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About me
Jakob E. Bardram
• Professor in Digital Health at DTU Health Tech

– background in computer science, economics, and psychology
– University of Aarhus (AU) & University of California at Irvine (UCI)

• Professor at AU and ITU before joining DTU in 2015
• Primary teaching & research areas

– programming & software architecture (object-oriented)
– data analysis (AI/ML)
– medical informatics – electronic patient records, clinical logistics, standards
– mobile health – psychiatry, neurology, diabetes, cardiology

• Entrepreneur
– co-founder of 4 companies – e.g., Cetrea A/S and Monsenso A/S
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www.bardram.net

http://www.bardram.net/
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Digital Health at DTU Health Tech
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Biocompatible and flexible electronics for 
wearable and implantable sensor technology#1

#2 Biomedical signal processing and 
health data science

#3 Personalized health technology and 
digital phenotyping
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Outline
DIGITAL PHENOTYPING
• Digital Phenotyping
• Digital Biomarkers

COPENHAGEN RESEARCH PLATFORM (CARP)
• Components
• Data collection | Devices | PRO | Cognition

CASES
• Psychology
• Psychiatry
• Neurology
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Digital Phenotyping
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Digital Phenotyping
• Continuous

– 24/7, longitudinal, everywhere
• Ambulatory

– “in-the-wild”, at home, daily life, ...
• Unobtrusive

– consumer / everyday technology
– mobile & wearable sensing

• Large N’s
– large-scale deployment
– “cheap” technology

• Inference & Insights
– behavior, cognition, health, ...
– based on health data science (AI/ML)

• JP Onnela & SL Rauch (2016).  Harnessing Smartphone-Based Digital 
Phenotyping to Enhance Behavioral and Mental Health. 
Neuropsychopharmacology. 41(7): 1691–1696.

• SH Jain, BW Powers, JB Hawkins & JS Brownstein (2015). The digital 
phenotype. Nat Biotech, 33(5), 462–463. 

• TR Insel (2017). Digital phenotyping: Technology for a new science of 
behavior. JAMA, 318(13),  1215–1216. 

DIGITAL PHENOTYPE

Phone 
Sensors

Health 
Sensors

Phone 
Interaction

Voice & 
Speech App UsageEMA

BIOSIGNALS
- Glucose
- Blood pressure
- Weight
- …

COGNITION
- Reaction time
- Attention
- Memory
- …

BEHAVIOR
- Physical Activity
- Location
- Social Activity
- … 

MEDICAL
- Diagnosis 
- Medicine
- Mood
- …
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Kourtis, L. C., Regele, O. B.,  Wright, J. M.,  & Jones, G. 
B. (2019). Digital biomarkers for Alzheimer’s disease: 
the mobile/wearable devices opportunity. NPJ digital 
medicine, 2(1), 9.
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Biomarkers & Digital Biomarkers
• Biomarker [1]

– a defined characteristic 
– that is measured as an indicator of normal biological processes, pathogenic processes, or biological responses 

to an exposure or intervention, including therapeutic interventions

– e.g., blood pressure

• Digital biomarker [2]

– a characteristic or set of characteristics
– collected from digital health technologies, 
– that is measured as an indicator of normal biological processes, pathogenic processes, or responses to an 

exposure or intervention, including therapeutic interventions. 

– e.g., location entropy extracted from the phone’s GPS as an early indicator of depression
– e.g., cardiovascular features extracted from wearable devices to identify atrial fibrillation 
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1. U.S. Food and Drug Administration. Patient-Focused 
Drug Development: Collecting Comprehensive and 
Representative Input. Final guidance document.

2. Vasudevan, S., Saha, A., Tarver, M.E. et al. Digital 
biomarkers: Convergence of digital health technologies and 
biomarkers. npj Digit. Med. 5, 36 (2022).
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Copenhagen Research Platform – CARP

Large-scale data science platform for digital phenotyping and 
mobile health technology

• Open-source programming framework
– components & frameworks for the design of mHealth 

applications
– used to create disease-specific solutions
– developed and shared with research & industry partners (open 

source)

• “Out-of-the-Box” Study Hosting
– CARP instance hosted @DTU Computerome (HPC)
– GDPR compliant for Danish researchers
– configurable study setup
– standard participant phone app
– large-scale analysis of data
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carp.dk
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CARP Components
CARP Core
- domain model and standards

CARP Mobile Sensing (CAMS)
- mobile & wearable sensing framework

CARP Research Package
- informed consent & survey framework

CARP Cognition Package
- cognitive test framework incl. 14 pre-made tests
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CARP Web Services (CAWS)
- cloud-based infrastructure for data management
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Data Collection
Physiological

– weight, height, ...
– ECG, HR, HRV, blood pressure...
– Blood glucose

Behavioral
– physical activity (steps, movement, ...)
– social activity (communication, calendar, messaging, ...)
– phone usage (screen, connectivity, ...)

Contextual
– location (geo-position, geofence, ...)
– weather, air quality

Patient-Reported
– surveys
– ecological momentary assessments (EMA)
– audio & video

Cognition
– 8 Neurocognitive domains 
– 14 validated gold-standard cognitive tests

13
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Plug-in Model for Devices
• Movisens (activity, ECG, EDA)

• Nokia Bell Labs eSense (noise, activity)

• Polar Sense & H10 (HR/ECG)

• Empatica E4 (HR, GSR, activity)

• Dexcom (CGM)

• Apple Health
• Google Health Connect

• Dexcom (CGM)

• Garmin (activity, sleep, HR, ...)

• Fitbit (activity, sleep, HR, BP, ECG, weight, 

• Withings (activity, sleep, HR, BP, ECG, weight, ...)
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Patient Reported Data (PRO)
• Informed Consent

• Questionnaires / Surveys
• Ecological Momentary Assessment (EMA)

• Image Capture
• Audio Recording
• Video Recording
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Cognition
• 14 validated gold-standard cognitive tests

• 8 Neurocognitive domains
– Sensation
– Perception
– Motor skills and construction
– Attention and concentration
– Memory
– Executive functioning
– Processing speed
– Language and verbal skills Multiple Object 

Tracking

Picture 
Sequence 
Memory

Visual Array 
Change
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“CARP Studies” App (standard, out-of-the box)

• Triggering of user tasks
– surveys, cognitive tests, EMAs, ...
– notifications

• Sensor data collection
– on-board mobile sensing
– wearable devices 

• Informed Consent (eConsent)
• On-going study information
• Internationalization (DA, EN, ES, FR, ...)
• Cross-platform (Android & iOS)
• Infrastructure-independent (upload data to any backend server)
• Available in Apple & Google App Stores
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Clinical Outcome Assessment / Digital Biomarker
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Clinical Outcome Assessment / Digital Biomarker
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Vasudevan, S., Saha, A., Tarver, M.E. et al. Digital biomarkers: 
Convergence of digital health technologies and 
biomarkers. npj Digit. Med. 5, 36 (2022).
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Digital Phenotyping in Neuroscience

#3

MONARCA – Digital Biomarkers 
in Bipolar Disorder#1

Neuropathy Tracker – Assessment 
of Neuropathy

21

ICAT – Internet-based Cognitive 
Assessment#2
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MONARCA Project
• Bipolar disorder (manio-depressive)
• EU STREP project | 2010-2014 | 13 partners 
• Copenhagen team

– Psychiatric Center Copenhagen (RegionH)
– IT University of Copenhagen

• MONARCA system
– Self-assessment – mood | sleep | stress | medicine | …
– Auto-assessment – physical activity | mobility | social activity | phone usage
– Feedback – visualizations | medication | actions-to-take | triggers | early-

warning-signs | impact factors
– Mood forecast – predict mood for next 5 days
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Bardram, J. E., Frost, M., Szántó, K., Faurholt-Jepsen, M., Vinberg, M., & Kessing, 
L. V. (2013, April).  Designing mobile health technology for bipolar disorder:  a f ield 
trial of the MONARCA system. In Proceedings of the SIGCHI conference on human 
factors in computing systems (pp. 2627-2636).
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Double Loop

24

JE Bardram, MM Frost (2018). Double-loop health 
technology: enabling socio-technical design of personal 
health technology in clinical practice. In Designing Healthcare 
That Works (pp. 167-186). Academic Press.
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Clinical Validation
• Clinical STUDY

– N=61 | 6 m | 19 m  
– HDRS-17 (depression) and YMRS (manic)
– 400+ clinical ratings (monthly)

• RESULTS
– significant correlations between self-rated mood and  HDRS & 

YMRS
– significant correlations between social activity and clinical 

ratings on both HDRS & YMRS
• especially when grouping into ‘affective states’ (3 states)
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M Faurholt-Jepsen, M Vinberg, M Frost,  EM Christensen, JE Bardram, LV 
Kessing. Smartphone data as an electronic biomarker of illness act ivity in bipolar 
disorder. Bipolar Disorders. 17(1): 2015
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Classification Affective Disorders from Mobility Patterns
• Classification of affective disorders based on mobility 

patterns
– bipolar disorder (mania-depression)
– unipolar disorder (depression)

• T = 6 months
• N = 65 (BD) | N = 75 (UD)

• Mobility Features
– no. stops
– duration stops
– ...
– location entropy
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M Faurholt-Jepsen, J Busk,  DA Rohani, M Frost, M Tønning, JE Bardram, LV Kessing (2022). Differences in mobility 
patterns according to machine learning models in patients with bipolar disorder and patients with unipolar 
disorder. Journal of Affective Disorders, 306, 246-253.
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Classification – Voice & Mood (2016 & 2021)
Collection of voice features in naturalistic setting

– N=180 | 972 days 
– clinical rating :: HDRS-17 (depression) and YMRS (manic)
– openSMILE (emolarge)

Classification results (user-specific models), accuracy (SD)
– depressive state : 70% (0.16)
– manic state : 75% (0.16)
– HC vs. bipolar : 79% (0.11)

M Faurholt-Jepsen, DA Rohani, J Busk, M Vinberg, JE Bardram, LV Kessing (2021). 
Voice analyses using smartphone-based data in patients with bipolar disorder, 
unaffected relatives and healthy control individuals, and during different affective 
states. International Journal of Bipolar Disorders, 9, 1-13.

M Faurholt-Jepsen, J Busk, M Frost, M Vinberg, EM Christensen, O Winther, JE 
Bardram, LV Kessing (2016,). Voice analysis as an objective state marker in bipolar 
disorder. Transl Psychiatry. Macmillan Publishers Limited. 
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Digital Phenotyping in Neuroscience

#3

MONARCA – Digital Biomarkers 
in Bipolar Disorder#1

Neuropathy Tracker – Assessment 
of Neuropathy
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ICAT – Internet-based Cognitive 
Assessment#2
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ICAT – Internet-based Cognitive 
Assessment Tool
• Based on the Screen for Cognitive Impairment (SCIP) 

in Psychiatry
– clinically administered
– paper-based & manual scoring

• ICAT Vision
– patient self-administered
– large-scale deployment (national screening)
– useful across many health domains 

• ICAT Technology
– browser-based (scalable)
– automatic speech recognition & scoring
– study & participant management using CARP

30

Hafiz, P., Miskowiak, K. W., Kessing, L. V., Jespersen, A. E., Obenhausen, K., 
Gulyas, L., ... & Bardram, J. E. (2019). The internet-based cognitive assessment 
tool: system design and feasibility study. JMIR formative research, 3(3).
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Validation Study
• Study

– 35 HC | 35 BD
– SCIP vs. ICAT
– in-clinic assessment 
– validation | speech recognition accuracy | usability

• Results
– scores : ρ = 0.72, p < 0.01
– speech : ρ = 0.91, p < 0.01
– usability : M=4.1 (SD=0.5) on PSSUQ scale (5 is max)

31

Miskowiak, K. W., Jespersen, A. E., Obenhausen, K., Hafiz, P., Hestbæk, E., 
Gulyas, L., . .. & Bardram, J. E. (2021). Internet-based cognitive assessment 
tool: sensitivity and validity of a new online cognition screening tool for 
patients with bipolar disorder. Journal of Affective Disorders, 289, 125-134.
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Digital Phenotyping in Neuroscience

#3

MONARCA – Digital Biomarkers 
in Bipolar Disorder#1

Neuropathy Tracker – Assessment 
of Neuropathy

32

ICAT – Internet-based Cognitive 
Assessment#2



Technical University of Denmark (c) Jakob E. Bardram – www.bardram.net

Neuropathy Tracker
• Peripheral neuropathy

– common complication of diabetes or cancer treatment 
– early detection and treatment are crucial
– done in the clinic using paper-and-pen tool(s)

• Vision
– patient-administered, “at-home” assessment
– screening | diagnosis | treatment monitoring
– early detection

• Technology
– “Custom” designed and implemented using the CARP 

software components
– Using patients’ own phones and accessories 

33

Bardram, J. E., Westermann, M., Makulec, J.  G., & Ballegaard, M. 
(2025).  The Neuropathy Tracker—A mobile health applicat ion for 
ambulatory and self-administred assessment of neuropathy. PLOS 
Digital Health, 4(2).
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User-Centered Design
• involving neurologists, patients, and healthy 

subjects
• ensuring a high degree of clinical validity and 

usability

Bardram, J. E., Westermann, M., Makulec, J.  G., & Ballegaard, M. 
(2025).  The Neuropathy Tracker—A mobile health applicat ion for 
ambulatory and self-administred assessment of neuropathy. PLOS 
Digital Health, 4(2).
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Feasibility Study
• Comparing to “Golden Standard”

– Total Neuropathy Score clinical (TNSc) done by clinician
• N=17 neuropathy patients
• Self-assessment in the clinic

• Results
– ρ = 0.86, p < 0.05
– Bland-Altman Plot (16 w/i LoA)
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Bardram, J. E., Westermann, M., Makulec, J.  G., & Ballegaard, M. 
(2025).  The Neuropathy Tracker—A mobile health applicat ion for 
ambulatory and self-administred assessment of neuropathy. PLOS 
Digital Health, 4(2).
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Digital Phenotyping in Neuroscience

#3

MONARCA – Digital Biomarkers 
in Bipolar Disorder#1

Neuropathy Tracker – Assessment 
of Neuropathy
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ICAT – Internet-based Cognitive 
Assessment#2



Interested in Digital Phenotyping and 
using CARP as part of a research project? 

Just reach out...
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Questions?

Funding Acknowledgement
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