendations.
Digit. Biomark. 4, 99-108 (2020).

4. Gershenfeld, N., Krikorian, R. & Cohen, D. The internet of things. Sci. Am 291, 76-81 (2004).

5. Razdan, S. & Sharma, S. Internet of Medical Things (IoMT): overview, emerging technologies,
and case studies. IETE Tech. Rev. 39, 775-788 (2022).

6. Jacobson, N. C. & Feng, B. Digital phenotyping of generalized anxiety disorder: using artificial
intelligence to accurately predict symptom severity using wearable sensors in daily life. Transl.
Psychiatry 12, 1-7 (2022).

7. Colvonen, P.J. Response to: investigating sources of inaccuracy in wearable optical heart rate
sensors. npj Digital Med. 4, 1-2 (2021).

8. Bent, B, Goldstein, B. A., Kibbe, W. A. & Dunn, J. P. Investigating sources of inaccuracy in
wearable optical heart rate sensors. npj Digital Med. 3, 1-9 (2020). 2020 3:1.

9. Sjoding, M. W., Dickson, R. P., lwashyna, T. J., Gay, S. E. & Valley, T. S. Racial bias in pulse
oximetry measurement. N Engl. J. Med. 383, 2477 (2020).

10. Powell, D. & Godfrey, A. Considerations for integrating wearables into the everyday healthcare
practice. npj Digital Med. 6 1-3 (2023).

11. Godfrey, A. et al. BioMeT and algorithm challenges: a proposed digital standardized evaluation
framework. IEEE J. Transl. Eng. Health Med. 8, 0700108 (2020).

12. 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).

13. Sikka, R., Morath, J. M. & Leape, L. The quadruple aim: care, health, cost and meaning in work.
BMJ Qual. Saf. 24, 608-610 (2015).

Author contributions
D.P developed the concept and wrote the first draught and amended the final version.

Competing interests
The author declares no competing interests. D.P. is a News & Views editor at npj Digital Medicine
and played no role in the internal review or decision to publish this News & Views article.

Additional information
Correspondence and requests for materials should be addressed to Dylan Powell.

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

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)7:45


http://orcid.org/0000-0003-1233-5468
http://orcid.org/0000-0003-1233-5468
http://orcid.org/0000-0003-1233-5468
http://orcid.org/0000-0003-1233-5468
http://orcid.org/0000-0003-1233-5468
mailto:dylan.powell@stir.ac.uk
https://www2.deloitte.com/uk/en/insights/industry/life-sciences/digital-measurement-and-digital-biomarkers-are-the-future-of-healthcare.html
https://www2.deloitte.com/uk/en/insights/industry/life-sciences/digital-measurement-and-digital-biomarkers-are-the-future-of-healthcare.html
https://www2.deloitte.com/uk/en/insights/industry/life-sciences/digital-measurement-and-digital-biomarkers-are-the-future-of-healthcare.html
https://doi.org/10.13140/RG.2.2.22172.26248
https://doi.org/10.13140/RG.2.2.22172.26248
https://doi.org/10.13140/RG.2.2.22172.26248
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Walk, talk, think, see and feel: harnessing the power of digital biomarkers in healthcare
	The critical role of biomarkers
	Progressing to digital biomarkers
	Moving from ambition to impact: why we need to embrace &#x02018;multimodality&#x02019;
	What challenges might lie�ahead?
	Ensuring diverse and representative datasets
	Navigating the &#x02018;drawbacks of dimensionality&#x02019;
	Authenticity, regulation and security

	Conclusion and next�steps
	References
	Author contributions
	Competing interests
	Additional information




