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Where are we going?

• PART I – EXAMPLES OF CLINICAL SYSTEMS
– Clinical Logistics
– Mobile Health for Cardiovascular Diseases
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– HL7 FHIR
– IEEE P1752
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and Arrythmia Detection
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Clinical Logistics

Planning
• Booking
• Scheduling
• Planning

Execution
• Adjustment
• Ad-hoc
• Acute

Documentation
• Store 
• Compare
• Analyze
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Planning is Key...?
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ABSTRACT
Most studies of plans and situated work have applied ethno-
graphic methods and and thus fail to provide any quantita-
tive insight into the extent of this phenomenon. We present
a study of planning and executing operations in an operating
suite. Quantitative analysis of log data reveals the extent to
which operation schedules are carried out as planned, and
qualitative studies reveal the reasons behind changes to the
plan, the consequences of such changes, and the strategies
used to cope with them. 67% of the plan is changed and
only 56% of all operations are planned ahead. We discuss
how operation schedules are subject to “continuous plan-
ning”, and how this needs to be supported by technology.

ACM Classification Keywords
H.5.3 Information Interfaces and Presentation: Group and
Organization Interfaces—Computer-supported cooperative
work; J.3 Computer Applications: Life and Medical Sci-
ence—Medical information systems

General Terms
Design, Human Factors

Author Keywords
Coordination, Peri-operative Coordination and Communica-
tion System, PoCCS, Hospital, Operating Room Scheduling

INTRODUCTION
The relationship between plans as coordinating artifacts, and
the enactment of such plans under the constraints of specific
contingencies and conditions in the work situation, has at-
tracted much attention in CSCW. On the one hand, plans
are absolutely essential to the coordination and execution of
activities in collaborative workplaces such as a hospital. A
number of studies have focussed on understanding the role
of plans and other “Coordination Mechanisms” [15] in co-
operative work. On the other hand, due to details and con-
tingencies which cannot – and should not – be anticipated
(or planned for), plans must necessarily be instantiated and
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Copyright 2010 ACM 978-1-60558-795-0/10/02...$10.00.

adjusted to the specific work situation in which they are ex-
ecuted. This is the core argument in Suchman’s work on
“Situated Action” [16], in which she shows the importance
of differentiating between work and representations of work
such as plans and process models. Plans are representations
of situated actions produced in the course of action and they
should therefore be seen primarily as resources for the work
rather than as factors that play any decisive role in deter-
mining its course. Suchman emphasizes that action consists
of essentially situated and ad hoc improvisations; thus plans
can be seen as rational anticipations before the act, and post
hoc reconstructions afterwards.

Several studies of planning and situated work have been car-
ried out by CSCW, some of them within a hospital setting. In
this paper, we would like to investigate more thoroughly the
relationship between plans and situated actions and investi-
gate how often and why plans are changed, the consequences
of such changes, and how these changes are handled. More
specifically, we would like to investigate the following ques-
tions:

1. what is the nature of the changes to the plan, i.e. how many
changes occur and how significant are they?

2. what are the reasons for the changes, i.e. why are plans
changed?

3. what are the consequences of these changes, i.e. how are
changes experienced and what effect do they have?

4. what are the strategies used for coping with these changes,
i.e. how do people handle and accommodate change?

Whereas other studies of plans, coordination mechanisms,
and hospital work have applied a purely qualitative ethno-
graphic approach, this paper presents quantitative as well as
qualitative insights into the relationship between plans and
the way in which they are carried out. On the basis of log
data from scheduling and coordination systems at an oper-
ating (OR) suite, we have been able to determine how often
plans are changed and the nature of the changes made. These
quantitative data have been supplemented with qualitative
data based on interviews and observations, which provide
insight into the reasons behind changes to plans, the conse-
quences of such changes, and how users cope with them.

Our study of a general-purpose OR suite over a period of 12
weeks shows that only 56% of all operations were known
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Figure 2. The PoCCS system at the patient ward (left), the recovery department (centre) and the sterile department (right)

A “change” is defined as a modification to an operation once
it has been transferred from the “planning” to the “execu-
tion” mode, i.e. once the schedule from the booking system
has been transferred to the PoCCS system. For example, if
the starting time of an operation is changed in the PoCCS
system this counts as a change.

The qualitative research methods included participant obser-
vations and a group interview. In the spring of 2008, two
researchers each carried out observations of the work at the
OR suite over three days. On the first day they focused on
studying the coordination centre (see Figure 1), which is the
centre of coordination and communication while the sched-
ule is unfolding. Observations over the subsequent two days
focused on the rest of the surgical department, including the
operation rooms. Three experienced charge nurses were in-
terviewed in a semi-structured group interview concerning
coordination in the OR suite. The interview followed an in-
terview guide focusing on three main questions: What are
the reasons for changing the plan? What are the conse-
quences for the people involved when the plan is changed?
How do you, as the person responsible for coordination, han-
dle such changes? The interview lasted 30 minutes. All ob-
servations and interviews were transcribed.

RESULTS

Quantitative Results
The quantitative results are summarized in Table 1– 4. Ta-
ble 1 shows that 92% of all operations scheduled on a given
day are executed; 56% originate from the booking system as
elective operations; 44% are acute operations scheduled on
the same day; and 8% of the operations are cancelled at some
point during the work day. Thus only approximately half of
the day’s operation program is known at the point when the
planning has stopped and the schedule is transferred to the
PoCCS system (6 a.m.). Table 1 also shows that on average
22.4 operations are executed daily, and that almost 2 (1.8)
operations are cancelled every day.

Table 2 focuses on changes made to operations during the
day of execution. “Changes” include rescheduling – i.e.,
changing start and/or end time – and so-called “minor” changes,
which encompass changes to the operation description, type
of anaesthesia, participants in the operation, and the operat-
ing room (OR). The analysis of rescheduling focuses only
on operations where the start and/or end time are moved re-
spectively 30 or 60 minutes forward or backward, i.e. where

Table 1. Scheduled, Acute, and Cancelled Operations.

Total %
No. of days (D) 133
Total no. operations (N ) 3,221 100%
No. operations executed (E) 2,979 92%
No. elective operations (S) 1,801 56%
No. acute operations (A = N − S) 1,420 44%
– day shift (07:00–16:00) 646 20%
– night shift (16:00–07:00) 488 15%
– weekends 286 9%

No. cancelled operations (C = N − E) 242 8%
No. operations executed pr. day (E/D) 22.4
No. cancellations pr. day (C/D) 1.82

an operation is started 30 (60) minutes earlier or later than
planned, or is ended 30 (60) minutes before or after it was
scheduled to do so. We took 30 minutes as a reasonable
lower limit, since some slack in the schedule is to be ex-
pected in an OR suite. Still, Table 2 shows that in 67% of
all operations there are minor changes of the kind mentioned
above, and/or the the operation starts or ends 30 min. or more
before or after schedule. Similarly, 62% of all operations are
subject to time changes of over 60 minutes. The results also
show that the vast majority of changes are due to alterations
in the start or end time of the operation, and only 5% are due
to minor changes such as changes to the operation descrip-
tion.

Table 2. Changes to Operations.

Total %
Total no. of changed operations:
– start/stop time +/- 30 min. 2,172 67%
– start/stop time +/- 60 min. 1,990 62%

No. of minor changes 167 5%

Table 3 focuses on changes to the elective operations, which
are transfered from the booking system to the PoCCS sys-
tem. The purpose is to investigate how accurately the dura-
tion of operations is estimated. The table shows that 31%
of all elective surgeries deviate from the plan by more than
30 minutes, while 11% deviate by more than 60 minutes.
In two out of three cases where operations deviate from the
plan by more than 30 min. they take longer than expected
(316/481 = 66%). However, in one out of three cases the
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operation is actually finished ahead of time. We do not have
enough information in the current data to see if specific types
of surgery or specific surgeons tend to run behind or ahead
of schedule.

Table 3. Duration of Elective Operations.

Total %
No. of elective operations (E − A) 1,559 100%
Duration changed by more that 30 min. 481 31%
– extended by > 30 min. 316 20%
– reduced by > 30 min. 165 11%

Duration changed more that 60 min. 174 11%
– extended by > 60 min. 121 8%
– reduced by > 60 min. 53 3%

If one bears in mind the serious consequences and costs as-
sociated with cancellations, the figure of 8% of operations
cancelled – almost 2 per day – is still relatively high. Since
the clinicians are required to give a so-called “Cancellation
Code” every time they cancel an operation in the PoCCS
system, we are able to analyze the reasons for these cancel-
lations. The results are shown in Table 4. Amongst other
things, this table shows that the patient’s condition is one of
the main reasons for cancelling an operation (33%),

Table 4. Reasons for Canceling Operations.

Total %
Patient non-attendance 10 4%
Patient cancellation 16 7%
Patient’s condition 79 33%
Hospital-related 54 22%
Staff-related 5 2%
Operation moved to out-patient clinic 9 4%
Other reasons 69 29%

Taken together, these tables reveal that the plan is exten-
sively adjusted to accommodate additional acute operations
and is constantly adjusted as the work unfolds. Such major
changes either to the schedule or to the individual operation
have significant consequences for the coordination of work
at the ward, and hence involve both coordination and com-
munication activities.

Qualitative Results
Except perhaps in the case of cancelled operations, the quan-
titative results presented above provide little insight into the
reasons for, and the consequences of, these constant changes
to the operation schedule. We therefore supplemented the
quantitative analysis with a qualitative analysis aimed at in-
vestigating the reasons for changes in the operation sched-
ules, the consequences of such changes, and the strategies
used for coping with them.

The three charge nurses interviewed reported several rea-
sons for changing the schedule. According to all three, the
accommodation of acute patients was the prime reason for
changing the plan:

Interviewer (I): [W]hat are the typical reasons for chang-
ing the operation schedule in the course of the day?
Charge Nurse 1 (C1): Acute patients.
Charge Nurse 2 (C2): Someone not turning up, or a can-
cellation for one reason or another or other acute things or
things to do with the anaesthetic.
C1: There can also be illness among the doctors.
Charge Nurse 3 (C3): There are more acute patients in the
OR suite than the ones listed here [referring to the operation
schedule].

These statements correspond well with the quantitative data
showing that the OR suite has to accommodate a number of
acute patients. But the charge nurses also mentioned several
other reasons for changes, such as patients not showing up,
patients not being ready for surgery, illness among surgeons
or other staff members, operations delayed due to complica-
tions, and incoming trauma patients. Various concerns about
the patient and his or her physical or mental condition might
also result in ad-hoc re-scheduling of operations. For exam-
ple:

C2: You often have to bear in mind that you need to re-
member this or that patient because there’s some particular
thing...
C1: ... it could be a patient with diabetes.
C2: But it doesn’t make that much difference that this or that
patient has waited longest.
C1: Of course you try to take it into consideration if there
are special handicaps or any special social issues..
C2: ... but sometimes we don’t get all the information – or
we haven’t read up on it – and then suddenly they tell us, like
“she’s retarded” – there was actually a day when we had a
retarded patient – and it would actually be very nice to know
this in advance.
C1: ... [For instance there was] this dementia patient that
they couldn’t attach a drip to, and she couldn’t be lying there
fasting a whole day without liquid... because then she’d ...
Things like that. So – we might take them before they were
scheduled, once we’d got that information...

Thus although most changes to the schedule involve delay-
ing or postponing operations, it seems that in some cases
charge nurses move patients forward in the schedule due
to patient-related concerns. The importance of taking the
patient’s physical and mental condition into consideration
is also underlined in the quantitative data, which show that
33% of all cancellations are due by the patient’s condition.

Asked about the consequences of changing the operation
schedule, the charge nurses raised several issues. The main
one concerned the cancellation of scheduled elective opera-
tions, which could actually mean that time was wasted:

C1: If for instance there is an acute [patient] we need to
admit, but we’re just not quite ready or there’s something
missing ... Then waiting time arises and you can’t really do
anything else... Well – only very minor things.
C3: And it can also mean having to cancel planned opera-
tions.
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and nurses, update relevant information, add new acute op-
erations, and manually start notifying the staff involved us-
ing either the text messaging system or the telephone. Thus
accommodating a change to the schedule involves a lot of
both mental and manual work for the charge nurse.

One implication of this study is thus that the PoCCS should
be extended further to support “continuous planning”, in par-
ticular the handling of acute operations, the re-scheduling of
existing operations, and the efficient notification and com-
munication of these changes to the staff involved.

Handling Acute Operations
A key requirement in supporting continuous planning is to
support the handling of the large percentage of unforeseen,
acute operations (44% in this study). Acute operations are
fundamentally different from elective ones, being by nature
unpredictable. Thus it is not always possible to use the book-
ing system to handle acute operations because the system re-
quires the user to enter information on the ID and name of
the patient, the operation to be performed, the staff required,
the OR, and the equipment needed. But since in many acute
cases none of this information is known – including even the
ID of the patient – it may be impossible to “book” an acute
patient. Although the PoCCS system is somewhat more flex-
ible in this respect, allowing information to be added as it is
elicited, the system offers only limited support for handling
acute operations.

There are several ways to improve the PoCCS system. First,
acute patients often enter the hospital via the emergency de-
partment (ED), but there is currently no connection to the
PoCCS system from the ED. In order to create early aware-
ness of incoming acute patients, the PoCCS system should
be able to start visualizing them as soon as possible, per-
haps even before they arrive at the ED. Further, much better
support could be provided for gradually filling in relevant
information and adding staff and other resources as the case
evolves.

Rescheduling Operations
Accommodating acute operations into the schedule involves
extensively rescheduling. Although the PoCCS system al-
lows the charge nurse to reschedule operations, both time-
wise and between operating rooms, it provides very little
support for handling the cascading consequences of reschedul-
ing an operation. For example, if an acute operation needs to
be accommodated in the program, rescheduling all the elec-
tive operation for that day is a tedious manual task. And the
decision as to where and when to place the acute operation
often depends on the consequences of any given decision for
the entire schedule – consequences which may be hard to
grasp without actually doing the rescheduling. And if the
choice made turns out to be a bad one, there is no support
for “undoing” the rescheduling.

An important aspect of a system that aims to support contin-
uous rescheduling would thus be that it would allow the user
to try out various new scenarios involving different sched-
ules. The charge nurse could enter a simulation mode to try

out different options in theory; only once a workable new
schedule had been created would this become the official
plan. At any point the charge nurse should be able to revert
to the original schedule.

The creation of such rescheduling scenarios of could be guided
by real-time data about the ongoing work at the OR suite
combined with the various constraints that need to be up-
held. For example, the PoCCS system might list potential
surgeons for an operation based on their current availabil-
ity and location, and simplify scheduling by ruling out any
double booking of resources such as surgeons, nurses, and
ORs.

Notification and Communication
Once the schedule has been changed, these changes need to
be articulated and the relevant staff need to be notified. Cur-
rently, notification is done manually by the charge nurse who
sends messages to the relevant people and places (e.g. the
ORs involved). An important aspect of supporting continu-
ous planning is to help the charge nurse and other clinicians
to communicate efficiently. Support for semi-automatic no-
tification can be added to the PoCCS system. For example,
once a new schedule has been designed and is being made
official, the system may help the charge nurse to notify the
staff involved. Automatic notification concerning changes
to the schedule should, however, be designed with caution
in order not to generate too many irrelevant and potentially
annoying notifications. Thus it is important that the design
would allow the charge nurse to be able to select which no-
tifications to send, and to whom; how the notifications are
delivered; and provide mechanisms for receivers to set up
preferences as to which notifications they want to receive.

CONCLUSION
While it is hardly a surprise for the CSCW community that
plans in a collaborative workplace should be regarded more
as a resource than as a determining factor, few studies have
provided quantitative insight into the extent of this phenomenon.
On the basis of log data from a Peri-operative Coordination
and Communication System (PoCCS), which supports the
execution of operations in an OR suite, we have been able to
investigate to what extent the “plan” deviates from the actual
work done “by the end of the day”. Our findings include the
following:

• Only 56% of all operations are planned ahead. The re-
maining 44% are acute and thus scheduled ad-hoc.

• 8 % of all operations are cancelled.

• 31% of all operations are shortened or prolonged more
than 30 minutes.

• 67% of all planned (“elective”) operations are substan-
tially changed.

In total these figures imply that on average only 18% of any
given operation schedule is enacted as planned. This quanti-
tative analysis was followed by a qualitative analysis investi-
gating the reasons for changes to the plan, the consequences
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Questions Related to Standards....
• How can we integrate with the “big” systems

– Patient Administration System (PAS)
– Electronic Medical Record (EMR)
– Booking and Scheduling

• What needs to be integrated
– Patient information (id, name, diagnosis, ward, ...)
– Booking & scheduling information, incl. resources (staff, rooms, 

equipment, ...)
– Procedure (operation, type, ...)
– Real-time data (status, ...)
– Communication (messages, video, ....)
– ...
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Mobile Health (mHealth)
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344    TELEHEALTH AND MOBILE HEALTH

Mobile healthcare or m-health is speci!cally concerned with using wireless communica-
tions, computing and sensing devices in the service of care delivery (Istepanian et al., 2004; 
Tachakra et al., 2003). Smart phones and wearable computing devices that blend physiologi-
cal and activity sensors with wireless connectivity are making wireless patient monitoring 
commonplace, where once procedures such as ECG Holter monitoring were specialized ser-
vices. More profoundly, information technology blends naturally with communication ser-
vices on these mobile platforms and permits rich interaction with clinicians or sharing of 
data with others through social media. M-health thus falls naturally under the broader tele-
health umbrella and can be thought of as a technological evolution of ‘old-fashioned’ tele-
health. In some senses, the term m-health is also an unnecessary and technically driven 
distinction that confuses, rather than adds, to our understanding of how technology medi-
ates communication. "e choice of network channel and the platform for the delivery of a 
telehealth service are not the only consequential elements in the service bundle.

Some of the ongoing interest in telehealth remains technology driven. As new genera-
tions of communication networks become available, they naturally allow more advanced 
forms of data exchange and enable new models of care. Wireless advances such as 4G or 5G 
networks and wearable sensors and computers have been a natural driver for innovation in 
m-health.

Telehealth services are potentially great users of network bandwidth and so are o#en cham-
pioned by telecommunication companies because these services have the potential to become 
highly pro!table businesses (Bowles and Teale, 1994). Although there has been a push by some 
to build healthcare-speci!c communications technologies, the communications infrastructure 
used by healthcare does not o#en need to be special. "e telecommunications market is com-
petitive, and the evolving technical options are numerous. Healthcare providers can o#en use 
consumer-grade services such as Internet telephony and video-conferencing, mobile cellular 
services, cable television and !xed-line telecommunication. Further, communications technol-
ogy does not need to be sophisticated to deliver bene!t. Simple but appropriate use of the tele-
phone can lead to signi!cant improvements to the delivery of care.

Communication needs in healthcare vary widely

Communication tasks vary widely across the healthcare system. "e needs of a doctor work-
ing as part of a close-knit team in a major hospital are very di$erent from those of a nurse 
working in the community and visiting patients in their homes. Consequently, the user needs 
that shape the design of telehealth applications are diverse.

It is helpful to separate communication needs into two groups. Intra-organizational needs 
exist within particular health services, such as hospitals or primary care centres, whereas 
inter-organizational needs exist at the interfaces between di$erent services. "e communica-
tion interface between primary care givers in the community and hospital-based health ser-
vices, for example, must support widely di$ering responsibilities, task, information needs 
and organizational structures.

"e following sections review the scope of telehealth application in the areas of home, 
community services and hospitals, as well as applications that support communication at the 
interfaces between these services.
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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 
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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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Global burden of 369 diseases and injuries in 204 countries 
and territories, 1990–2019: a systematic analysis for the 
Global Burden of Disease Study 2019
GBD 2019 Diseases and Injuries Collaborators*

Summary
Background In an era of shifting global agendas and expanded emphasis on non-communicable diseases and injuries 
along with communicable diseases, sound evidence on trends by cause at the national level is essential. The Global 
Burden of Diseases, Injuries, and Risk Factors Study (GBD) provides a systematic scientific assessment of published, 
publicly available, and contributed data on incidence, prevalence, and mortality for a mutually exclusive and 
collectively exhaustive list of diseases and injuries.

Methods GBD estimates incidence, prevalence, mortality, years of life lost (YLLs), years lived with disability (YLDs), and 
disability-adjusted life-years (DALYs) due to 369 diseases and injuries, for two sexes, and for 204 countries and territories. 
Input data were extracted from censuses, household surveys, civil registration and vital statistics, disease registries, 
health service use, air pollution monitors, satellite imaging, disease notifications, and other sources. Cause-specific 
death rates and cause fractions were calculated using the Cause of Death Ensemble model and spatiotemporal Gaussian 
process regression. Cause-specific deaths were adjusted to match the total all-cause deaths calculated as part of the GBD 
population, fertility, and mortality estimates. Deaths were multiplied by standard life expectancy at each age to calculate 
YLLs. A Bayesian meta-regression modelling tool, DisMod-MR 2.1, was used to ensure consistency between incidence, 
prevalence, remission, excess mortality, and cause-specific mortality for most causes. Prevalence estimates were 
multiplied by disability weights for mutually exclusive sequelae of diseases and injuries to calculate YLDs. We considered 
results in the context of the Socio-demographic Index (SDI), a composite indicator of income per capita, years of 
schooling, and fertility rate in females younger than 25 years. Uncertainty intervals (UIs) were generated for every 
metric using the 25th and 975th ordered 1000 draw values of the posterior distribution.

Findings Global health has steadily improved over the past 30 years as measured by age-standardised DALY rates. After 
taking into account population growth and ageing, the absolute number of DALYs has remained stable. Since 2010, the 
pace of decline in global age-standardised DALY rates has accelerated in age groups younger than 50 years compared 
with the 1990–2010 time period, with the greatest annualised rate of decline occurring in the 0–9-year age group. 
Six infectious diseases were among the top ten causes of DALYs in children younger than 10 years in 2019: lower 
respiratory infections (ranked second), diarrhoeal diseases (third), malaria (fifth), meningitis (sixth), whooping cough 
(ninth), and sexually transmitted infections (which, in this age group, is fully accounted for by congenital syphilis; ranked 
tenth). In adolescents aged 10–24 years, three injury causes were among the top causes of DALYs: road injuries (ranked 
first), self-harm (third), and interpersonal violence (fifth). Five of the causes that were in the top ten for ages 10–24 years 
were also in the top ten in the 25–49-year age group: road injuries (ranked first), HIV/AIDS (second), low back pain 
(fourth), headache disorders (fifth), and depressive disorders (sixth). In 2019, ischaemic heart disease and stroke were the 
top-ranked causes of DALYs in both the 50–74-year and 75-years-and-older age groups. Since 1990, there has been a 
marked shift towards a greater proportion of burden due to YLDs from non-communicable diseases and injuries. 
In 2019, there were 11 countries where non-communicable disease and injury YLDs constituted more than half of all 
disease burden. Decreases in age-standardised DALY rates have accelerated over the past decade in countries at the lower 
end of the SDI range, while improvements have started to stagnate or even reverse in countries with higher SDI.

Interpretation As disability becomes an increasingly large component of disease burden and a larger component of 
health expenditure, greater research and development investment is needed to identify new, more effective 
intervention strategies. With a rapidly ageing global population, the demands on health services to deal with 
disabling outcomes, which increase with age, will require policy makers to anticipate these changes. The mix of 
universal and more geographically specific influences on health reinforces the need for regular reporting on 
population health in detail and by underlying cause to help decision makers to identify success stories of disease 
control to emulate, as well as opportunities to improve.
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Leading causes 1990 Percentage of DALYs
1990

Leading causes 2019 Percentage of DALYs
2019

Percentage change in
number of DALYs,
1990–2019

Percentage change in
age-standardised DALY 
rate, 1990–2019

A All ages

B 0–9 years

Communicable, maternal, neonatal, and nutritional diseases  
Non-communicable diseases 
Injuries

1 Neonatal disorders 10·6 (9·9 to 11·4) 1 Neonatal disorders 7·3 (6·4 to 8·4)
2 Lower respiratory infections 8·7 (7·6 to 10·0) 2 Ischaemic heart disease 7·2 (6·5 to 7·9)
3 Diarrhoeal diseases 7·3 (5·9 to 8·8) 3 Stroke 5·7 (5·1 to 6·2)
4 Ischaemic heart disease 4·7 (4·4 to 5·0) 4 Lower respiratory infections 3·8 (3·3 to 4·3)
5 Stroke 4·2 (3·9 to 4·5) 5 Diarrhoeal diseases 3·2 (2·6 to 4·0)
6 Congenital birth defects 3·2 (2·3 to 4·8) 6 COPD 2·9 (2·6 to 3·2)
7 Tuberculosis 3·1 (2·8 to 3·4) 7 Road injuries 2·9 (2·6 to 3·0) –31·0 (–37·1 to –25·4)
8 Road injuries 2·7 (2·6 to 3·0) 8 Diabetes 2·8 (2·5 to 3·1)
9 Measles 2·7 (0·9 to 5·6) 9 Low back pain 2·5 (1·9 to 3·1)

10 Malaria 2·5 (1·4 to 4·1) 10 Congenital birth defects 2·1 (1·7 to 2·6)
11 COPD 2·3 (1·9 to 2·5)

2·0 (1·6 to 2·7)
11 HIV/AIDS 1·9 (1·6 to 2·2)

12 Protein-energy malnutrition 12 Tuberculosis 1·9 (1·7 to 2·0)
13 Low back pain 1·7 (1·2 to 2·1) 13 Depressive disorders
14 Self-harm 1·4 (1·2 to 1·5) 14 Malaria 1·8 (0·9 to 3·1)
15 Cirrhosis 1·3 (1·2 to 1·5) 15 Headache disorders
16 Meningitis 1·3 (1·1 to 1·5) 16 Cirrhosis 1·8 (1·6 to 2·0)
17 Drowning 1·3 (1·1 to 1·4)

1·1 (0·2 to 2·4)
1·1 (0·8 to 1·5)

17 Lung cancer 1·8 (1·6 to 2·0)
18 Headache disorders 18 Chronic kidney disease
19 Depressive disorders 19 Other musculoskeletal
20 Diabetes 1·1 (1·0 to 1·2) 20 Age-related hearing loss
21 Lung cancer 1·0 (1·0 to 1·1) 21 Falls 1·5 (1·4 to 1·7)
22 Falls 1·0 (0·9 to 1·2)

1·0 (0·7 to 1·3)
0·9 (0·9 to 1·0)

22 Self-harm 1·3 (1·2 to 1·5) –38·9 (–44·3 to –33·0)
23 Dietary iron deficiency 23 Gynaecological diseases 1·2 (0·9 to 1·5)
24 Interpersonal violence 24 Anxiety disorders 1·1 (0·8 to 1·5)
25 Whooping  cough 0·9 (0·4 to 1·7)

0·8 (0·6 to 1·1)
0·8 (0·8 to 0·9)

25 Dietary iron deficiency

27 Age-related hearing loss 26 Interpersonal violence –23·8 (–28·6 to –17·8)
29 Chronic kidney disease 40 Meningitis 0·6 (0·5 to 0·8)
30 HIV/AIDS 0·8 (0·6 to 1·0) 41 Protein-energy malnutrition
32 Gynaecological diseases 0·8 (0·6 to 1·0) 46 Drowning 0·5 (0·5 to 0·6)
34 Anxiety disorders 0·7 (0·5 to 1·0)

0·7 (0·5 to 1·0)
55 Whooping  cough 0·4 (0·2 to 0·7)

35 Other musculoskeletal 71 Measles 0·3 (0·1 to 0·6)

1 Neonatal disorders 23·0 (22·0 to 24·1) 1 Neonatal disorders 32·4 (30·7 to 34·1)
2 Lower respiratory infections 17·0 (14·9 to 19·7) 2 Lower respiratory infections 11·6 (10·5 to 12·6)
3 Diarrhoeal diseases 13·1 (10·7 to 15·1) 3 Diarrhoeal diseases 9·3 (7·9 to 10·8)
4 Congenital birth defects 6·6 (4·6 to 10·0) 4 Congenital birth defects 8·6 (7·4 to 10·7)
5 Measles 5·7 (2·0 to 11·8) 5 Malaria 6·4 (3·3 to 10·8)
6 Malaria 4·6 (2·5 to 7·5)

4·1 (3·1 to 5·5)
6 Meningitis 2·1 (1·8 to 2·5)

7 Protein-energy malnutrition 7 Dietary iron deficiency –8·2 (–12·3 to –4·1)
8 Meningitis 2·3 (2·0 to 2·7) 8 Protein-energy malnutrition
9 Whooping cough 1·9 (0·8 to 3·8) 9 Whooping cough 1·9 (0·9 to 3·3)
10 Drowning 1·8 (1·5 to 2·1) 10 STIs 1·4 (0·5 to 2·8)
11 Tuberculosis 1·8 (1·5 to 2·1) 11 Measles 1·3 (0·4 to 2·7)
12 Tetanus 1·7 (1·4 to 1·9) 12 Road injuries 1·1 (1·0 to 1·4)
13 Road injuries 1·3 (1·1 to 1·5)

0·9 (0·6 to 1·3)
13 Tuberculosis 1·0 (0·9 to 1·2)

14 Dietary iron deficiency 14 HIV/AIDS 1·0 (0·9 to 1·2)
15 STIs 0·7 (0·2 to 1·5) 15 iNTS 1·0 (0·6 to 1·5)
16 Typhoid and paratyphoid 0·7 (0·3 to 1·3) 16 Drowning 0·9 (0·8 to 1·1)
17 Foreign body 0·6 (0·5 to 0·7) 17 Haemoglobinopathies 0·9 (0·7 to 1·0)
18 HIV/AIDS 0·6 (0·5 to 0·7) 18 Typhoid and paratyphoid 0·8 (0·4 to 1·5)
19 Encephalitis 0·5 (0·4 to 0·7) 19 Asthma 0·5 (0·4 to 0·8)
20 Acute hepatitis 0·5 (0·4 to 0·5) 20 Foreign body 0·5 (0·4 to 0·5)
21 Haemoglobinopathies 0·4 (0·3 to 0·6) 21 EMBID 0·5 (0·4 to 0·6)
22 Leukaemia 0·4 (0·3 to 0·6) 22 Sudden infant death 0·5 (0·2 to 1·0)
23 Sudden infant death 0·4 (0·2 to 0·9) 23 Idiopathic epilepsy 0·5 (0·3 to 0·6)
24 Asthma 0·4 (0·3 to 0·5) 24 Other unspecified infectious
25 Falls 0·4 (0·3 to 0·5) 25 Dermatitis 0·4 (0·2 to 0·7) –6·0 (–6·9 to –5·1)

28 Idiopathic epilepsy 0·3 (0·2 to 0·4)
0·3 (0·2 to 0·4)

26 Leukaemia 0·4 (0·4 to 0·5)
30 Other unspecified infectious 27 Falls 0·4 (0·3 to 0·5)
33 iNTS 0·3 (0·1 to 0·4) 28 Encephalitis 0·4 (0·3 to 0·5)
34 EMBID 0·3 (0·2 to 0·3) 32 Tetanus 0·3 (0·3 to 0·5)
44 Dermatitis 0·2 (0·1 to 0·3) 39 Acute hepatitis 0·3 (0·2 to 0·3)

–35·4 (–44·8 to –23·8)
–69·6 (–76·3 to –61·6)
–68·5 (–75·9 to –58·4)
–40·1 (–55·1 to –17·9)
–38·5 (–63·1 to –6·5)
–61·0 (–69·2 to –51·1)

–78·3 (–85·5 to –69·9)
–53·2 (–75·6 to –20·4)
–14·9 (–30·1 to 2·5)
–90·5 (–92·9 to –87·6)
–63·7 (–70·8 to –48·8)
–75·5 (–80·6 to –69·2)
–25·0 (–35·3 to –13·6)
61·4 (20·6 to 109·3)

–79·0 (–82·6 to –72·2)
–13·7 (–34·3 to 14·7)
–50·7 (–62·5 to –36·9)
–37·5 (–50·0 to –21·5)
–63·6 (–70·2 to –57·1)
–22·1 (–36·1 to –6·0)
–46·9 (–61·7 to –30·0)
–34·0 (–49·1 to –3·8)
–29·3 (–50·3 to 3·3)

–55·3 (–69·5 to –37·0)
–48·3 (–68·7 to –22·6)
–68·5 (–77·9 to –50·2)
–91·2 (–93·8 to –85·6)
–74·1 (–82·6 to –61·1)

–36·2 (–45·4 to –24·7)
–69·1 (–75·9 to –60·9)
–67·8 (–75·3 to –57·2)
–41·6 (–54·6 to –17·4)
–36·9 (–61·4 to –2·2)
–59·7 (–68·1 to –49·3)

–0·8 (–5·3 to 3·6)
–78·1 (–85·0 to –68·9)
–54·7 (–74·7 to –17·3)
–16·3 (–30·7 to 1·7)
–90·0 (–92·6 to –86·9)
–61·5 (–68·7 to –45·0)
–74·5 (–79·8 to –67·8)
–18·6 (–35·6 to 3·6)
68·3 (27·4 to 121·2)

–77·6 (–81·3 to –70·1)
–10·3 (–30·3 to 22·5)
–46·7 (–59·1 to –31·1)
–32·2 (–46·2 to –14·5)
–62·9 (–69·6 to –56·2)
–18·9 (–33·3 to –0·9)
–50·6 (–61·6 to –29·8)
–30·7 (–45·8 to 3·6)
–28·4 (–48·3 to 7·8)

2·7 (1·7 to 3·7)

–54·8 (–67·7 to –32·9)
–47·2 (–67·0 to –18·0)
–67·6 (–76·7 to –47·6)
–91·3 (–93·8 to –85·6)
–73·1 (–81·7 to –59·1)

2·0 (1·3 to 2·9)
2·0 (1·7 to 2·3)

0·4 (0·3 to 0·6)

–57·2 (–64·4 to –48·6)
–74·5 (–82·0 to –64·5)
–68·2 (–71·9 to –62·8)
–56·3 (–75·6 to –20·3)
–90·4 (–92·8 to –87·5)

–6·8 (–8·7 to –4·9)
–0·1 (–1·0 to 0·7)

–16·4 (–18·7 to –14·0)

–14·5 (–22·5 to –7·4)
–1·8 (–3·7 to –0·1)
30·7 (27·6 to 34·3)

6·3 (0·2 to 12·4)
–16·2 (–24·0 to –8·2)
–26·8 (–32·5 to –19·0)

1·1 (–4·2 to 2·9)
–37·8 (–61·9 to –6·2)

–1·8 (–2·9 to –0·8)
–62·8 (–66·6 to –58·0)
58·5 (37·1 to 89·2)

–40·0 (–52·7 to –17·1)
–16·3 (–17·1 to –15·5)
24·4 (18·5 to 29·7)

–39·8 (–44·9 to –30·2)
–64·6 (–71·7 to –54·2)
–62·5 (–69·0 to –54·9)
–35·2 (–40·5 to –30·5)
–28·6 (–33·3 to –24·2)
–32·6 (–42·1 to –21·2)–32·3 (–41·7 to –20·8)

50·4 (39·9 to 60·2)
32·4 (22·0 to 42·2)

–56·7 (–64·2 to –47·5)
–57·5 (–66·2 to –44·7)
25·6 (15·1 to 46·0)

2·4 (–6·9 to 10·8)
147·9 (135·9 to 158·9)
46·9 (43·3 to 50·5)

–37·3 (–50·6 to –12·8)
127·7 (97·3 to 171·7)
–41·0 (–47·2 to –33·5)

61·1 (56·9 to 65·0)
–29·4 (–56·9 to 6·6)
56·7 (52·4 to 62·1)
33·0 (22·4 to 48·2)
69·1 (53·1 to 85·4)
93·2 (81·6 to 105·0)

128·9 (122·0 to 136·3)
82·8 (75·2 to 88·9)
47·1 (31·5 to 61·0)
–5·6 (–14·2 to 3·7)

48·7 (45·8 to 51·8)
53·7 (48·8 to 59·1)
13·8 (10·5 to 17·2)1·1 (0·8 to 1·5)

1·6 (1·2 to 2·1)
1·6 (1·2 to 2·1)
1·6 (1·5 to 1·8)

1·8 (0·4 to 3·8)

1·8 (1·4 to 2·4)

–89·8 (–92·3 to –86·8)
–54·5 (–74·6 to –16·9)
–60·6 (–65·2 to –53·6)
–71·1 (–79·6 to –59·7)
–51·3 (–59·4 to –42·0)
10·2 (3·2 to 19·2)1·1 (1·0 to 1·2)

0·6 (0·5 to 0·7)
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Leading causes 1990 Percentage of DALYs
1990

Leading causes 2019 Percentage of DALYs
2019

Percentage change in
number of DALYs,
1990–2019

Percentage change in
age-standardised DALY 
rate, 1990–2019

A All ages

B 0–9 years

Communicable, maternal, neonatal, and nutritional diseases  
Non-communicable diseases 
Injuries

1 Neonatal disorders 10·6 (9·9 to 11·4) 1 Neonatal disorders 7·3 (6·4 to 8·4)
2 Lower respiratory infections 8·7 (7·6 to 10·0) 2 Ischaemic heart disease 7·2 (6·5 to 7·9)
3 Diarrhoeal diseases 7·3 (5·9 to 8·8) 3 Stroke 5·7 (5·1 to 6·2)
4 Ischaemic heart disease 4·7 (4·4 to 5·0) 4 Lower respiratory infections 3·8 (3·3 to 4·3)
5 Stroke 4·2 (3·9 to 4·5) 5 Diarrhoeal diseases 3·2 (2·6 to 4·0)
6 Congenital birth defects 3·2 (2·3 to 4·8) 6 COPD 2·9 (2·6 to 3·2)
7 Tuberculosis 3·1 (2·8 to 3·4) 7 Road injuries 2·9 (2·6 to 3·0) –31·0 (–37·1 to –25·4)
8 Road injuries 2·7 (2·6 to 3·0) 8 Diabetes 2·8 (2·5 to 3·1)
9 Measles 2·7 (0·9 to 5·6) 9 Low back pain 2·5 (1·9 to 3·1)

10 Malaria 2·5 (1·4 to 4·1) 10 Congenital birth defects 2·1 (1·7 to 2·6)
11 COPD 2·3 (1·9 to 2·5)

2·0 (1·6 to 2·7)
11 HIV/AIDS 1·9 (1·6 to 2·2)

12 Protein-energy malnutrition 12 Tuberculosis 1·9 (1·7 to 2·0)
13 Low back pain 1·7 (1·2 to 2·1) 13 Depressive disorders
14 Self-harm 1·4 (1·2 to 1·5) 14 Malaria 1·8 (0·9 to 3·1)
15 Cirrhosis 1·3 (1·2 to 1·5) 15 Headache disorders
16 Meningitis 1·3 (1·1 to 1·5) 16 Cirrhosis 1·8 (1·6 to 2·0)
17 Drowning 1·3 (1·1 to 1·4)

1·1 (0·2 to 2·4)
1·1 (0·8 to 1·5)

17 Lung cancer 1·8 (1·6 to 2·0)
18 Headache disorders 18 Chronic kidney disease
19 Depressive disorders 19 Other musculoskeletal
20 Diabetes 1·1 (1·0 to 1·2) 20 Age-related hearing loss
21 Lung cancer 1·0 (1·0 to 1·1) 21 Falls 1·5 (1·4 to 1·7)
22 Falls 1·0 (0·9 to 1·2)

1·0 (0·7 to 1·3)
0·9 (0·9 to 1·0)

22 Self-harm 1·3 (1·2 to 1·5) –38·9 (–44·3 to –33·0)
23 Dietary iron deficiency 23 Gynaecological diseases 1·2 (0·9 to 1·5)
24 Interpersonal violence 24 Anxiety disorders 1·1 (0·8 to 1·5)
25 Whooping  cough 0·9 (0·4 to 1·7)

0·8 (0·6 to 1·1)
0·8 (0·8 to 0·9)

25 Dietary iron deficiency

27 Age-related hearing loss 26 Interpersonal violence –23·8 (–28·6 to –17·8)
29 Chronic kidney disease 40 Meningitis 0·6 (0·5 to 0·8)
30 HIV/AIDS 0·8 (0·6 to 1·0) 41 Protein-energy malnutrition
32 Gynaecological diseases 0·8 (0·6 to 1·0) 46 Drowning 0·5 (0·5 to 0·6)
34 Anxiety disorders 0·7 (0·5 to 1·0)

0·7 (0·5 to 1·0)
55 Whooping  cough 0·4 (0·2 to 0·7)

35 Other musculoskeletal 71 Measles 0·3 (0·1 to 0·6)

1 Neonatal disorders 23·0 (22·0 to 24·1) 1 Neonatal disorders 32·4 (30·7 to 34·1)
2 Lower respiratory infections 17·0 (14·9 to 19·7) 2 Lower respiratory infections 11·6 (10·5 to 12·6)
3 Diarrhoeal diseases 13·1 (10·7 to 15·1) 3 Diarrhoeal diseases 9·3 (7·9 to 10·8)
4 Congenital birth defects 6·6 (4·6 to 10·0) 4 Congenital birth defects 8·6 (7·4 to 10·7)
5 Measles 5·7 (2·0 to 11·8) 5 Malaria 6·4 (3·3 to 10·8)
6 Malaria 4·6 (2·5 to 7·5)

4·1 (3·1 to 5·5)
6 Meningitis 2·1 (1·8 to 2·5)

7 Protein-energy malnutrition 7 Dietary iron deficiency –8·2 (–12·3 to –4·1)
8 Meningitis 2·3 (2·0 to 2·7) 8 Protein-energy malnutrition
9 Whooping cough 1·9 (0·8 to 3·8) 9 Whooping cough 1·9 (0·9 to 3·3)
10 Drowning 1·8 (1·5 to 2·1) 10 STIs 1·4 (0·5 to 2·8)
11 Tuberculosis 1·8 (1·5 to 2·1) 11 Measles 1·3 (0·4 to 2·7)
12 Tetanus 1·7 (1·4 to 1·9) 12 Road injuries 1·1 (1·0 to 1·4)
13 Road injuries 1·3 (1·1 to 1·5)

0·9 (0·6 to 1·3)
13 Tuberculosis 1·0 (0·9 to 1·2)

14 Dietary iron deficiency 14 HIV/AIDS 1·0 (0·9 to 1·2)
15 STIs 0·7 (0·2 to 1·5) 15 iNTS 1·0 (0·6 to 1·5)
16 Typhoid and paratyphoid 0·7 (0·3 to 1·3) 16 Drowning 0·9 (0·8 to 1·1)
17 Foreign body 0·6 (0·5 to 0·7) 17 Haemoglobinopathies 0·9 (0·7 to 1·0)
18 HIV/AIDS 0·6 (0·5 to 0·7) 18 Typhoid and paratyphoid 0·8 (0·4 to 1·5)
19 Encephalitis 0·5 (0·4 to 0·7) 19 Asthma 0·5 (0·4 to 0·8)
20 Acute hepatitis 0·5 (0·4 to 0·5) 20 Foreign body 0·5 (0·4 to 0·5)
21 Haemoglobinopathies 0·4 (0·3 to 0·6) 21 EMBID 0·5 (0·4 to 0·6)
22 Leukaemia 0·4 (0·3 to 0·6) 22 Sudden infant death 0·5 (0·2 to 1·0)
23 Sudden infant death 0·4 (0·2 to 0·9) 23 Idiopathic epilepsy 0·5 (0·3 to 0·6)
24 Asthma 0·4 (0·3 to 0·5) 24 Other unspecified infectious
25 Falls 0·4 (0·3 to 0·5) 25 Dermatitis 0·4 (0·2 to 0·7) –6·0 (–6·9 to –5·1)

28 Idiopathic epilepsy 0·3 (0·2 to 0·4)
0·3 (0·2 to 0·4)

26 Leukaemia 0·4 (0·4 to 0·5)
30 Other unspecified infectious 27 Falls 0·4 (0·3 to 0·5)
33 iNTS 0·3 (0·1 to 0·4) 28 Encephalitis 0·4 (0·3 to 0·5)
34 EMBID 0·3 (0·2 to 0·3) 32 Tetanus 0·3 (0·3 to 0·5)
44 Dermatitis 0·2 (0·1 to 0·3) 39 Acute hepatitis 0·3 (0·2 to 0·3)

–35·4 (–44·8 to –23·8)
–69·6 (–76·3 to –61·6)
–68·5 (–75·9 to –58·4)
–40·1 (–55·1 to –17·9)
–38·5 (–63·1 to –6·5)
–61·0 (–69·2 to –51·1)

–78·3 (–85·5 to –69·9)
–53·2 (–75·6 to –20·4)
–14·9 (–30·1 to 2·5)
–90·5 (–92·9 to –87·6)
–63·7 (–70·8 to –48·8)
–75·5 (–80·6 to –69·2)
–25·0 (–35·3 to –13·6)
61·4 (20·6 to 109·3)

–79·0 (–82·6 to –72·2)
–13·7 (–34·3 to 14·7)
–50·7 (–62·5 to –36·9)
–37·5 (–50·0 to –21·5)
–63·6 (–70·2 to –57·1)
–22·1 (–36·1 to –6·0)
–46·9 (–61·7 to –30·0)
–34·0 (–49·1 to –3·8)
–29·3 (–50·3 to 3·3)

–55·3 (–69·5 to –37·0)
–48·3 (–68·7 to –22·6)
–68·5 (–77·9 to –50·2)
–91·2 (–93·8 to –85·6)
–74·1 (–82·6 to –61·1)

–36·2 (–45·4 to –24·7)
–69·1 (–75·9 to –60·9)
–67·8 (–75·3 to –57·2)
–41·6 (–54·6 to –17·4)
–36·9 (–61·4 to –2·2)
–59·7 (–68·1 to –49·3)

–0·8 (–5·3 to 3·6)
–78·1 (–85·0 to –68·9)
–54·7 (–74·7 to –17·3)
–16·3 (–30·7 to 1·7)
–90·0 (–92·6 to –86·9)
–61·5 (–68·7 to –45·0)
–74·5 (–79·8 to –67·8)
–18·6 (–35·6 to 3·6)
68·3 (27·4 to 121·2)

–77·6 (–81·3 to –70·1)
–10·3 (–30·3 to 22·5)
–46·7 (–59·1 to –31·1)
–32·2 (–46·2 to –14·5)
–62·9 (–69·6 to –56·2)
–18·9 (–33·3 to –0·9)
–50·6 (–61·6 to –29·8)
–30·7 (–45·8 to 3·6)
–28·4 (–48·3 to 7·8)

2·7 (1·7 to 3·7)

–54·8 (–67·7 to –32·9)
–47·2 (–67·0 to –18·0)
–67·6 (–76·7 to –47·6)
–91·3 (–93·8 to –85·6)
–73·1 (–81·7 to –59·1)

2·0 (1·3 to 2·9)
2·0 (1·7 to 2·3)

0·4 (0·3 to 0·6)

–57·2 (–64·4 to –48·6)
–74·5 (–82·0 to –64·5)
–68·2 (–71·9 to –62·8)
–56·3 (–75·6 to –20·3)
–90·4 (–92·8 to –87·5)

–6·8 (–8·7 to –4·9)
–0·1 (–1·0 to 0·7)

–16·4 (–18·7 to –14·0)

–14·5 (–22·5 to –7·4)
–1·8 (–3·7 to –0·1)
30·7 (27·6 to 34·3)

6·3 (0·2 to 12·4)
–16·2 (–24·0 to –8·2)
–26·8 (–32·5 to –19·0)

1·1 (–4·2 to 2·9)
–37·8 (–61·9 to –6·2)

–1·8 (–2·9 to –0·8)
–62·8 (–66·6 to –58·0)
58·5 (37·1 to 89·2)

–40·0 (–52·7 to –17·1)
–16·3 (–17·1 to –15·5)
24·4 (18·5 to 29·7)

–39·8 (–44·9 to –30·2)
–64·6 (–71·7 to –54·2)
–62·5 (–69·0 to –54·9)
–35·2 (–40·5 to –30·5)
–28·6 (–33·3 to –24·2)
–32·6 (–42·1 to –21·2)–32·3 (–41·7 to –20·8)

50·4 (39·9 to 60·2)
32·4 (22·0 to 42·2)

–56·7 (–64·2 to –47·5)
–57·5 (–66·2 to –44·7)
25·6 (15·1 to 46·0)

2·4 (–6·9 to 10·8)
147·9 (135·9 to 158·9)
46·9 (43·3 to 50·5)

–37·3 (–50·6 to –12·8)
127·7 (97·3 to 171·7)
–41·0 (–47·2 to –33·5)

61·1 (56·9 to 65·0)
–29·4 (–56·9 to 6·6)
56·7 (52·4 to 62·1)
33·0 (22·4 to 48·2)
69·1 (53·1 to 85·4)
93·2 (81·6 to 105·0)

128·9 (122·0 to 136·3)
82·8 (75·2 to 88·9)
47·1 (31·5 to 61·0)
–5·6 (–14·2 to 3·7)

48·7 (45·8 to 51·8)
53·7 (48·8 to 59·1)
13·8 (10·5 to 17·2)1·1 (0·8 to 1·5)

1·6 (1·2 to 2·1)
1·6 (1·2 to 2·1)
1·6 (1·5 to 1·8)

1·8 (0·4 to 3·8)

1·8 (1·4 to 2·4)

–89·8 (–92·3 to –86·8)
–54·5 (–74·6 to –16·9)
–60·6 (–65·2 to –53·6)
–71·1 (–79·6 to –59·7)
–51·3 (–59·4 to –42·0)
10·2 (3·2 to 19·2)1·1 (1·0 to 1·2)

0·6 (0·5 to 0·7)
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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.net15
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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”

16

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.

(c) Jakob E. Bardram – www.bardram.net
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Data Collection

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

20:10 • D. Kumar et al.

Fig. 5. The UI design of the mCardia home screen (final design). The main UI element is the “wheel” which shows the
detailed recordings of HR, HRV, and MET level in a 24-hour clock.

provide information to the patient on the !rst time the app is installed and used (see Figure 4). These screens
include; (i) A set of informed consent screens, where the patient is informed about the purpose of the app and
the study and can sign the consent form; (ii) A screen for collection of demographic data; (iii) A screen where
the user grants permission to collect data from the phone (e.g., location data); (iv) A screen providing instruction
for use; and (v) A screen instructing the patient on how to mount the ECG device on their chest and pair it with
the phone.

Then the system was evaluated by three patients (P4: M/55; P5: F/60; and P6: M/70) who used it for 24–72 hours
on their own. Each patient was interviewed after using the system. The overall design and core features were well
received. Speci!cally, patients stated that the visualization of the data on the app was helpful to see if the system
was working. Patients argued that the system and continuous visualization increased their awareness of their
health. For example, P5 said that the “spikes” (HR and HRV) on the app was more interesting and informative than
the heart rate data displayed in the Fitbit tracker they used. When asked how the visualization was informative to
them, they said that the mCardia visualization provided them with an easy-to-understand, 24-hour visualization
of when their HR/HRV was in or out of the range. The patients also provided input for improvements of the UI
design of the app. For example, they wanted to be able to navigate back in time and see data from previous days,
and they had suggestions for improving the legends. All these issues were incorporated into the !nal UI design
as shown in Figures 5 and 6.

ACM Transactions on Computing for Healthcare, Vol. 3, No. 2, Article 20. Publication date: February 2022.
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Fig. 6. The UI design of the mCardia mobile app (final design).

4 MCARDIA SYSTEM IMPLEMENTATION
Figure 7 shows the overall software architecture of the mCardia mobile app, which runs on the patient’s smart-
phone and collects passive and active contextual data. The mCardia app consists of a set of dedicated UI screens
(marked red in Figure 7), which implement the !ow in Figure 4 and the UI design in Figures 5 and 6. mCardia is
build using two frameworks; the CARP Mobile Sensing (CAMS) framework [7, 8] and the Research Package
framework [28], which in turn consist of a number of sub-components (all marked in green in Figure 7). CARP
Mobile Sensing (CAMS) is a cross platform and extensible framework for implementing mobile sensing apps
and comes with a long list of options for data collection, data management, data anonymization, power (battery)
optimization, and data upload. All data collection and data management in mCardia are handled by CAMS. The
Research Package handles the informed consent !ow, displays information about the study to the user, and asks
for a signature.

The data sampling is con"gured as a “Study” script in CAMS and handed over to the Study Controller, which
is then responsible for collecting and transforming the data according to the study speci"cation. In mCardia,
the data is stored in the CACHET Research Platform (CARP), a cloud-based infrastructure for managing and
analysing mobile health (mHealth) data. The CARPDataManager is responsible for uploading data to CACHET
Research Platform (CARP).

A set of sampling packages are registered with CAMS’s study script, which are responsible for handling the
data sampling. For example, all the contextual data collection (location, activity, and weather—see Table 1) is
done via the ContextPackage. Similarly, step counts from the pedometer sensor in the smartphone are collected
via the SensorPackage. Each sampling package encapsulated access to the operating system (OS) sensors and
typically uses one or more Flutter plugins to access the operating system (OS) level sensors.

Likewise, the integration to the ECG device (Movisens EcgMove4) in mCardia was implemented by creating a
MovisensPackage [36], which use a Movisens Flutter plugin [37] to access the native Movisens API (all marked

ACM Transactions on Computing for Healthcare, Vol. 3, No. 2, Article 20. Publication date: February 2022.
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Table 1. Data Features Collected in mCardia with Source
and Sampling Rate

Parameters Type Source Sampling rate
ECG S EcgMove4 1024 Hz
HR S EcgMove4 1/60 Hz
HRV S EcgMove4 1/60 Hz
MET Level S EcgMove4 1/60 Hz
Acceleration S EcgMove4 64 Hz
Rotation rate S EcgMove4 64 Hz
Body position S EcgMove4 1/60 Hz
Activity S Phone EB
Steps S EcgMove4 & Phone 1/60Hz & EB
Events PR EcgMove4 & Phone EB
Weather S Phone 4/day
Location S Phone EB
Sleep PR & S Phone 1/Day
Noise level S Phone 1/120 Hz
Dietary PR Phone 1/Day

S: Sensed. PR: Patient-reported. EB: Event-based. Dietary includes food timings
and type (light, moderate or heavy), sleep quality, and self perceived stress levels.

connected to a receiving device, then data are discarded. Therefore, this mode is not suitable for longitudinal
data collection, where device disconnection is a very common scenario. For this reason, mCardia utilizes the
“live + bu!er” mode in which the device’s signals are activated via GATT indication. As long as the mCardia app
remains connected, the device transmits data, and when disconnected, the data are bu!ered. It has a maximum
bu!ering capacity of one day. On re-connection, the device sends the bu!ered data sequentially until all data are
transmitted (or the connection is terminated).

The Movisens device records a one-lead 12-bit resolution ECG at a sampling frequency of 1,024 Hz. The other
sensors, like the 3D accelerometer and gyroscope sensors, are sampled at 64 Hz. In “live” mode, the delay between
measurement and the transmission of heart rate, heart rate variability, step counts, body position, and metabolic
levels over BTLE is 70, 94, 94, 94, and 94 seconds, respectively. Due to the high resolution and sampling frequency,
the raw ECG recordings are not transmitted via BTLE for power saving reason. By default, all data are also stored
in device’s 4GB internal memory. It has a capacity of storing 14 days of raw ECG data. This ECG data are extracted
manually by connecting the device to a PC via USB and then uploaded to the CARP cloud server, where the ECG
and the other contextual data (collected via smartphone) are synchronized.

4.2 Data Visualization and User Information
mCardia visualizes data in real time as per the sampling frequencies in Table 1. Data visualization UI elements
listen to the CAMS StudyController event stream, which broadcasts all data collected in real time. Data is not
stored locally but uploaded directly to CARP. If the user wants to navigate back in time, data for a day is fetched
from CARP and visualized. Sedentary behavior and active times are calculated based on the MET level data from
the Movisens device. Sleep is calculated once per day based on body position, heart rate, and other sensor data
from the phone.

When the app is installed and used for the "rst time, it provides legal and privacy information to the user and
shows an informed consent form which the patient has to sign on the smartphone display, which is then stored
in CARP. Upon installation, mCardia asks for the patients’ demographic information, including gender, age,

ACM Transactions on Computing for Healthcare, Vol. 3, No. 2, Article 20. Publication date: February 2022.
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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

18 (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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Fig. 7. Architecture diagram of mCardia app (red components) and its use of the CAMS framework (green components)
and Flu!er plugins (blue components).

purple in Figure 7) The Movisens API connects to the EcgMove4 device via Bluetooth low energy (BTLE). But
due to the extensible plugin architecture of CAMS, any new ECG device can be used in the system by creating
a device-speci!c sampling package and registering it with CAMS, without changing anything in the app itself.

4.1 ECG Sensor Data Management and Synchronization
The Movisens EcgMove4 device is capable of recording continuous ambulatory ECG with adhesive electrodes or a
dry electrode textile chest belt; hence, avoiding the need for cables. In addition, it has on-board 3D accelerometer,
gyroscope, barometric air pressure, and temperature sensors. Table 1 lists all the data types provided by the
sensors, along with their sampling frequencies.

The Movisens device supports the “live” and “live + bu"ed” modes to communicate with these on-board sen-
sors. In “live” mode, the sensor signal can be activated via a BTLE GATT noti!cation, and if a sensor is not

ACM Transactions on Computing for Healthcare, Vol. 3, No. 2, Article 20. Publication date: February 2022.
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Questions Related to Standards....
• How can we integrate with the “big” systems

– Patient Administration System (PAS)
– Electronic Medical Record (EMR)
– Booking and Scheduling

• What needs to be integrated
– Patient information (id, name, diagnosis, ward, ...)
– Clinical information (diagnosis, ...)
– Medical device information (type, configuration, instructions, ...)
– Communication (messages, video, ....)
– Observations (physical activity, behavior, sleep, HR, HRV, MET, 

ECG, PRO, ....)
– ...

20 (c) Jakob E. Bardram – www.bardram.net
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Healthcare Classification Systems
• ICD-10 (should be 11)
• DRG
• Read / Clinical Terms (UK)
• SNOMED
• SNOMED-CT
• UMLS

• DSM
• LOINC
• RxNORM
• ICPC
• CPT
• RadLEX

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

Comparing coding systems is  not easy    397

 ● !e International Classi!cation of Primary Care (ICPC) was introduced in 1987 and is 
currently in its second edition ICPC-2 (Soler et al., 2008).

 ● !e Current Procedural Terminology (CPT) is a US nomenclature developed by the 
American Medical Association, and it is used to report medical procedures and services 
for health insurance purposes (American Medical Association, 2007).

 ● RadLEX is a radiology speci"c terminological system designed for use in a broad range 
of radiology information systems such as picture archiving and communication systems 
(Langlotz, 2006).

23.8 Comparing coding systems is not easy

Unsurprisingly, the same clinical concept may look very di#erent when coded using di#er-
ent classi"cation systems (Table 23.7). !e di#erent origins of the systems, and the di#er-
ent revision histories each has had, inevitably result in the use of di#erent terms for similar 
concepts. Although it is beguiling to try to compare di#erent coding systems, such com-
parisons are o%en ill considered. !is is because it is not always obvious how to compare 
the ability of di#erent systems to code concepts found in a patient record. Coding require-
ments vary from setting to setting and from task to task. It is thus not meaningful to com-
pare performance on one task and infer that similar outcomes will result for tests on other 
tasks.

As critically, term use varies among user populations. !e terms used in a primary care 
setting di#er from those used in a clinic allied to a hospital, thus re&ecting di#erent prac-
tices and patient populations. Di#ering disease patterns and practices also distinguish dif-
ferent nations. A system such as Read Version 2, designed for UK primary care, may not 

Table 23.7 A comparison of coding for four different clinical concepts using some of the major coding systems

Clinical concept UMLS ICD-10
ICD-9-CM 4th 

edition Read, 1999

SNOMED 
International, 

1998
SNOMED CT, 

2002

Chronic 
ischaemic 
heart disease

448589 Chronic 
ischaemic heart 
disease

I25.9 Chronic 
ischaemic heart 
disease

414.9 Chronic 
ischaemic heart 
disease

XE0WG Chronic 
ischaemic heart 
disease NOS

14020 Chronic 
ischaemic heart 
disease

84537008 Chronic 
ischaemic heart 
disease

Epidural 
haematoma

’453700 
Hematoma, 
epidural’

S06.4 Epidural 
haemorrhage

432.0 
Nontraumatic 
extradural 
haemorrhage

Xa0AC Extradural 
haematoma

89124 Extradural 
haemorrhage

68752002 
Nontraumatic 
extradural 
haemorrhage

Lymphosarcoma ’1095849 
Lymphoma, 
diffuse’

C85.0 
Lymphosarcoma

200.1 
Lymphosarcoma

B601z 
Lymphosarcoma

’95923 
Lymphosarcoma, 
diffuse’

’1929004 
Malignant 
lymphoma, 
non-Hodgkin’

Common cold 1013970 
Common cold

J00 Acute 
nasopharyngitis 
(common cold)

460 Acute 
nasopharyngitis 
(common cold)

XE0X1 Common 
cold

35210 Common 
cold

82272006 
Common cold

ICD, International Classi!cation of Diseases; UMLS, United Medical Language System.
From the National Centre for Classi!cation in Health, Australia.
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Lots of (online) resources...
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• 154 standards
– 52 EDIFACT
– 6 HL7 v. 3
– 32 “codes”
– 14 web services
– 49 XML

24 (c) Jakob E. Bardram – www.bardram.net
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Different types of standards

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

Communication

Data Format

Health Standard
HL7, FHIR, ICD-11, 
SNOMED, ...

Binary, XML, JSON, EDI, 
RDF, ...

SOAP, HTTP/REST, 
TCP/IP, ...
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Examples of Health Standards
Fast Healthcare Interoperability Resources (FHIR)
• a modern version of HL7
• data format and API standards
• for exchange of EHR “documents”
• JSON, XML, RDF

IEEE P1752 Standard for Mobile Health Data
• standard semantics 
• description, exchange, sharing, and use of mobile health 

data 
• sleep, physical activity, meta-data, surveys, ...
• device & app agnostic
• JSON

27 (c) Jakob E. Bardram – www.bardram.net
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http://hl7.org/fhir/

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

http://hl7.org/fhir/
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https://sagroups.ieee.org/1752/

https://opensource.ieee.org/om
h/1752/-/tree/main

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

https://sagroups.ieee.org/1752/
https://opensource.ieee.org/omh/1752/-/tree/main
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Small Exercises...
#1 – What is the difference between HL7 (v. 3) and FHIR?

#2 – Write yourself as a FHIR Patient object in JSON.

#3 – Take a look in the Apple Health app on your phone. How would you represent the 
“walking” activity you did yesterday as an IEEE P1752 JSON object?

#4 – Same question as #3, but in the FHIR format?

#5 – Outline a small Python script that transforms Apple Health data to the IEEE format

#6 – Which types of health application are the two standards useful for?

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