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Major Trends

Acute → Continuous
Hospitalization → Ambulatory & Home
Reactive → Pro-active & Preventive
Information Tech → Health Technology
Centralized → Pervasive
Sampling → Monitoring
Doctor-centric → Patient-centric
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JE Bardram. Pervasive Healthcare as a Scientific Discipline. 
Methods of Information in Medicine, 3(47):129-142, 2008.

Pervasive Healthcare as a Scientific Discipline 
J. E. Bardram 
IT University of Copenhagen, Copenhagen, Denmark 

Summary 
Objective: The OECD countries are facing a set of core 
challenges; an increasing elderly population; increasing 
number of chronic and lifestyle-related diseases; ex -
panding scope of what medicine can do; and increasing 
lack of medical professionals. Pervasive healthcare asks 
how pervasive computing technology can be designed 
to meet these challenges.  
The objective of this paper is to discuss ‘pervasive 
healthcare’ as a research field and tries to establish 
how novel and distinct it is, compared to related work 
within biomedical engineering, medical informatics, 
and ubiquitous computing. 
Methods: The paper presents the research questions, 
approach, technologies, and methods of pervasive 
healthcare and discusses these in comparison to those 
of other related scientific disciplines. 
Results: A set of central research themes are presented; 
monitoring and body sensor networks; pervasive 
 assistive technologies; pervasive computing for hospi-
tals; and preventive and persuasive technologies. Two 
projects illustrate the kind of research being done in 
pervasive healthcare. The first project is targeted at 
home-based monitoring of hypertension; the second 
project is designing context-aware technologies for 
 hospitals. Both projects approach the healthcare chal-
lenges in a new way, apply a new type of research 
method, and come up with new kinds of technological 
solutions.  
‘Clinical proof-of-concept’ is recommended as a new 
method for pervasive healthcare research; the method 
helps design and test pervasive healthcare technolo -
gies, and in ascertaining their clinical potential before 
large-scale clinical tests are needed. 
Conclusion: The paper concludes that pervasive health-
care as a research field and agenda is novel; it is ad-
dressing new emerging research questions, represents a 
novel approach, designs new types of technologies, and 
applies a new kind of research method. 

Keywords 
Pervasive healthcare, clinical proof-of-concept,  
research, method, pervasive computing,  
ubiquitous computing 

Methods Inf Med 2008; 47: 178–185 

doi:10.3414/ME9107

1.  Introduction 

This paper seeks to investigate whether 
‘pervasive healthcare’ as a research field is 
something new or is just a new label for 
existing researcha. In order to investigate 
this question, we need to consider what we 
mean with a ‘research field’ and what we 
mean by ‘new’. To narrow down the first 
question, there is a list of questions which 
we need to address, such as: 
● What are the challenges which are ad-

dressed by the field? 
● What are the core research questions? 

And why are these worth investigating? 
● Who will benefit and  /or be affected by 

the solutions? 
● What are the methods used to address the 

research questions? And how do we 
measure success? 

● What is the short-term, mid-term, and 
long-term impact of this research? 

● What types of results do we expect? 
What are the prototypical solutions? 

● How is the field related to – and distinct 
from – other research fields? 

●  And – what will happen if we do not do 
this research? 

 
These are very large and overreaching ques-
tions which are not easily answered. This 
paper will address these questions, but the 
real goal of the paper is also to introduce 
these questions and provide some direction 
for their answers for other to pick up on. 

The second question – what actually con-
stitutes something new – actually turned out 
to be a much harder question. Often a ‘new’ 
contribution is only recognized historically, 

i.e. when looking back in the history of 
ideas, one is able to recognize that a new 
idea emerged at a certain point in time. 
However, when you are in this point in time, 
it is often very difficult to see the novelty of 
the idea. The fact that the heliocentrism 
world view proposed by Galileo was not 
 recognized within his lifetime is a classic 
example. The Danish philosopher Søren 
Kierkegaard has said that “Life is lived for-
ward, but understood backwards”. To illus-
trate this paradox, we can think of cars. 
When we see a brand-new Ferrari, there is 
little doubt that this is a car; when we see a 
horse carriage from the 18th century, there 
is also little doubt that this is a horse car-
riage. However, when we see some of the 
first automobiles ever made, these look very 
much like a horse carriage equipped with a 
supplementary engine. Today we are not in 
doubt – these were the first examples of 
cars. In the time they were made, they were 
just carriages. My main argument is pre-
cisely that ‘pervasive healthcare’ is right 
now a horse carriage with a supplementary 
engine; right now it is difficult to see what is 
new, but I’m certain that when looking back 
in the years to come, ‘pervasive healthcare’ 
will be recognized as a new scientific 
 approach. This paper will try to evolve this 
argument. 

2.  Challenges, Questions,  
and Approach 
Pervasive healthcare [1] takes its outset in 
the rising health challenges that the OECD 
countries are facing in the near future. These 
challenges are well-known to many readers, 
and I will only summarize them hereb: a This paper is based on the keynote talk that I gave 

at the 2008 Conference on Pervasive Health in 
Tampere, Finland. The original title of the talk was 
“Is 'Pervasive Healthcare' old wine on a new bottle 
– or is it a real, but emerging, research discipline?” 
Slides from the talk can be found at SlideShare. 

b More details on these challenges and their relation 
to pervasive healthcare research are discussed by 
Kaye and Zitzelberger in [2]. 
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A change in our demography
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A change in hospitalisation and technology
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Key numbers 
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Withings
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One Drop
– glucose monitor (strip based)
– 24/7 expert support
– mobile/watch apps

(c) Jakob E. Bardram – www.bardram.net11
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Dexcom G6 CGM
– Continuous Glucose Monitoring (CGM)
– SmartPhone / SmartWatch
–Alerts
–Sharing

(c) Jakob E. Bardram – www.bardram.net12
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Definition of Personal Health Technology

•Two broad categories
–Professional Medical Devices

• targeted a specific disease / health 
• ‘prescribed’ by doctors => customer == clinicians
• strongly regulated – CE marked | FDA approved 

–Wellness and Consumer Health Technologies
• targeted general wellness and wellbeing
• ‘consumed’ by end-users => customer == 

consumers
• not regulated (CE | FDA)

•... but the lines are blurring

(c) Jakob E. Bardram – www.bardram.net13
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Apple Watch s5
• Workout

– move | exercise | stand
– running | swimming | gym | ...
– competing (social)

• Health
– HR | HRV | ECG
– AF detection
– cycle | stress | noise 
– glucose | food | ...
– fall detection | emergency

(c) Jakob E. Bardram – www.bardram.net14

12/05/2021, 09.53Healthcare - Apple Watch - Apple

Page 4 of 10https://www.apple.com/healthcare/apple-watch/

How the ECG app works.

ECG app.
With the ECG app on Apple Watch Series 4 or later, patients
who experience symptoms such as rapid or skipped heartbeat,
or receive the irregular rhythm notification, can capture an ECG
and record their symptoms. This real world data can enable you
to make more informed and timely decisions regarding further
evaluation and care.

The ECG app uses the electrical heart sensor built into the
Digital Crown and the back crystal of Apple Watch Series 4 or
later to record a single lead ECG similar to a Lead I ECG. The
ECG app then provides a result of sinus rhythm, atrial
fibrillation, atrial fibrillation with high heart rate, or poor
recording, and prompts the user to enter any symptoms such as
rapid or pounding heartbeat, dizziness, or fatigue. The
waveform, results, date, time, and any symptoms are recorded
and can be exported from the Health app as a PDF to share with
a clinician. If the patient notes symptoms that indicate a serious
condition, they are prompted to immediately call emergency
services.

The updated ECG app with additional rhythm classification
received 510(k) clearance from FDA for users 22 years or older.

Learn more about the ECG app

Learn about expanded use of the ECG app during the
COVID-19 pandemic (PDF)

#
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Validation of irregular rhythm
notification feature.
In 2017 and 2018, researchers at Stanford University School of Medicine worked with Apple to conduct the
Apple Heart Study on the detection of atrial fibrillation, a heartbeat irregularity that is a leading cause of
stroke and hospitalization. Over 400,000 Apple Watch users participated and helped validate the ability of
wearable technology to aid in the early detection of this condition, which often goes undiagnosed. And the
study led to the availability of the irregular rhythm notification that is now on Apple Watch.

See the results of the Apple Heart Study

Irregular rhythm
notifications.
The irregular rhythm notification
occasionally checks for signs of irregular
rhythms that may be suggestive of atrial
fibrillation (AFib). This feature wonʼt detect
all instances of AFib but may catch
something that can provide your patients
with an early indication that further
evaluation may be warranted.

Irregular rhythm notifications use the
optical heart sensor to detect the pulse
wave at the wrist and look for variability in
beat-to-beat intervals when the user is at
rest. If the algorithm repeatedly detects an
irregular rhythm suggestive of AFib, your
patient will receive a notification and the
date, time, and beat-to-beat heart rate will
be recorded in the Health app.

The irregular notification feature has been
granted De Novo classification by the FDA
for users 22 years and older in the U.S.
with no prior history of AFib.

Learn more about irregular rhythm
notifications #

$
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Fall Detection.
When a hard fall is detected with
Apple Watch Series 4 or later, an alert
appears and allows the user to easily call
emergency services or dismiss the alert. If
the user is unresponsive for about a
minute, an emergency call will be placed
automatically and a message will be sent
to the user s̓ emergency contacts. All falls
detected are recorded in the Health app.
This feature is automatically enabled for
users 55 years and older and can be
turned on for anyone in the Apple Watch
app on iPhone.

Learn more about Fall Detection #

Medical ID.
Medical ID allows first responders and
emergency room clinicians to access
critical medical information from a patient s̓
iPhone lock screen or Apple Watch without
requiring a passcode, and without
compromising patient privacy. Patients can
list important information such as allergies,
medications, conditions, organ donor
preferences, and emergency contacts by
setting up Medical ID in the Health app on
iPhone.

Learn more about accessing Medical ID on
Apple Watch #

U.S. Food & Drug Administration 
10903 New Hampshire Avenue  D o c  I D #  0 4 0 1 7 . 0 2 . 1 3  
Silver Spring, MD 20993  
www.fda.gov 

Apple Inc. 
℅ Donna-Bea Tillman 
Senior Consultant, Biologics Consulting Group 
Biologics Consulting Group, Inc. 
1555 King St, Suite 300 
Alexandria, Virginia 22314  

Re:  DEN180044 
Trade/Device Name:  ECG App 
Regulation Number:  21 CFR 870.2345 
Regulation Name:  Electrocardiograph software for over-the-counter use 
Regulatory Class:  Class II 
Product Code:  QDA 
Dated:  August 13, 2018 
Received:  August 14, 2018 

Dear Donna-Bea Tillman: 

The Center for Devices and Radiological Health (CDRH) of the Food and Drug Administration (FDA) has 
completed its review of your De Novo request for classification of the ECG App, an over-the-counter device 
under 21 CFR Part 801 Subpart C, with the following indications for use:  

The ECG app is a software-only mobile medical application intended for use with the Apple Watch 
to create, record, store, transfer, and display a single channel electrocardiogram (ECG) similar to a 
Lead I ECG. The ECG app determines the presence of atrial fibrillation (AFib) or sinus rhythm on a 
classifiable waveform. The ECG app is not recommended for users with other known arrhythmias. 

The ECG app is intended for over-the-counter (OTC) use. The ECG data displayed by the ECG app 
is intended for informational use only. The user is not intended to interpret or take clinical action 
based on the device output without consultation of a qualified healthcare professional. The ECG 
waveform is meant to supplement rhythm classification for the purposes of discriminating AFib from 
normal sinus rhythm and not intended to replace traditional methods of diagnosis or treatment. 

The ECG app is not intended for use by people under 22 years old. 

FDA concludes that this device should be classified into Class II.  This order, therefore, classifies the ECG 
App, and substantially equivalent devices of this generic type, into Class II under the generic name 
electrocardiograph software for over-the-counter use. 

FDA identifies this generic type of device as:  

4FQUFNCFS��������
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“The best way to 
predict the future is 
to invent it”

Allan Kay
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Main Findings from our Research

#1 – From passive to engaged citizens/patients

#2 – From reactive to proactive healthcare

19 (c) Jakob E. Bardram – www.bardram.net
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mCardia :: Detection of Atrial Fibrillation
• Cardiovascular diseases is the 1st cause of death and the 2nd leading disease burden (WHO)
• ECG monitoring is core to most CVD treatment
• Today

– in-clinic monitoring for short period (10 min)
– constrained Holter monitoring w. manual data upload
– no knowledge on “context” (physiological, behavioral, medical, cognitive, mental, ...)
– a manual labeling and detection process

(c) Jakob E. Bardram – www.bardram.net20
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mCardia: A Context-Aware System for 
Arrhythmia Screening 
• Novel digital phenotyping technology for arrhythmia 

screening
– ambulatory – data collection under free-living 

conditions
– longitudinal – 2-5 weeks of data collection
– contextual – behavior, environment, activity, self-

reports
• 2 studies :: Denmark & India

– N=24
– high usability and user engagement scores
– huge ambulatory dataset collected
– patient annotation of experienced “events”

21

D Kumar, R Maharjan, A Maxhuni, H Dominguez, A Frølich, 
JE Bardram. " mCardia: A Context-Aware Ambulatory ECG 
Collection System for Arrhythmia Screening" To be 
published in ACM Transaction on Computing for Health, 
2021.
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Patient Engagement
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111:16 Kumar, et al.

Fig. 8. Perceived usefulness and usability of mCardia. The list of CUMACF [4] questionnaire (Q1–Q19) is
provided in the appendix.

about the design and usability of mCardia (Q1). They found the app to be unobtrusive and non-
interfering in their day-to-day tasks. Nearly 95% of the participants reported that keeping track of
daily activity and unusual symptoms can help them understand their symptoms and health better
(Q5). Besides 78% found that mCardia could help increase the quality of communication with the
doctor (Q3) and reduce recall bias (Q4) in home-based monitoring. Especially if they were to use the
system for longitudinal arrhythmia screening. One participant who had previously used traditional
wired Holder monitoring remarked that:

“The big wired Holter monitor was just a black box for me, and it was not very comfortable
to sleep or work while wearing it. Also, I was not strict about keeping the symptoms diary,
as I would not keep the diary and a pen with me at all time.” [P23]

In the "E�ort Expectancy" assessment, nearly 75% of the participants found the help, error
messages, guidelines etc. o�ered in mCardia adequate (Q11). In response to the question whether
mCardia has all the functionality expected (Q14), around 50% of the participants responded neutrally,
whereas, 9% showed disagreement. During the post-study interview, we found that participants
wanted support for medication tracking and reminders in mCardia, since keeping track of their
medication was core to their treatment. Finally, when asking about "Facilitating Conditions" most
participants were positive. They reported that they had the resources needed (i.e smartphone)
(Q17,N=95.8%) and assessed themselves to be skillful in the use of mCardia (Q18, N=95%). Besides,
only 8.3% reported that they would require a dedicated person to assist (Q19).

Overall, the mCardia was reported as easy to use, with high user satisfaction, especially amongst
the participants who have had previous experience with traditional wired Holter monitoring; 8 of
10 these users were very satis�ed.

6.1.2 Engagement as time spent. The amount of time spent on the mobile app is another indicator
of user engagement. On average, participants spent 21 minutes interacting with mCardia daily.
We found the use pattern for �lling the details about recorded symptoms or events to be random.
However, daily information such as stress level, sleep quality, and food intakes were mostly �lled in
once in the evening. Besides these two tasks, the majority of the participants routinely interacted
with mCardia in the morning (to check night trends in heart rate) or after performing physical

J. ACM, Vol. 37, No. 4, Article 111. Publication date: August 2021.

D Kumar, R Maharjan, A Maxhuni, H Dominguez, A Frølich, 
JE Bardram. " mCardia: A Context-Aware Ambulatory ECG 
Collection System for Arrhythmia Screening" To be 
published in ACM Transaction on Computing for Health, 
2021.
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mCardia: A Context-Aware System for Arrhythmia Screening 111:21

Activity

Raw ECG

HR= 89  HR= 130 

Activity

Raw ECG

HR= 78 HR= 135 

(b)

(a)

Fig. 11. Clinical case #1 demonstrating the usefulness of context information in ECG interpretation. Although
both ECG snippets from the same participant have HR >130, the context information (sleeping or running)
helps in distinguishing that (b) is a case of supraventricular tachycardia (SVT), whereas (a) is normal.

Angular rate

Accelerometer

ECG

Activity

Angular rate

Accelerometer

ECG

Activity

Felt Palpation
, which lasted for 20-30 min.

(a)

(b)

Fig. 12. Clinical case #2 demonstrating the usefulness of context information in medication prescription. (a)
Subject tapped on device and registered an event. (b) Subject gets up from the bed and starts walking.

reassuring that there is an adequate chronotropic response when changing from laying in bed to
walk, suggesting problem with ortostatic blood pressure changes. Furthermore, there are no case of

J. ACM, Vol. 37, No. 4, Article 111. Publication date: August 2021.
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Reactive Healthcare Model
• Today

– healthcare is reactive – initiated based on an “incident”
– while most research shows that early intervention is crucial to most diseases

23 (c) Jakob E. Bardram – www.bardram.net
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Deep-learning Method for Ambulatory 
AF  Detection
• “In-the-Wild” real-time detection of atrial fibrillation

– ambulatory, contextual data
– patient-reported data
– based on CACHET-CADB (“in-the-wild” data)
– 98% accuracy

• Implications
– reduction of manual Holter analysis
– pro-active detection of AF 
– semi-automatic triage
– early intervention

24 (c) Jakob E. Bardram – www.bardram.net

D Kumar, A Peimankar, K Sharma, H Dominguez, S 
Puthusserypady, and JE Bardram. "DeepAware: A Hybrid 
Deep Learning and Context-Aware Heuristics Based Model 
for Atrial Fibrillation Detection" Under review.
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mCardia in the REAFEL project
Reaching the Frail Elderly Patient for optimizing diagnosis of atrial fibrillation

26 (c) Jakob E. Bardram – www.bardram.net
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2 Main Findings

#1 – From passive to engaged citizens/patients
– personal health technology (and services) will explode
– prevention, diagnosis, treatment, & care
– citizens/patients will be much more engaged

#2 – From reactive to proactive healthcare
– automated analysis, diagnosis & decision support
– data-based disease prediction
– triage & stratification leading to scalability

29 (c) Jakob E. Bardram – www.bardram.net
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Major Trends & Strategic Decisions

Acute → Continuous
Hospitalization → Ambulatory & Home
Reactive → Pro-active & Preventive
Information Tech → Health Technology
Centralized → Pervasive
Sampling → Monitoring
Doctor-centric → Patient-centric

30 (c) Jakob E. Bardram – www.bardram.net

JE Bardram. Pervasive Healthcare as a Scientific Discipline. 
Methods of Information in Medicine, 3(47):129-142, 2008.

Pervasive Healthcare as a Scientific Discipline 
J. E. Bardram 
IT University of Copenhagen, Copenhagen, Denmark 

Summary 
Objective: The OECD countries are facing a set of core 
challenges; an increasing elderly population; increasing 
number of chronic and lifestyle-related diseases; ex -
panding scope of what medicine can do; and increasing 
lack of medical professionals. Pervasive healthcare asks 
how pervasive computing technology can be designed 
to meet these challenges.  
The objective of this paper is to discuss ‘pervasive 
healthcare’ as a research field and tries to establish 
how novel and distinct it is, compared to related work 
within biomedical engineering, medical informatics, 
and ubiquitous computing. 
Methods: The paper presents the research questions, 
approach, technologies, and methods of pervasive 
healthcare and discusses these in comparison to those 
of other related scientific disciplines. 
Results: A set of central research themes are presented; 
monitoring and body sensor networks; pervasive 
 assistive technologies; pervasive computing for hospi-
tals; and preventive and persuasive technologies. Two 
projects illustrate the kind of research being done in 
pervasive healthcare. The first project is targeted at 
home-based monitoring of hypertension; the second 
project is designing context-aware technologies for 
 hospitals. Both projects approach the healthcare chal-
lenges in a new way, apply a new type of research 
method, and come up with new kinds of technological 
solutions.  
‘Clinical proof-of-concept’ is recommended as a new 
method for pervasive healthcare research; the method 
helps design and test pervasive healthcare technolo -
gies, and in ascertaining their clinical potential before 
large-scale clinical tests are needed. 
Conclusion: The paper concludes that pervasive health-
care as a research field and agenda is novel; it is ad-
dressing new emerging research questions, represents a 
novel approach, designs new types of technologies, and 
applies a new kind of research method. 

Keywords 
Pervasive healthcare, clinical proof-of-concept,  
research, method, pervasive computing,  
ubiquitous computing 

Methods Inf Med 2008; 47: 178–185 

doi:10.3414/ME9107

1.  Introduction 

This paper seeks to investigate whether 
‘pervasive healthcare’ as a research field is 
something new or is just a new label for 
existing researcha. In order to investigate 
this question, we need to consider what we 
mean with a ‘research field’ and what we 
mean by ‘new’. To narrow down the first 
question, there is a list of questions which 
we need to address, such as: 
● What are the challenges which are ad-

dressed by the field? 
● What are the core research questions? 

And why are these worth investigating? 
● Who will benefit and  /or be affected by 

the solutions? 
● What are the methods used to address the 

research questions? And how do we 
measure success? 

● What is the short-term, mid-term, and 
long-term impact of this research? 

● What types of results do we expect? 
What are the prototypical solutions? 

● How is the field related to – and distinct 
from – other research fields? 

●  And – what will happen if we do not do 
this research? 

 
These are very large and overreaching ques-
tions which are not easily answered. This 
paper will address these questions, but the 
real goal of the paper is also to introduce 
these questions and provide some direction 
for their answers for other to pick up on. 

The second question – what actually con-
stitutes something new – actually turned out 
to be a much harder question. Often a ‘new’ 
contribution is only recognized historically, 

i.e. when looking back in the history of 
ideas, one is able to recognize that a new 
idea emerged at a certain point in time. 
However, when you are in this point in time, 
it is often very difficult to see the novelty of 
the idea. The fact that the heliocentrism 
world view proposed by Galileo was not 
 recognized within his lifetime is a classic 
example. The Danish philosopher Søren 
Kierkegaard has said that “Life is lived for-
ward, but understood backwards”. To illus-
trate this paradox, we can think of cars. 
When we see a brand-new Ferrari, there is 
little doubt that this is a car; when we see a 
horse carriage from the 18th century, there 
is also little doubt that this is a horse car-
riage. However, when we see some of the 
first automobiles ever made, these look very 
much like a horse carriage equipped with a 
supplementary engine. Today we are not in 
doubt – these were the first examples of 
cars. In the time they were made, they were 
just carriages. My main argument is pre-
cisely that ‘pervasive healthcare’ is right 
now a horse carriage with a supplementary 
engine; right now it is difficult to see what is 
new, but I’m certain that when looking back 
in the years to come, ‘pervasive healthcare’ 
will be recognized as a new scientific 
 approach. This paper will try to evolve this 
argument. 

2.  Challenges, Questions,  
and Approach 
Pervasive healthcare [1] takes its outset in 
the rising health challenges that the OECD 
countries are facing in the near future. These 
challenges are well-known to many readers, 
and I will only summarize them hereb: a This paper is based on the keynote talk that I gave 

at the 2008 Conference on Pervasive Health in 
Tampere, Finland. The original title of the talk was 
“Is 'Pervasive Healthcare' old wine on a new bottle 
– or is it a real, but emerging, research discipline?” 
Slides from the talk can be found at SlideShare. 

b More details on these challenges and their relation 
to pervasive healthcare research are discussed by 
Kaye and Zitzelberger in [2]. 
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How far to the right 

- do we want to go?

- can we afford to go?

- should we go?

- do we have the resources to go?
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