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Abstract

An emerging area of great impact and significance is the application of
pervasive computing technologies in healthcare. Pervasive healthcare
refers to the set of technologies designed to seamlessly integrate health
education, interventions, and monitoring technology into our everyday
lives, regardless of space and time. This approach can increase both
the coverage and quality of care. Over the last decade, pervasive com-
puting solutions for healthcare have become increasingly prevalent in
both research and commercial efforts. This survey analyzes a variety of
research projects and commercial solutions devoted to understanding,
designing, and implementing pervasive healthcare applications in sup-
port of preventive care, hospital care, and chronic care.

Taking into account the working conditions of clinicians and the
needs of patients, pervasive computing offers a variety of attractive
solutions for many of the challenges to care delivery in these domains.
The work of clinicians is intrinsically tied to the physical domain of



the patient, not to digital material available in computer systems; clin-
icians as well as other non-clinical caregivers continually switch between
different caregiving contexts. Furthermore, their work is characterized
by high mobility, ad hoc collaboration, and interruptions. At the same
time, patients and family members frequently demonstrate poor adher-
ence to both behavioral and pharmaceutical interventions and experi-
ence inadequate communication with those providing care. The use of
health education to promote motivation, reinforcement, advice, and
tools for capturing and tracking health information supporting self-
monitoring can help patients to overcome these challenges. Pervasive
computing offers solutions for clinicians, patients, and a variety of other
caregivers to assist them with these problems including applications
and mechanisms to:

® case the recording, tracking, and monitoring of health infor-
mation;

e allow communication, collaboration, and coordination among
the varied stakeholders;

® encourage clinical adherence and disease prevention;

e support the nomadic work of clinicians and seamless integra-
tion of the physical and digital worlds; and

e enable the development of novel medical devices.

In this survey, we present an overview of the history of pervasive health-
care research as a human-centered vision driven by a healthcare model
that includes preventive, hospital, and chronic care. We then summa-
rize the research in this space, outlining research challenges, current
approaches, results, and trends. Finally, we discuss future research
directions as a springboard for new focus in pervasive healthcare. This
survey is based on analysis of the literature as well as our own research
experiences and those of many of our colleagues.
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Introduction

The challenges of integrating more complex interventions into both
hospital and home care are changing how healthcare is delivered. Many
experts now advocate a move toward a more patient-centered approach.
In this model, patients take greater responsibility and accountability
for their own health with clinicians often acting more as expert consul-
tants than the primary caregivers. A key feature of this patient-centered
approach is that care is provided in a more distributed manner. As
Bardram et al. argue:

“The [current] healthcare model needs to be transformed
into a more distributed and highly responsive healthcare
processing model, where locally available and distributed
[tools] can help empower patients to manage their own
health in the form of wellness management, preventive
care and proactive intervention” [58].

Mobile, pervasive, and ubiquitous computing technologies offer
promising solutions to documenting progress, diagnosing conditions,
and treating and managing care in this patient-centered approach. In
this survey, we examine the role that novel mobile, pervasive, and

3
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ubiquitous computing technologies can play in monitoring and analysis
of health conditions to support preventive, hospital, and chronic care.
Additionally, we examine the ways in which many of these technologies
are reinventing the modern healthcare experience. This broad area of
research and practice is often referred to as pervasive health, a term
we use throughout this survey.

1.1 The Opportunity of Pervasive Healthcare

Pervasive computing, ubiquitous computing, and ambient intelligence
are concepts evolving from the development and deployment of perva-
sive applications, frequently in the healthcare domain and are most of
the time mentioned in the healthcare context [32]. Initial visions of per-
vasive and ubiquitous computing describe environments furnished with
computational artifacts that remain in the background and have intelli-
gent capabilities to support user-centered activities [201, 236, 237, 238].
Mark Weiser described a future of smart environments as:

“a physical world that is richly and invisibly interwoven
with sensors, actuators, displays, and computational
elements, embedded seamlessly in the everyday objects
of our lives, and connected through a continuous
network [238].”

The increasing availability of heterogeneous devices wirelessly inter-
connected, and advances in both hardware and software are gradually
making Weiser’s vision a reality.

The application of this vision to healthcare demands an interdisci-
plinary approach, borrowing methods and techniques from computing
fields, such as Ubiquitous Computing, Context-aware Computing,
Human—Computer Interaction (HCI) and Artificial Intelligence (AI)
as well as medicine, nursing, public health, occupational therapy and
health education. The complex healthcare environment requires a
detailed understanding of user context. Additionally, these settings
necessitate design that accounts for diverse and non-specialist users
through simple and natural means of interaction. Finally, pervasive
health systems need intelligent capabilities to be adaptive to users,
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reactive to context, and capable of learning from user’s behavior to
provide high quality services based on user preferences.

Pervasive health applications range from wearable and embedded
sensors that assist in self-care (e.g., [39, 78, 87, 88, 102, 144]) to
hospital environments enhanced with pervasive computing technology
(e.g., [13, 14, 15, 16, 21]). Pervasive health includes a variety of defi-
nitions, often emphasizing different aspects of the research agenda in
this domain [58]; but all emphasize the primary goal of supporting
the patient, the caregiver, and the clinician through the use of mobile,
pervasive, and ubiquitous computing technologies.

“ ..the use of mobile/wearable/environmental tech-
nologies that have come out of the ubicomp/pervasive
research communities that is targeted at some challenge
associated to health. The health part of it could be
addressing issues of diagnosis or treatment that leads
to increased medical knowledge(what we would consider
medical or biomedical research) or it could be related to
work that is contributing to the science or engineering
of healthcare delivery.” (Gregory Abowd)" [58]

“ ..research on ubiquitous technologies both for sup-
porting clinicians working in a hospital or other health
institutions,as well as patients — and more generally
citizens — themselves. The goal in the former case is
to create technologies that help clinicians better treat
and care for patients; in the latter case that patients
become more capable and resourceful in their own
disease management. Pervasive healthcare technologies
can of course also be a hybrid of these two types of
systems — that is,having systems that help patients
manage health-related issues inclose cooperation with
clinical staff at a hospital” (Jakob Bardram) [58]

I Discussed definitions were presented in the first pervasive health column of IEEE Perva-
sive Computing [58].
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“A new wireless health research field and industry . .. at
the convergence of personal mobile wireless devices, net-
worked sensing, and new embedded computing systems
directed to advancing the quality and accessibility of
healthcare” (Bill Kaiser) [58]

As the quotes highlight, healthcare is a promising research area for
pervasive computing, and likewise, pervasive computing is a promising
new direction for health research. Pervasive computing capabilities can
be used not only to support hospital work [13, 21] but also to shift
care toward the home, thereby enhancing patient self-care and inde-
pendent living. “Anywhere and anytime” are becoming keywords that
are often associated with pervasive health. Due to the emphasis thus far
on the design and development of pervasive health technologies, there
has been less focus on understanding the impact of pervasive health
applications on important healthcare issues such as medical errors and
users’ concerns such as privacy and security. The social, economic and
ethical concerns regarding the use of pervasive computing [31, 219] are
also extremely relevant in this domain and open new areas of research
for scholars to pursue.

In this survey paper, we briefly note the origins of pervasive health
and relevant projects that describe key areas of interest, providing an
overview of the extensive literature in pervasive technologies that sup-
port patients, clinicians, and other stakeholders. In this survey, we
highlight design issues and the impact of using these technologies in
everyday practices. We primarily draw on the research literature in
relevant conferences, such as CHI,2 Ubicomp,? PervasiveHealth,* and

® as well as relevant journals, such as Personal and Ubiqui-

Pervasive,
tous Computing® and IEEE Pervasive Computing,” as well as our own
research experiences and those of many of our colleagues. However,

readers should be aware that there is a great deal of related literature

2 http://www.chi2011.0rg/

3 http: / /www.ubicomp.org/

4 http:/ /www.pervasivehealth. org/

5 http://pervasiveconference.org/

8 hitp:/ /www.springerlink.com,/content/106503/

7 http: / /www. computer.org/portal /web /pervasive/home
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in the medical informatics domain primarily focused on tools, devices,
and methods required to optimize the acquisition, storage, retrieval and
use of information in healthcare. Additionally, relevant literature can be
found scattered amongst public health, nursing, medical, gerontology,
mental health, and other journals. Our aim, here, is not to provide a
comprehensive review of all of the relevant literature in this vast inter-
disciplinary space. Instead, this survey describes the field of pervasive
healthcare in a way that prepares newcomers to tackle some of the most
important issues and that identifies upcoming trends in this important
research space. The general inclusion criteria for the projects discussed
in this paper included, papers discussing issues related to:

e mobile devices (e.g., laptops, PDAs, tablet PCs, mobile
phones),

e wearable and on-body sensors (computer-enhanced textiles
or medical sensors),

e natural interfaces,

® stationary devices embedded in “everyday objects” or infras-
tructure, such as buildings, furniture, etc.

e gystems and context-aware services with elements of
“intelligence,”

e pilot studies and case studies conducted in health care
settings for understanding healthcare needs and the use of
pervasive applications

1.2 The Healthcare Model and Contemporary Computer
Technology in Healthcare

Pervasive computing entered health care in a variety of settings, making
it difficult to frame a paradigmatic vision of a pervasive health system.
The relevant settings that the pervasive computing literature has
tended to examine can generally be divided across two axes (Table 1.1):
system users and system purposes. System users include health care
professionals (i.e., nurses, psychologists, and clinicians), caregivers (i.e.,
family, friends) and patients. Even though, in most cases, several stake-
holders are involved in the use of a system (e.g., a patient captures
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Table 1.1.  Overview of the projects discussed in this survey®

Application themes by Healthcare Users Care purpose
domain (total)/(%) Caregivers  Patients Preventive Hospital Chronic
Natural interfaces 4 14 1 4 13
Context-aware computing 22 21 1 22 20
and pervasive
monitoring
Capture and access tools 17 25 15 6 11
and self-care
management
Collaboration and 10 22 15 6 11
coordination
Pervasive games 7 7
Robots 6 1 5
Total (n = 148) 53 95 39 39 70

his/her heart rate that could be later reviewed by his/her relatives
and healthcare providers), in most cases, we can still identify a pri-
mary user who benefits from using the system. For the purpose of
this survey we define the user as the “person who primarily interacts
with and has benefited from the system.” The system’s purpose can
be divided into preventive, hospital, and chronic care. In this survey
paper, we discuss close to 150 projects from the academic and com-
mercial domains. Although we tried to balance the discussed projects
according to each dimension (i.e., healthcare users and the purpose of
care), the selected projects reflect the body of work we identified in
each domain. Certainly, this discussion does not and cannot include
every piece of technology related to healthcare. The field is moving
quickly; new products reach the market and new research projects are
launched each day. In this survey, we focus on those technologies that
have been empirically validated in the literature and only highlight
those commercial products that are particularly popular or relevant to
the evidence-based solutions from research.

8 We did not include in the table projects discussing methods and tools in support of
the research and Pervasive Healthcare, and studies conducted for understanding health-
care user needs because we wanted to reflect on the application themes available in this
community.
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In this section, we discuss the different areas of health and wellness
and current health technology to highlight how computing research in
healthcare is evolving toward pervasive health.

1.2.1 Personal Informatics and Games for Preventive Care

Behavior and lifestyle choices (e.g., smoking, obesity, and inactivity)
contribute to increased prevalence of chronic degenerative diseases and
premature deaths [52]. For example, the worldwide obesity phenomenon
and associated diabetes are “becoming the main epidemic of the 215
century” [223]. This growing phenomenon — largely as a result of
changes in the modern lifestyle and food systems — placed a heavy
burden on the hospital and healthcare sectors. Indeed, many chronic
diseases and premature deaths are linked to common preventable risk
factors (Figure 1.1).

Prolonged alcohol and tobacco use, unhealthy nutrition, and physi-
cal inactivity are some of the major causes of preventable chronic degen-
erative diseases [52]. Public health researchers and officials alike have
argued heavily for strategies to enable and support behavior change in
those with high risk factors. Thus, in recent years, a variety of gov-
ernments have created preventive health programs targeting behavior

low dietary poly-unsaturated fatty acids =
low intake of fruits and vegetables
alcohol use
high dietary trans fatty acids
low dietary omega-3 fatty acids
high dietary salt
high LDL cholesterol

High blood sugar

Preventalbe risks factors

Inadequate physical activity and inactivity
overweight-obesity
high blood pressure

smoking

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Hundreds

Number of premature deaths

Fig. 1.1 Preventable risk factors for premature death in the United States [52].
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change (e.g., obesity, food safety, and infectious disease prevention?)
as an alternative method using health education to preventing diseases
and encouraging people to take on the responsibility of self-care. Pre-
ventive health care or preventive medicine refers to measures taken to
prevent diseases, or injuries, rather than curing or treating them [199].
It is about giving “your body the best chance of remaining free from
disease” [199].

One historical root of pervasive health applications derives from
interest in this kind of preventive support as well as the general con-
cepts of persuasive technology [45]. These applications have included
technologies to support preventive health education (e.g., media for
health education), personal self-reflection (e.g., personal health infor-
matics and personal healthcare information management) and behavior
change (e.g., games). Some of the available technologies in this space
include multimedia educational videos and web-based portals, virtual
communities (e.g., [215]) and games (e.g., BrainAge). Most of these
solutions include a variety of print, graphic, audiovisual, and broadcast
media programs intended to influence behavior change. For example,
the Brain Age games from Nintendo DS “help to stimulate your brain
and give it the workout it needs through solving simple math prob-
lems, counting currency, drawing pictures on the Nintendo DS touch
screen, and unscrambling letters.”'9 Educational health games facili-
tate learning through simulation of disease consequences or trivia-based
designs [12].

Other available solutions for supporting preventive healthcare are
tools for empowering users to collect “the necessary personal informa-
tion for insightful reflection” [139]. As defined by Li et al. [139] personal
informatics systems are those that

“help people collect personally relevant information
for the purpose of self-reflection and gaining self-
knowledge.”

9 http://www. healthyamericans.org/
10 http: / /brainage.com/launch/index.jsp
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In personal informatics, people participate in both the collection and
analysis of behavioral information. Indeed, integrating personal health
information helps people manage their lives and actively participate
in their own health care [186]. For example, the Personal Healthcare
Record (PHR) [1, 225], is a self-managed personal medical record where
individuals update their own health data.!’ A PHR [225] is an:

“An electronic application through which individuals
can access, manage and share their health information,
and that of others for whom they are authorized, in a
private, secure, and confidential environment.” [225]

The health data in a PHR might include family history, lab results,
imaging reports, data gathered from medical devices, illnesses, and hos-
pitalizations. Current implementations of PHR include electronic and
web-based PHR (e.g., iHealthRecord!? and IBM'3). Some of the bene-
fits of the PHR for patients include more knowledge about their health,
increased participation in their medical care, and more knowledge
about clinical decision-making [147]. Furthermore, pervasive health
applications could be potentially connected to these PHRs and provide
a variety of patient data to the record.

1.2.2 Information Technology for Hospital Care

Hospital environments are filled with increasingly complex technologies,
and in these environments, highly mobile staff require greater coordi-
nation and collaboration among specialists for adequately and timely
patient care delivery. Traditional computer technology in hospitals
includes technology for managing and sharing health information and
applications for support health provider’s decision-making [213]. Elec-
tronic medical records (EMRs) aim to make hospital workflows more
efficient, improve the quality of patient care and reduce costs [99, 216].
Likewise, the use of voice-over-IP (VoIP) systems has started to unify

11 The personal health record provides also a summary of the Electronic Medical Record
(EMR) managed within health institutions.

12 {HealthRecord. Available at: http://www.ihealthrecord.org. Accessed March 14, 2006.

3 IBM breathes nmew life into healthcare. Available at: hittp://www.ibm.com/news/us/
en/2005/11/2005_11_08.html. Accessed March 14, 2006.
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14 and the use of Picture Archiving

and streamline communications,
and Communication Systems (PACS) offers faster access to diagnostic
information, reduces the need for film and film storage, and increases
radiologist and clinician satisfaction and productivity [226].

Clinical decision support systems (CDSS) are tools to assist clini-
cian decision-making [213]. Although, these systems have mainly had
a positive impact for drug dosing and other aspects of medical care,
there are still open questions about whether these tools help in diag-
nosing [111]. The opportunity to integrate these devices, databases, and
networking in the current hospital environment into a truly intercon-
nected pervasive health experience represents that primary challenge
for the branch of pervasive health applications focused on supporting
the clinical experience.

1.2.3 Assisted Technologies for Chronic Care

As the population ages and acute care improves survival rates for a
variety of illnesses affecting all age ranges, the prevalence of chronic
diseases continues to grow. The increasing growth rate of individuals
managing chronic conditions will increase the demands on healthcare
workers, family members, the pharmaceutical industry, medical tech-
nology, and insurers to meet their needs. Consequently, many leading
experts and policy advocates predict a severe strain on resources in
trying to meet this demand.'® According to the World Health Organi-
zation (WHO), between 1950 and 1980 the percentage of older adults
of the world population was approximately 8%; after 2000 it was esti-
mated that this figure will increase to 21.4%.

Chronic health conditions typically include all impairments or
deviations from the norm [195] that last three or more months [182].
Chronic care refers to medical care that addresses preexisting or long-
term illness, as opposed to hospital care, which is concerned with short-
term or severe illnesses of brief duration. Although chronic care is more

4 Why VoIP is the Becoming the Telephone System Choice For Hospitals in
the UK. http://EzineArticles.com/? Why- VoIP-is-the-Becoming-the- Telephone-System-
Choice-For-Hospitals-in-the-UK&amp;id=2110277

15 American Productivity and Quality Center. Available at: hittp://www.apqc.org/portal/
apqc/site/generic2?path=/site/industry_focus/industryfocus_healthcare.jhtml
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common in the elderly, children, teenagers, and young adults also have
to deal with chronic issues as well.

Assistive technologies help people with chronic and debilitating
illnesses to live with greater independence, safety, and community inte-
gration. Assistive Technologies [133] is an umbrella term for defining:

“devices and other solutions that assist people with
deficits in physical, mental or emotional functioning to
perform actions, tasks and activities.”

Available assistive technologies for chronic care include applications
for rehabilitation or compensation, health monitoring and community
informatics.

Most traditionally available assistive technologies include systems
and special devices for rehabilitation and/or the compensation of a
lost skill. Examples of these technologies include electronic wheelchairs,
visual and hearing aids, cognitive support systems, and augmentative
and alternative communication technology. For example, patients with
verbal impairments can use paper and electronic-based pictures, choice
boards [159, 160], or text-to-speech software [207] to communicate their
needs (e.g., requesting food).

The long-lasting nature of chronic illness makes record-keeping
and long-term analysis of diagnostic and evaluative measures both
extremely important and also very challenging. Not only must symp-
toms, interventions, and progress be documented over very long
periods, but they must also often be recorded in the midst of daily activ-
ity. Thus, technologies in support of chronic care include applications
for facilitating health data capturing. For example, health monitoring
systems include biometric devices for the monitoring of patients, phys-
iological parameters, and biological measurements (e.g., ECG, arterial
oxygen saturation, and blood pressure). There is also increased inter-
est in telemedicine and surveillance systems for monitoring patients’
activities and behavior [56, 125]. The main goal of health monitoring
is to allow caregivers and health providers to detect potential prob-
lems reducing unnecessary hospitalizations and health emergencies. As
conditions grow in complexity and care moves from a centralized clinic
setting to being distributed throughout homes and other environments,
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health records management will require equally complex, distributed,
and integrated solutions. Pervasive health not only offers a variety
of opportunities in this kind of connectivity and multi-device plat-
forms but also represents a kind of paradigm shift from a model of
manual clinician-directed documentation to one that includes system
automated and patient-initiated documentation.

Finally, applications for social support can be particularly impor-
tant to help people with chronic conditions meet people with the same
needs, exchange experiences, and find the needed social support for cop-
ing with their diseases. In the domain of community informatics [90],
traditional information and communications technology is being used
to enable users share experiences and gain social support empower-
ing community process. In the medical area, virtual communities have
been successfully used in the care of patients [107, 215]. Their benefits
include the reduction of stress, social satisfaction, opportunistic access
to information relevant to their disease, and increased communication
between patients and clinicians [211]. For example, PatientsLikeMe is a
virtual community through which people with chronic diseases have an
online community for both resources and support [7]. Pervasive health
offers a compliment to these current solutions in terms of supporting
socialization and support through a variety of mobile, location-aware,
and networked systems.

1.3 Conclusion

As seen through this brief examination of current technologies that
support health and wellness, pervasive health has a diverse set of
origins addressing a variety of challenges. Current IT solutions, while
beneficial in many ways, do not provide the natural affordances that
enable access to healthcare “anywhere and anytime.” For example,
when hospital information systems are evaluated, about three quar-
ters of these systems are said to have failed [10, 239] and there is no
evidence that they improve health professionals’ productivity [82]. In
the modern hospital environment, workers spend only a fraction of
their work shift in front of a computer and more than twice of their
time “on the move” [22, 23, 164, 196, 197]. Consequently, pervasive
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computing may be very useful in supporting preventive, hospital, and
chronic care.

There are many ways to organize and discuss the literature in
pervasive healthcare: across domains, across diseases or across users’
roles. In this survey, we describe the literature in light of the paradigm
shift currently occurring as healthcare is more decentralized geographi-
cally and administratively but connected technologically, following the
patient-centered model of care. Specifically, we first describe the use of
highly networked innovative services in the hospital and clinical setting.
We then describe the ways in which some of these technologies as well
as new ones not seen in clinics are making their way into home care and
assistive technologies for the chronically ill. We then describe a vision
for the future that involves some of the most recent trends toward
preventive health and wellness applications. Finally, we close with a
discussion of the pervasive health design space in light of common meth-
ods and application areas in ubiquitous and pervasive computing. This
organization enables the reader to follow how specific problems in con-
temporary healthcare have motivated and driven many researchers to
design, develop, and deploy pervasive health applications as well as to
understand the potential future trends and open research questions in
the community.



2

Pervasive Computing for Hospital Care

The desire to improve patient care drives the design and implementa-
tion of new technologies in the hospital. In the past few decades, there
has been an enormous investment worldwide in hospital information
systems. Even though healthcare is often slower than other industries in
adopting new information technologies, hospitals have moved quickly to
deploy technologies to improve patient care, reduce costs, and medical
errors [73]. However, a number of challenges still remain.

Health care providers face working conditions that are substantially
different from those of office workers — the basis for the design of tradi-
tional desktop based hospital information systems [22, 23, 33]. Clinical
work demands close coordination and collaboration amongst special-
ists distributed across both space and time. So, most clinicians need to
continuously move around hospital premises to access people, knowl-
edge, and resources [22]. For instance, clinicians make daily “rounds”
to evaluate and diagnose patients. In addition to seeing patients, clin-
icians and nurses also may need to go physically to various loca-
tions to find relevant clinical information (e.g., patient records, x-ray
images). This information is not generally concentrated in a single place
but distributed among a collection of artifacts in different locations.

16
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For instance, even in hospitals that have implemented substantial elec-
tronic medical records infrastructure, patient records can be found elec-
tronically and in paper folders located in patient rooms, labs, common
areas, or offices. Consequently, the hospital is a large and complex infor-
mation space and clinicians have to navigate this space effectively in
order to do their work [33].

The challenge of supporting mobile work in this information space
is motivating the widespread adoption of handheld devices in support
of clinical work. Clinicians, in particular, are increasingly using hand-
held computers in their professional practice. It was estimated that
26% of all clinicians in the United States used a handheld in 2001, a
number that was expected to grow to 50% for 2004 or 2005 [38]. In fact,
several medical schools in the United States require students to have
mobile devices. Approximately 60% to 70% of medical students and
residents use PDAs for educational purposes or patient care [117]. The
UCLA’s David Geffen’s School of Medicine established this require-
ment “to enable ‘point of contact’ access to information resources; and
to prepare students for practicing medicine in the 215 century”'; and
the UCI medical school as part of their iMedEd Initiative developed
a comprehensive iPad-based curriculum “reinventing how medicine is
taught in the 21st century and becoming the first in the nation to employ
a completely digital, interactive learning environment for entering
students”.?

This trend has generated interest in the development of medical
applications for mobile devices [131]. Mobile devices wirelessly con-
nected to hospital information systems can give clinicians access to
patient medical records from anywhere in the hospital. Even with their
limited screen size there are clear advantages from having this increased
availability of information [132] such as allowing clinicians to more
quickly respond to a change in the patient’s condition. However, based
on several systematic reviews of the use of hospital information systems
by clinicians, the most popular handheld medical applications are ones
that provide access to reference material. In these reviews, more than

Lwww.medstudent.ucla. edu/pdareq/

2 http://today.uci.edu/news/2010/08 /nr_ipad__100803.php



18  Pervasive Computing for Hospital Care

half of the presented systems are mobile-based and include pharmaco-
logical databases or clinical decision support systems [129, 188, 189].

A more recent trend in supporting highly mobile clinicians includes
the development of pervasive computing environments [17], context-
aware information systems [168], record-keeping and note-taking
applications [11, 154, 155, 243] and hospital groupware and collab-
orative applications for hospitals [15, 66, 149]. These efforts aim to
provide clinicians with access to relevant information from anywhere
within the hospital through a variety of heterogeneous devices. The
design of these systems has been inspired by formative design studies
that indicate that the deployment of pervasive technologies in hospi-
tals can be particularly beneficial for the clinicians. In this section, we
describe these research efforts and results in the pervasive computing
literature in support of clinical work.

In this section we describe the available solutions to overcome
these challenges. We first describe solutions that make use of context
to present information relevant to medical workers. Then we present
solutions that support collaboration and improve the arduous task of
record-keeping. We close by discussing tools that enable medical work-
ers to quickly switch between different medical contexts due to frequent
interruptions.

2.1 Context-Aware Services and Awareness

Clinicians make decisions that are highly influenced by contextual infor-
mation, such as time, location, and available resources. For example,
access to a patient’s medical record is more relevant when the clinician
is in front of a patient’s bed. Therefore, a clinician’s location is useful
in determining the type of information she/he might require at a given
moment [168]. Field studies of clinical work have shown that clinicians
maintain a peripheral awareness of people at work in order to maintain
the temporal patterns or “rhythms” [196, 197] of work which is often
used to coordinate activities and contribute to the regular temporal
organization of the hospital [22, 23, 38, 196].

To provide clinicians with the required awareness for their work,
the AwarePhone enables clinicians to use their mobile phones to get
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an overview of their location, status, and the activity in an operat-
ing room [14] (see Figure 2.1, right). The AwarePhone is an interactive
phone book that enables clinicians to exchange calls and messages while
displaying each user’s location, and his current and self-reported activ-
ity. Examples of reported activities include “patient arrived,” “patient
anaesthetized,” “operation started,” and “patient left the operating
room.” Clinicians might use available contextual information to deter-
mine the right time to call a colleague, thereby reducing the number of
disruptive calls a clinician receives. Similarly, the AwareMedia appli-
cation shows clinicians the location, status, and current activity of all
surgical personnel, the operating schedule for each operating room and
a video feed from inside the room [15, 16, 38]. AwareMedia also includes
a chat feature as an easy communication channel amongst the surgical
personnel. For example, a clinician in the operation ward can broad-
cast a message to nurses and other clinicians notifying the cancella-
tion of the next surgery. Figure 2.1 shows the AwareMedia deployed
in the hospital. The results of a one-year evaluation of these systems
(i.e., the AwareMedia and the AwarePhone), showed that clinicians

Fig. 2.1 The AwareMedia deployed in the coordination center (left), an operating technician
wearing a location tag (right, top), and the AwarePhone (right, bottom) showing a list of
users, their location, status, and scheduled operation (source: proceedings of ubicomp 2006,
acm digital library, permission requested).
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found the contextual information useful for helping them to improve
their coordination and rapidly find the resources they need in their
work. However, some of the pitfalls when using context-awareness in
hospitals include privacy and accuracy. Clinicians reported that some
times was very difficult to have “confidence” on the technology because
the estimation was not always accurate. This work leaves questions for
identifying the situations when the context-aware application may act
automatically based on a desired level of confidence open. Open issues
remain for uncertainty mechanisms for managing errors when sensing
information.

Besides monitoring their own information, clinicians need to
closely monitor patient activities and their health status to determine
the appropriate time for care delivery. Because clinicians are often
mobile, they encounter problems with maintaining awareness of patient
activities and consequently overlook emergencies. At the same time,
continual alerting could disturb both the restful environment hospitals
attempt to create and the work of other clinicians in the nearby area,
but in contrast, public alerts can compromise patient privacy.

To overcome these challenges, in the commercial sector, there are
several biomedical devices that help hospital workers monitor vital
signs, physiologic trends, heart rate and control respiratory ventila-
tors.? Likewise, researchers have explored the use of wearable sensors
to monitor nurses’ activity of medication [172].

Academic researchers have explored the use of ambient displays,
“aesthetically pleasing displays of information which sit on the periph-
ery of a user’s attention” [22], for monitoring patient information. For
example, the ADL monitor project (Figure 2.2, left) enables nurses to
monitor patients’ urine habits [228]. This application uses a bracelet
that contains five buttons with embedded lights — each button rep-
resents a patient under the nurse’s care. The bracelet’s lights turn
on when a patient is urinating and nurses can consult details on a
SmartPhone. A second version of the ADL monitor was integrated
with the FlowerBlink (Figure 2.2, right): a fixed ambient display that
notifies nurses of patient urine output and urine bag status [67, 210].

3 http:/ /www. himssanalytics.org/docs/HA_MedDevices. pdf
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Fig. 2.2 A nurse using the bracelet of the ADL Monitor (left), and the FlowerBlink (right)
notifying nurses that a patient is urinating.

The FlowerBlink includes a wooden box containing twelve “emergency
flowers” with stems and twelve stemless “situation flowers.” Emergency
flowers blink to indicate current urination or a full urine bag. Situa-
tion flowers indicate the location of each patient. Integrating various
ambient displays for a comprehensive information environment requires
careful decisions regarding which devices can and should display which
information. These decisions must take into account the device capa-
bilities and users’ context and remain a primary challenge for device
integration [67, 210]. In both cases, the goal is to make clinicians
more aware of their environment, colleagues, and artifacts locations
or patients’ information.

Beyond these notions of awareness, Munoz et al. [168] investigated
the problem of identifying what contextual information is relevant to
support hospital work through the development of the Context-aware
Hospital Information System (CHIS). The CHIS enables users to send
messages, which include a set of context rules that must be satisfied
before the system delivers the messages. This contextual information,
the message’s delivery context, can include the recipients’ location and
role and the status of any related artifacts. In addition, the CHIS uses
this contextual information to decide how to adapt and personalize the
information shown to the user and to provide location awareness on a
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floor map. So, when a clinician is near a particular patient bed, the
system might automatically display the relevant medical record.

Other studies have also highlighted the role that location can play
in managing concerns about privacy, surveillance, and control of data
in hospitals. In a research deployment of the CHIS, clinicians identi-
fied some areas in which they did not want to be tracked; however,
sharing context information generally did not produce major privacy
concerns [229]. To address the concerns that did arise, the CHIS incor-
porate mechanisms to allow users to manage their privacy settings
based on context [229]. For instance, clinicians can configure the floor
map to only show the room-level presence information instead of the
detailed location, and highlight generic roles instead of the exact names.
In contrast with the AwarePhone and the AwareMedia, the CHIS not
only uses context to provide awareness to clinicians but it also uses
this information as triggers for adapting and personalizing the pre-
sented information. By doing so, the CHIS reduces information over-
load thereby potentially providing enough benefit to overcome some of
the concerns around control of shared data and privacy.

The amount of information clinicians must handle is extremely
large. They often manage a large number of patients who each have
voluminous medical records. Hence, navigating through all of this infor-
mation on a small screen while working in a highly mobile environ-
ment can be particularly challenging. A second version of the CHIS
was extended to integrate interactive displays that personalize the
information shown to a clinician and offer opportunistic access to
medical information [66]. For instance, when clinicians approach a
CHIS display, it detects their presence, and based on their location,
provides them with personalized views of the CHIS system. These views
highlight recent additions to patient medical records, any messages
addressed to the clinicians, and the most relevant services to her current
activities.

Similarly, other research projects have extended traditional hospital
information systems, such as PACS or EMRs, with context-aware
services that enable clinicians to find relevant information [26]. For
example, researchers have developed context-aware PACS that can
show relevant medical images for an ongoing surgery [7, 26]. These
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systems usually take into account the patient’s identity, the type of
surgery, the surgeon, and the progression of the surgery to decide which
images are relevant to display. Similarly, the MobileWard is a context-
aware application that provide nurses with relevant information during
their work [216]. The system uses the nurse’s location, patient’s iden-
tity and temporal-oriented events for selecting the information that is
relevant at a given moment. For example, when the nurse is in the
corridor the system shows the patient chart; in contrast, when the
nurse is in a patient’s room the system will show the patient’s medical
record and upcoming and conducted tasks or surgical procedures. The
evaluation of these applications showed that contextual information
was very useful for facilitating information capture by automatically
recording health data. Nevertheless, clinicians explained that some-
times they were uncertain if the information automatically recorded
by the system was useful and relevant, so they started to record this
information manually to be used as a “back up plan” in case the
system did not capture the required information. The problem with
these applications is the lack of feedback and awareness of the cap-
tured information to clinicians. So, although clinicians were confident
that the system would automatically record information, not know-
ing what, when and how health information was recorded generated
anxiety and concerns. Open questions remain for developing adequate
feedback services to notify clinicians what information is being auto-
matically recorded giving them opportunities to change and update this
information.

Overall, these projects highlight many of the ideas behind context-
aware computing and the usefulness of context-aware applications in
hospitals.

2.2 Pervasive Groupware and Collaboration Support

Collaboration and communication is a crucial part of patient care [23,
164]. Through a variety of formal and informal means, clinicians fre-
quently interact with their colleagues to locate and gather information
and coordinate activities that are necessary for patient care. A central
research area within the pervasive healthcare field is to develop new
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kinds of pervasive computing technologies to support these types of
formal and informal encounters in hospitals.

Clinicians often work together with colleagues in other departments
or even in other hospitals to provide appropriate care for a patient.
Pervasive groupware and collaboration technologies can enable online
and real-time meetings through video-conferencing and shared access
to medical information. In the Intelligent Hospital Project, researchers
have developed an infrastructure for multimedia conferences in settings
where users exhibit a high degree of physical mobility [161]. A caller
using the Intelligent Hospital system can request a connection to a
user instead to a specific computer. Therefore, it does not matter if
the user is near or using the computer normally used for videocon-
ferencing, the system will automatically identify which computer is
available for establishing the connection. For example, a caller would
request a connection to theon-call surgeon and be connected directly
to a speakerphone or wireless headset in the operating room. If the
clinicians move while engaged in teleconferences, the sessions “roam”
with them.

The principle of “activity roaming” expands beyond communica-
tion to support nomadic and mobile computing by transferring user
sessions and ongoing tasks to appropriate devices, including embedded
and handheld devices [25]. The Activity-Based Computing (ABC)
project was designed to enable both collaboration and roaming. In this
project, any activity can be shared synchronously with two or more
participants [13]. In comparison to the infrastructure of the Intelligent
Hospital project, the ABC infrastructure establishes the collaborative
session among activities rather than users.

To support synchronous activity sharing, the ABC infrastructure
provides different collaborative widgets including telepointers, voice
links between participants, and lists of active participants. Favela
et al. [149] extended the telepointer widget with a remote control com-
ponent that enables clinicians to remotely control a public display with
a mobile device. Although the component is capable of handling con-
current controllers, only one clinician is able to move the cursor and
type on the controlled device. The rest of the participants are only able
to point at the screen using a telepointer (Figure 2.3).
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Fig. 2.3 Two clinicians using the remote control tool during a clinical case discussion (left),
a screenshot of the remote control tool (right).

Although pervasive computing support for formal meetings has
met with some success in hospital work, most communication among
clinicians is informal [154]. Informal interactions are unplanned and
brief interactions, typically co-located, during which the topic of con-
versation changes rapidly [127]. Because of the complex characteris-
tics of hospital work, clinicians’ informal interactions happen mostly
due to opportunistic encounters. People often perceive hallways as an
“availability space” where clinicians can be interrupted. One study
found that clinicians spend almost 10% of their time in hallways where
they have meaningful encounters with other health providers and get
work done [164].

Informal interactions present the technological challenge of knowing
neither who the participants might be nor when the meetings could
potentially occur. Thus, several projects have focused on context-
awareness to encourage informal interactions and suggest potential col-
laborators. For example, clinicians using the CHIS or the AwarePhone
can use the location and current activities of peers to decide when and
with whom to start an interaction. An in situ evaluation of the Aware-
Phone and the AwareMedia systems found that clinicians extensively
used this contextual information as cues to improve coordination and
determine a potential collaborator [16]. Similarly, the SOLAR project



26  Pervasive Computing for Hospital Care

explored other contextual information that might be helpful in address-
ing this problem. In addition to clinicians’ location and activity, the
SOLAR system also recognizes that the location and states of artifacts
can be important triggers for informal interactions [154, 156]. For exam-
ple, a clinician might decide to call a specialist after receiving a patient’s
lab analysis. Also, beyond providing awareness, the eMemoris system
enables clinicians to manually request an interaction after reviewing
this information, mimicking Facebook’s “friend me” functionality [155].

Many collaborative interactions involve the exchange and analysis
of documents. A recent study reported that 11% of clinicians’ infor-
mal interactions involved the exchange of documents [154, 164]. To
help support these exchanges, pervasive computing researchers have
explored solutions to improve the sharing and exchanging of informa-
tion during both formal and informal encounters. Furthermore, because
hospitals are technology-rich environments, transferring, sharing and
controlling these devices should be seamless, so as not to interrupt
on-going activities. The eMemoris system enable clinicians to trans-
fer seamlessly information among heterogeneous devices and establish
proximity-based application sharing [154, 156]. Proximity-based appli-
cation sharing allows clinicians to take control of any device in a given
area to display information from the source device on the target screen.
Once a session is established, multiple users can control the shared
device facilitating collaboration.

2.3 Record-keeping and Note Taking in Hospitals

Hospital interactions not only involve the exchange of documents but
also the creation of new content as a result of discussions around these
documents. Thus, clinicians usually take written or typed notes to store
relevant information for future reference. Additionally, legal concerns
and hospital policies often result in specific documentation practices
that must be followed (e.g., in the United State — HIPAA*). However,
the task of recording data can interfere with the participants’ ability
to fully engage in a physical activity or in the interaction itself [2].

4 http:/ /www.ahcancal.org/facility__operations/hipaa/Pages/HIPA A PolicyProcManual. aspz
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In a clinical setting, others have noted several problems with current
recording practices including the late arrival of a dedicated recorder,
the management of parallel activities, and multitasking [204]. For exam-
ple, clinicians often use both hands for specific medical activities such
as surgery. Thus, having to directly manipulate an application by
selecting the information that would be impractical to capture. Conse-
quently, capture and access tools [4, 6, 232] are particularly promising
in supporting the

tools to support the automated capture of and access to
live experiences aimed at augmenting the inefficiency of
human record-taking, especially when there are multiple
streams of related information that are virtually impos-
sible to capture them manually [6]

One example of a pervasive health capture and access application, the
ActivityTheatre project (Figure 2.4), focused on enabling the auto-
matic capture of relevant events [91]. An “event” in this system can be
an audio note, a picture or a video clip. The system is voice activated to

Active Theatre v 0.5

Fig. 2.4 A screenshot of the ActivityTheathre (source: Thomas R. Hansen, PhD Disserta-
tion, with permission).
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capture events. The system uses the palette metaphor, in which users
can hold different types of data, place and take things from the palette
at any time, and access them from the palette as needed. After the
operation, a clinician carries the palette to an office where the data is
used to automatically create different documents, which can be later
edited by clinicians.

Similarly, the eMemoirs system allows clinicians to capture a
conversation for future reference [155]. Although the system automat-
ically captures conversations when detected, a clinician can manually
request or cancel the capturing. Similarly, the system automatically
stops recording when it detects participants who are no longer co-
located. This system uses the context of an informal meeting (i.e.,
who was there, when and where it occurred) to help an individual find
a “potential collaboration partner.” Clinicians may browse recording
through a map displaying various meetings based on who, where, or
when the meeting took place. These projects show that voice activated
and zoomable interfaces can be useful interaction techniques for cap-
ture and access applications in hospitals.

Given the focus on record-keeping in hospitals and the challenges
of bridging traditional paper records with new electronic systems, it
is natural that substantial research has focused on augmenting paper
with computational capabilities. This approach is meant to provide
the benefits of the digital technology while maintaining the flexibility,
ubiquity, and ease of use provided by the paper. For example, the aug-
mented patient chart system allows nurses to update a paper-based
patient chart with a digital pen based on the Anoto™? technology
that automatically digitalizes its content [242, 243] (Figure 2.5). This
technology involves a digital pen with an embedded camera that takes
pictures as the device moves across the surface while making anno-
tations on the paper. The nurse annotates information on the chart,
which is transferred to a server every time the pen is placed in a cradle
base, thus bridging the physical and digital realm. Nurses may review
the information and confirm it to minimize errors in the captured infor-
mation. The paper contains a special printed pattern of dots that works

5 http://www.anoto.com/
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Fig. 2.5 A picture of the patient chart augmented with the ANOTO pattern (left) and a
nurse using the augmented patient chart with the ANOTO pen (source: Selene Zamarripa,
MsC Dissertation, with permission).

with the camera to identify the exact position of the paper where the
annotation is made. The augmented patient chart replaces manually
generated graphs with a set of widgets to annotate accurate values
used to plot graphs.

Similarly, the NOSTOS system combines multiple technologies
such as digital pens, radio frequency identification (RFID) tags
and computer-vision techniques to augment a paper-based patient
record [11]. NOSTOS also uses the ANOTO technology to digitize infor-
mation paper-based medical records. However, NOSTOS extends this
functionality by enabling clinicians to digitize the act of stapling two
paper-based documents, using a pen-based gesture. NOSTOS uses the
RFID identifier to recognize which documents must be stapled. This
practice of attaching notes to the medical record is very important and
frequent in hospitals [21].

As the NOSTOS prototype showed, RFID technology can be used
to integrate physical objects to the digital world. Similarly, other
researchers have used RFID tags to augment medical devices used in
hospitals. Fishkin et al. [70] developed a prototype to help clinicians
assess the skills of their residents when setting up medical equipment
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for surgery or for a patient’s intubation. To identify the objects selected,
each resident wore a glove with an antenna in the palm [183] for identi-
fying the RFID tags associated with the medical equipment. The assess-
ment focuses on identifying the “correctness” of the set of instruments
residents set out for the procedure. Along with barcode readers, RFID
have been also used in hospitals for tracking both patients [69] and
medication [43, 235]. These solutions offer hospitals a way to automate
much of the tracking required for efficient and safe patient care. As
more of these systems are used, monitoring of hospital error rates to
determine the ultimate success of these systems will be of particular
interest to a researcher.

Although the keyboard and mouse are still the dominant user inter-
faces available in home and office environments; in hospitals, with the
growing increase in mobile device usage and the availability of many
new interaction technologies, the way clinicians interact with computers
is becoming richer and more diverse. Touch-enabled surfaces, natural
gestures, implicit interaction, and sensors that enable the automatic
capture of relevant information are some examples of these emergent
but popular interaction mechanisms. Because hospital work is highly
tied to the physical world, pervasive computing solutions are most use-
ful to clinicians when they are integrated with the physical world. This
integration requires sensory capabilities to enable systems to be aware
of and make use of their physical environments. Consequently, there
are a number of open questions concerning new devices, methods, and
approaches to create natural and intuitive forms of human—computer
interaction that make it easier for clinicians to achieve their goals while
using computers as tools.

2.4 Handling Multiple Activities and Supporting Rapid
Context Switching

Hospital work is highly fragmented; clinicians spend on average only
90 seconds engaged in an activity before switching tasks [228]. So, clin-
icians must cope with frequent interruptions and continually adjust
and readjust their activities [22]. In addition, clinicians are faced with
a wide variety of systems that they must use [18]. Thus, carrying out a
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single activity could involve the use of several systems, each with dif-
ferent functionality and data presentation, and frequent interruptions
to engage with other systems and tasks. For example, if a clinician is
discussing a clinical case with a colleague, they might need to share
the medical record, highlight areas from an X-Ray image, and consult
a journal article relevant to the clinical case being discussed. This frag-
mented work results in clinicians spending much of their time selecting
the right application to run and setting up the computational infras-
tructure that they need [18].

Pervasive health offers some solutions to this inefficient use of tech-
nological resources through the application of context-aware task and
system switching. For example, the mobileSJ system helps clinicians
manage multiple activities and achieve the necessary context when
switching between them. Through mobileSJ, clinicians can associate
participants, devices, applications and medical information to an activ-
ity. For example, a clinician can create the activity of “surgery” and
then associate resources to it, including a video-conferencing appli-
cation with a specialist and the medical record of the patient. Later
the clinician requests the “surgery” activity, which then automatically
starts the video-conferencing and displays the medical record and lab
results. As described in Section 2.2, the ABC project also organizes
work by activities rather than applications and documents [19]. Thus,
a video conferencing tool developed on top of the ABC infrastruc-
ture allows clinicians to associate a collaboration session to an activ-
ity. Clinicians can “juggle” computational activities while switching
among tasks without being concerned with direct manipulation of the
infrastructure.

Both mobileSJ and the applications built on top of the ABC
infrastructure can provide users with mechanisms to easily manage
their activities and their associated resources. However, users must
predefine their activities and explicitly specify which resources are rel-
evant to them. Additionally, while executing a given task, users must
also explicitly select an associated pre-defined activity. A useful next
step is to include mechanisms that enable these applications to auto-
matically infer the user’s current activity to proactively retrieve the
relevant activity and its associated resources at a given moment. In this
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direction, some projects have explored how to extend activity-based
infrastructures with context-aware services that help clinicians to cre-
ate and retrieve relevant activities automatically when needed. For
instance, the CHIS system was extended with a mechanism that takes
into account clinicians’ activities for adapting the location information
presented in the map [227].

2.5 Conclusion

This chapter outlines a variety of pervasive solutions that support hos-
pital work. Through field and evaluation studies, these projects high-
light design, technological, and practical issues facing the adoption of
this technology. Although there are a number of challenges includ-
ing mobility, coordination and work fragmentation, to full integration
of pervasive technologies in hospitals, there are some factors in favor
the adoption of these types of technology. For instance, hospital work
requires a great deal of mobility, which is much better supported by
pervasive health solutions than traditional Health IT. However, there
are a number of open questions that might serve as a guide for the
development of future pervasive applications in this domain.

Most of the projects proposed in the pervasive healthcare literature
in support of hospital work rely in the use of context-aware comput-
ing. However, these results showed that the use of context informa-
tion poses numerous challenges regarding clinicians “confidence” when
using context-aware healthcare systems. In an environment where med-
ical errors are frequent having applications that might put human life
at risk, jeopardize the privacy of personal records might lead to the
rejection of the technology. This research leaves open questions regard-
ing the identification and management of uncertainty information when
using context-aware healthcare applications.

Also the difficulties of the evaluation of pervasive healthcare tech-
nologies poses numerous challenges involving the level of integration
of a pervasive healthcare with existing hospital information systems
deployed in the hospital, the distribution of information and people, the
intense collaboration and high fragmentation of activities as well as the
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level of risk associated to system failures. These leave open questions as
to what current methods used for evaluating pervasive healthcare appli-
cations are suitable for this domain, and what are the metrics that will
help to measure the adoption of pervasive healthcare applications in
hospitals.



3

Chronic Care Management and
Assisted Cognition

A chronic condition is a health condition or disease with long-lasting
effects.! Some examples of chronic conditions include cancer, asthma,
diabetes, and high blood pressure as well as cognitive disabilities, such
as Alzheimer’s and autism. Long-term chronic care-management often
requires a variety of pharmaceutical and behavioral interventions to
monitor and maintain the patient health over time. However, hospi-
tals and other clinical environments are not well equipped to provide
the kind of care required for chronic care management, and support
long-term diagnostic and patient remote-monitoring. At the same time,
patients with chronic illnesses undergo a number of changes in their
lifetime, a problem that is particularly acute in children — who are
naturally growing and developing at a rapid pace — and elders — who
often are declining both cognitively and physically.

People with chronic conditions, especially individuals with cognitive
disabilities can experience deficits in memory, executive function, and
other cognitive processes such as learning and use of language. These
deficits can in-turn lead to lower perceived quality of life and self-care

L World Health Organization.Chronic diseases.
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abilities [138]. In contrast with physically oriented chronic conditions,
severe cognitive disabilities often lead to the need for regular assistance
from caregivers for successful performance of Activities of Daily Liv-
ing (ADL)? [81]. Caregivers provide directions, prompts and guidelines
that can enable individuals with cognitive impairments to accomplish
their goals. However, this type of support, paradoxically, might hamper
their independence and their opportunities to fit into society and have
positive self-images.

At the same time, caregivers (e.g., family and friends) can expe-
rience substantial difficulties themselves from the time required for
and stress imposed by caregiving responsibilities for individuals with
chronic illnesses. These challenges can lead to time away from employ-
ment, less time for leisure activities, and activities with other family
members [163]. These issues require the design of tools that will facili-
tate the care of people with such impairments.

In recent years, many research projects in pervasive computing have
focused on providing tools for the independent execution of ADLs in
support of people with cognitive disabilities and chronic illnesses. In
particular, many of these projects aim to help elders “age in place.”
Other available solutions help people with chronic illness to improve
their communication with health providers and facilitate easy archiv-
ing of health data for self-management. Finally, a considerable number
of projects have focused on developing tools to facilitate caregiving
activities and support collecting evidence for diagnosis and monitoring
of the chronic care conditions.

In this section, we first describe solutions supporting real-time
monitoring, assisted navigation and social connectedness for maintain-
ing physical and psychological wellbeing of people with chronic illness.
Then we discuss present solutions that provide step-by-step guidance
to improve the execution of ADLs supporting people with cognitive dis-
abilities. We finally, summarize the pervasive chronic care management
and discuss open research challenges.

2 The term of activities of daily living is used in healthcare to refer to the things we normally
do for basic self-care such as feeding ourselves, bathing, dressing, walking and so on.
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3.1 Pervasive Monitoring for Self-management

One substantial challenge for an individual with a chronic condition
who is living independently is the ability to monitor physiological
and behavioral indicators at a distance. Advances in pervasive health-
care technologies have enabled the development of monitoring systems
that can continuously track individual’s basic metabolic and behavioral
parameters such as vital signs, activities, social interactions, sleep pat-
terns, and other health indicators. Some of these projects have proposed
the use of wearable sensors, smart clothing and advanced integrated
sensors systems to build personalized heath profiles and promptly alert
family and professional caregivers of health complications. As Pentland
stated:

“Widespread adoption of sensors that monitor the
wearer’s vital signs and other indicators promises to
improve care for the aged and chronically ill while
amassing o database that can enhance treatment and
reduce medical costs” [181].

In the commercial sector, several companies have devoted their
efforts to developing “out of the box” sensors that enable easy moni-
toring of these parameters and prompt communication of emergencies.

3 is a wearable activity and sleep tracker

For example, the Fitbitsensor
that shows users real-time statistics on their activities. Other popular
monitoring devices include personal health buttons? that enable indi-
viduals to simply push the button to ask for assistance in the case of
an emergency.

Several academic research projects have focused on the problem of
passive monitoring of an individual’s vital information [20, 151]. For
example, the Advanced Health and Disaster Aid Network is a wearable
system that monitors user’s heart rate, blood pressure and oxygenation
in the user’s home to determine if immediate medical treatment in the
emergency room is needed [151]. AIDN uses a wireless sensor network

to transmit sensed information to a hospital. In addition, fabrics with

3 www. fitbit.com

4 http:/ /www.lifelinesys.com, http://www.medicalalarm.com/
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embedded sensors known as “smart garments” enable the continuous
remote monitoring of multiple vital functions [60, 124, 181, 194]. For
example, the SenseVest is a cotton vest with embedded wearable tech-
nology that measures, records and transmits the wearer’s heart rate,
temperature and movement [124]. Sensors can also be combined with
other technologies (e.g., mobile phones or handheld devices) available
to patients to allow for continuous home-based monitoring and com-
munication of health information [20]. Through use of these systems,
patients may became more aware of their own health by increasing
involvement in their own treatment [20, 130, 234].

Passive monitoring requires systems to gather data continuously to
ensure all relevant information is captured. As a consequence, these
systems produce large quantities of data. Reviewing all these data
is time consuming and requires substantial computing capacity for
storage and indexing. To address these limitations, some researchers
have suggested utilizing “selective archiving” [94] to identify which
information is worth capturing and how these moments of interest could
be stored and indexed. These solutions use a sensor-augmented envi-
ronment to detect relevant events of interest and archive information
related to these events. Most of the research in this direction has been
focused in proposing approaches for fall, gait and activity detection.
For example, the Smart Inactivity Monitor uses wall mounted low-
cost and array-based passive infrared sensors to detect inactivity and
falls [214]. Similarly, others have revisited the problem of detecting falls
using vision-based techniques [51, 136]. In the Intelligent Emergency
Response Project, researchers use a ceiling-mounted video camera to
track objects and learn movement patterns for detecting falls [136]. The
system learns the user’s paths and identifies suspected falls when the
person being monitored becomes inactive in a path that is commonly
active. These kinds of approaches can balance the need for identifi-
cation of important events with concerns about privacy of patients,
storage of irrelevant data, and so on. However, the false positive and
false negative rates of these solutions must be more fully evaluated in
real-time before these applications are ready for clinical use.

To ease the development of applications to collect individu-
als relevant health data several researchers have proposed different
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sensor—based monitoring infrastructures [75, 103, 198] that combined
with pattern recognition algorithms enable the capture of behavioral
data (e.g., activity, stress). For example, available solutions for activ-
ity recognition have largely been focused on the automatic recognition
of ADLs (e.g., hand washing [158] or meal preparation [30]). Lee and
Mase reported a dead-reckoning method to recognize and classify a
user’s sitting, standing, and walking activities using the acceleration
and angular velocity of wearable sensors on the users’ bodies [135].
Activities have also been inferred by detecting users’ interaction with
particular objects [183]. For example, the use of a toothbrush indicates
tooth-brushing. For fall detection, vision techniques [85, 158] in con-
junction with sound recordings [30] are also used for inferring activity.
For example, in the Intelligent Emergency Response Project the system
uses composite filters to analyze video frames and associate hand posi-
tions (2D coordinates) with specific hand washing steps, such as turning
on the water and using the soap.

Despite the advances in sensor-based infrastructures and in the tech-
niques used for context recognition, there are still some open technical
issues, such as cost and energy consumption that must be addressed
before any wide-ranging implementation and adoption. The viability of
projects based on a vast number of sensors combined with other tech-
niques will depend significantly on the cost of the devices, replacement
period, and automated network configuration [128]. Furthermore, using
pattern recognition algorithms requires substantial effort from users
to train and calibrate devices. For example, for the kinect® sensor, a
user needs to stand in front of the sensor holding a specific posture
for 30 seconds to calibrate it. Beyond the demands that the calibra-
tion task imposes on the users, people with cognitive impairments, the
elderly, or even just those who are untrained might not be able to exe-
cute some of the requested calibration activities. Miss-calibration will
generate several errors that hamper the way systems rely on these set-
tings behave. In the healthcare setting where errors can have critical
consequences, this could be potentially dangerous. For example, if a

5 http: //www.zbox.com/es-MX /kinect
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heart rate sensor fails, a caregiver might think that the user is having
a heart attack while in reality she is asleep.

Unfortunately, the reverse is also true. Sensors misfiring might indi-
cate patients are healthy and resting when in fact, they have experi-
enced some health or safety critical event. Indeed, the acquisition of
context is a difficult and complex task due to the variety and nature
of sensors and technologies. Uncertainty in context-aware applications
could be caused by the presence of uncertain, ambiguous or incor-
rect contextual information. This uncertainty may cause users to lose
their confidence in the robustness of the device. Thus, it is necessary
to include in applications an uncertainty management mechanism for
allowing these devices to be more robust and tolerant to the presence
of uncertain contextual information and to increase their reliability.
Indeed, there are still several open questions as to how current avail-
able mechanisms (e.g., [59, 89, 192, 193]) might be used in healthcare
environments.

There are still open questions about the challenges of deploying
pervasive monitoring applications for health including reliability and
privacy issues [150, 181]. Indeed, all pervasive monitoring technologies
that rely on some sort of context estimation will carry some risks. The
question that must be answered is does the benefit outweigh the risk.
Home automation and the manual control of medical devices using
natural interfaces to improve the manipulation of the sensor-based
infrastructure and pervasive monitoring applications could alleviate
some of these issues [76, 118].

Another related area is to understand what it means “to per-
form poorly” for different healthcare activities and applications. For
example, medication errors are common in homes, with adverse drug
events reported among 13 percent of home-patients [157]. These errors
primarily occur because patients forget to record the administered med-
ication dose resulting at times in double doses or because they forget to
take a medication dosage at all. However, a context-aware application
could automatically infer when a patient took a medicine and auto-
matically register this information or remind the patient to do so. In
this case, an application with estimation accuracy less than 13% would
likely improve the current error rate when administering medicines.
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Consequently, the user would still benefit even when the application
“performs poorly.” So, designers might interpret and use these behav-
iors and the existing error rates for current practices to establish an ade-
quate threshold of acceptable estimation errors. Additionally, systems
that provide feedback about and control over errors would also improve
patient experiences.

There are several issues regarding how to display this information,
when to display and how much information is relevant to display.
Determining what information is required and the presentation of this
information in ways that can be used by caregivers and patients is
equally important and challenging. One of the biggest issues with
visualizing this kind of information is the tradeoff between present-
ing detailed information and supporting users’ information privacy. For
example, as Figure 3.1 (left) shows, the Digital Family Portrait provides
qualitative visualizations of a family member’s daily life [169].

These qualitative icons include butterflies or trees and are shown in
a digital frame with a pattern of 28 icons. The size of each icon provides

Fig. 3.1 Situated digital portraits for conveying activity awareness. The Digital Family
Potrait (left) and the CareNet Display (right) (Source: Conference in Human Factors, ACM,
permission requested).
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a general sense of the individual’s activity level on a given day. For
example, a very active elderly person who during the day has talked in
the phone, had breakfast, and watched television will have colored half
of the icons. Similarly others have explored the use of digital portraits
to provide caregivers awareness of individual’s activities. The CareNet
Display (Figure 3.1) is a digital portrait that has a frame with a pattern
of pre-defined activities that are highlighted to convey an individual’s
level of activity [47]. This system monitors her activities including falls,
meals, medications, and visits. The individual would choose the relative
with whom she would like to share this information.

While this information could be used to get a sense of an indi-
vidual’s life, it would be very difficult to use it for clinically relevant
assessment activities. Therefore, other researchers have explored the
use of “capture and access” for presenting the health and behavioral
data with as much level of detail as possible [3, 96, 121]. For example,
Carelog is a system that facilitates the functional behavior assessment
(FBA), in which caregivers try to understand the function of inappro-
priate behaviors of children with autism [92, 94, 96, 121]. To augment
caregivers’ abilities to document and analyze specific, unplanned inci-
dents of interest as part of an FBA, CareLog uses audio and video
buffering enabling the selective archiving of these incidents. Selective
archiving refers to the method in which recording services in an envi-
ronment are always on and available, but they require explicit action
to save any recorded data. Caregivers use a wireless button to trigger
archiving [94]. They then use a standard desktop computer to watch
the videos and tag them with metadata (Figure 3.2, left). CareLog
provides graphs and other analytic tools for functional assessment (see
Figure 3.2, right) [94]. The combination of automated and manually
collected data was seen in this work to provide an appropriate balance
between ensuring that all relevant data could be collected and concerns
about surveillance of work activities by the caregivers.

Similarly, SeniorWatch is a capture and access tool that enables
caregivers of elderly individuals to consult, classify and share videos of
elderly activities [68]. The system uses an activity recognition algorithm
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to index captured video streaming of relevant behaviors. Caregivers use
a web-based application to consult these videos after the events have
happened. In a home evaluation, caregivers use the videos to train new
caregivers, share interesting events with relatives, and log data for clini-
cal purposes [68]. The result of this project shows that surveillance tech-
nologies have a positive impact in nursing homes surpassing the privacy
risks frequently associated with the rejection of the use of such systems.

Overall, these projects demonstrate that pervasive monitoring can
provide substantial benefits for caregivers while balancing against the
potential risks associated with the invasiveness of this kind of moni-
toring. These systems were found to be easy to use, require minimal
training, and minimally disrupt everyday activities [68, 92, 94, 96, 233].
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3.2 Social Connectedness and Communication Support

Social ties and social integration often play a beneficial role in main-
taining psychological wellbeing, which can in turn support physiological
health and healing. Strong social networks may enhance the quality of
life for older adults [83] and those with chronic illnesses, improving their
health [28], reducing the chances for developing cognitive decline [71],
and eventually preventing an earlier death [101]. However, people who
struggle with chronic health conditions and have limited independence
may also experience challenges in gaining access to social activities.
These challenges can lead to diminished social skills and have the poten-
tial of increasing their isolation.Thus, several projects have explored
mobile and pervasive technologies to help people with cognitive dis-
abilities stay in touch with their social networks. Research in this area
has been mostly directed toward supporting the needs of older adults
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(e.g., [49, 65, 74, 169, 170]). A few projects have started to investigate
the impact of this technology in support of other populations such as
children (e.g., [53, 72, 110]).5

In this section, we highlight innovative interaction techniques being
developed for facilitating interaction between different user groups (i.e.,
the elderly and people with cognitive disabilities) with sites or natural
objects augmented with computational capabilities.

Common objects and photographs can serve as interfaces for com-
munication, information retrieval, and sharing experiences. For exam-
ple, the Familyware system provides specific support for sharing feelings
between family members [84]. Various objects, such as a plush toy, can
be manipulated to send a signal to a family member. Likewise, situated
displays have been used to share photos and other information between
families at a distance. For example, the exchange of photographs help
users to enrich “off-line” conversations [74]. The “Sharing the Day’s
events” [65] project and the “Communication of experiences” system
both enable users to send pictures, drawings or videos to a fixed screen
with the aim of providing awareness of relatives everyday life. The
CareNet display [46] and the Digital Family Portrait [170] also pro-
vide relatives with continuous awareness of the elder activities to con-
nect elders and their relatives. Beyond this kind of communication of
health information, the Virtualbox system [53] was designed to mediate
intimacy between grandparents and their grandchildren. This system
incorporates a “hide and seek” game in which grandparents add virtual
content to the virtual box and hide it in a virtual floor plan. Using a
PDA, the grandchildren can search for the hidden virtual box and see
the virtual items. Once the grandchildren find the virtual box they can
add virtual items and hide again the virtual box. The results of a lab-
oratory evaluation of the Virtual Box demonstrate that the exchange
of multimedia between grandparents and their grandchildren proved to
be asymmetric in its content, that is, older adults were more thoughtful
in the process of adding meaningful items to their grandchildren [53].
Similarly, Tlatoque (Figure 3.3) provides the elderly knowledge of the

6 Readers should be aware that there is a great deal of related literature in the Computer
Supported Cooperative Work (CSCW) domain but a review of that literature is beyond
the scope of this paper.
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Fig. 3.3 Interactive displays for enriching the social experience. Tlatoque (left) and Photo-
Goo (right).

information shared by their family members through a social network
site (e.g., facebook) [48, 49]. This shared information includes uploaded
photographs, news and weather feeds relevant to various family mem-
bers. The system is embedded in a digital portrait to engage reluctant,
first-time computer users.

These projects demonstrate that pervasive health technologies can
support social interaction for individuals with chronic illnesses but at
the same time highlight an open area of research — the need to iden-
tify whether these systems have an impact on the long-term health and
wellness of their users. Although these projects have shown that perva-
sive assistive technologies can enhance social encounters at a distance,
we still need to examine more closely the potential impacts of these
systems on supporting independent living. Additionally, there are chal-
lenges surrounding what information users can control and how best to
allow them to do so.

3.3 Assisted Navigation and Wayfinding Support

Mobility can be a substantial challenge for people with chronic ill-
nesses and cognitive disabilities attempting to live independently. The
inability to move independently reduces the quality of life [200]. These
challenges can include problems working, driving, or taking public
transportation. Beyond outdoor mobility, others face orientation issues
when navigating indoors, even in well-known spaces such as a home.
To support wayfinding, many research projects have worked toward
helping disoriented people with sensory impairments to navigate — in
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both indoor and outdoor environments — using a variety of technolog-
ical solutions.

The Intelligent Mobility Platform is a walker-based device that uses
a laser beam range-finder, a mobile device, and a navigation soft-
ware to orient a person in the proper direction [165]. In the Indoor
wayfinding project, researchers designed an interface for mobile devices
to send directions and prompts to the user. Images, audio, and text
messages combine to provide prompting and directions. For example,
image-based directions include photos of the outlined area overlaid with
direction arrows. Others have explored the use of tour-guide robots as
a natural way for providing mobility guidance [165, 173], facilitating
walking (e.g., the walk training assist robot), adjusting to the individ-
ual’s weight, and supporting rehabilitation training (e.g., the balance
training assistant).” Currently, robots have been proven to be very
beneficial in helping individuals with restricted mobility to live with
greater independence® The Robotic Walker [165] includes a robot that
physically guides the elderly within an assisted living home. In this
project, a Nomad mobile robot was equipped with an omnidirectional
drive and software with capabilities to planning paths, tracking peo-
ple and avoiding collision. The robotic walker has a touch interface for
receiving commands from the individual. Simple directions in the form
of an arrow are shown in a mounted display. This system provides not
only physical support for walking but also wayfinding support. In all of
these projects, a variety of pervasive computing technologies are used
together in a sort of assistive assemblage to provide the level of support
required. Thus, pervasive health applications not only provide motiva-
tion for technologists to develop these new systems but also a means
for understanding the potential for and evaluating the impact of these
vast and varied collections of technologies.

Indoor wayfinding is a challenge for many populations beyond the
elderly, including those with visual [98] and cognitive impairments
(Figure 3.4). For example, the BlueClues system [64] uses augmented
reality and audible cues to steer a child with autism in the right

7 Toyota healthcare robots http://mashable.com/2011/11/01/toyota-healthcare-robots/
8 http:/ /www.networkworld.com/news/2009/041609-robots-will-aid-in-health. html



3.3 Assisted Navigation and Wayfinding Support 47
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Fig. 3.4 The Indoor Wayfinding System showing directions (left), the map of the Indoor
Wayfinding System showing paths where participants had difficulties (center) and the
Robotic walker (right).

direction, routing him to a target destination. Children use projectors
around their necks that display blue footprints in the floor indicating
the path to follow. The system monitors the position of the children
and their adherence to the path directed by the system. When they
do not follow the suggested path, audible cues lead them back to their
destinations. These indoor navigation systems can provide support for
those with severe disabilities. However, thus far, they have largely been
tested with groups of people who might already be using other assis-
tive devices. This approach avoids the stigmatization and other social
issues that might come with using such systems. For example, if an
elderly person is already using a walker, adding some computation to
this physical platform does not substantially change the overall look of
it. However, a younger able bodied person with a brain injury might
not wish to use a walker that would add further stigma. The design of
less obtrusive systems for those who may have different types of disabil-
ities and therefore not be willing to wear or use such obvious assistive
systems remains an open design challenge for the future.

Beyond these indoor navigation systems [62], others have explored
the use of auditory aids [27] and photograph-based navigation inter-
faces [86] for outdoor navigation guidance. For example, Opportunity
Knocks is a mobile phone based device using GPS and Bluetooth
that learns the user’s standard routes in the community to route an
individual from their current location to a chosen destination [180].
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Opportunity Knocks requires very little user input. Instead it relies
on observed user history as a basis for predicting likely destinations
and identifying novel and erroneous behavior. It alerts the person of
a navigational error by making a knocking sound and subsequently
recalculating the proper route.

In contrast, most other outdoor wayfinding systems have concen-
trated on assisting people while driving (e.g., [62, 171, 208, 231]).
Commercial applications for using GPS and mobile phone towers to
triangulate location and provide directions are numerous and out
of the scope of this survey, which focuses on independent living for
individuals with chronic health conditions. Wayfinding technologies
can assist people with a variety of health impairments who may be
disoriented but still need mobility both at homes and in the outdoor
environment. Research in this area has demonstrated that current
technologies can enable limited assistance. However, more work is
needed to improve accuracy when estimating location, particularly
indoors and with the kind of precision required to support the activities
of the chronically ill at home.

3.4 Prompting and Reminders

Another domain that has been widely explored in the assisted cog-
nition literature includes projects that provide step-by-step guidance
and schedule management services to remind people how to adequately
execute their activities. These projects have mainly focus on support-
ing the needs of people with cognitive disabilities, memory impairment,
and attention problems. These populations often include children with
developmental disabilities and elders with cognitive impairments, such
as Alzheimer’s disease or dementia.

Pervasive health applications may be particularly amenable to sup-
porting children with developmental disabilities, particularly autism,
because computing systems are inherently consistent in ways that
human caregivers can find difficult. Additionally, the stressed and over-
burdened caregivers of children with autism and other developmental
disorders often cannot take on additional responsibilities, such as
documenting progress, that computational systems can perform
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automatically in the background. Researchers have explored a variety
of assistive technologies for prompting these children and supporting
them in their daily activities, including developing interactive visual
schedules for providing step-by-step direction to children with autism
(e.g., [95]). For example, vSked is an interactive assistive technology
that presents and controls children with autism schedules and activi-
ties on a touch screen display at the front of the classroom [100]. The
vSked system is comprised of an ultramobile PC (UMPC), a touch
screen handheld device, for each child wirelessly connected to a large,
central display. Software links the student handhelds with the informa-
tion on the large monitor, creating a collaborative assistive technology
for the entire classroom. The touch screen acts as a master timetable
showing the daily schedule for each student. A picture and nametag
for the student appears at the top of each schedule. Each UMPC has
personalized features: the student’s name and photo, tokens earned and
rewards. The teacher starts an activity by using the large touch screen,
pressing on the picture of an activity. The results of three deployments
of vSked showed that vSked can promote student independence, reduce
the quantity of educator-initiated prompts, encourage consistency and
predictability, reduce the time required to transition from one activity
to another, and reduce the coordination required in the classroom [50].
In a similar direction, the Mobile Social Compass is a social skills cur-
riculum for children with autism that combines visual supports, visual
schedules and story-based interventions to develop age and functioning-
level appropriate social skills [36]. The Mobile Social Compass is a
mobile augmented reality application that uses a visual schedule to
guide children throughout an interaction, helps them detect potential
interaction partners, and gives them social cues [230]. By receiving this
information through the mobile devices, each child gets direct assis-
tance and reinforcement for practicing their social skills.

Despite the preliminary success of prompting and reminding
systems for children with developmental disabilities, there are still open
questions related to identifying when the reminders and notifications
should be sent, because these systems still use a model that triggers
a “pre-defined” reminder for a “pre-specified” time. In environments
where the activity rather than the time dictates the scheduling process,
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these systems cannot adapt appropriately to the current context. To
provide this kind of flexibility, other projects have researched the use
of AI planning techniques to introduce flexibility into a schedule-
management system [137, 185]. For example, the PEAT system is a
memory notebook that helps users to stay on task [137]. To do this,
the system uses a cue card that provides information about the current
executed activity including people involved, date, how to start and fin-
ish the activity. This system uses intelligent systems to customize the
schedules with activities adapting to each user’s needs.

Other projects, utilizing general concepts of user behavior to inform
the adaptation of pervasive health technologies, have explored the
use of activity-aware computing to provide step-by-step guidance. For
example, COACH [158] is designed to assist a person with severe
dementia who has difficulty remembering the proper sequence of every-
day activities. The current version of COACH assists a person with
hand washing. The COACH system uses a video camera to observe the
user as she attempts to wash her hands. The video image is processed
to identify the step currently executed (e.g., turning on the water, using
soap, drying hands). If the system recognizes a problem — for instance,
that the subject is using the towel before wetting her hands — a pre-
recorded verbal prompt is provided.

Similarly, applications for providing step-by-step guidance have
been proposed to help elders comply with their medicine prescription.
For example, Garcia-Vazquez et al. [77] have designed an ambient infor-
mation notification system to help older adults identify when it is time
to take a medicine (Figure 3.5). The authors use the characteristics of
the pillbox to notify the elderly of the time and the dosage of the drug
that needs to be taken. For example, a square pillbox reminds the older
adult that such medicine should be taken four times a day. The pill-
box illuminates 5 minutes before a scheduled dosage and an alarm is
also sent to a mobile phone. As with exercise applications, data visual-
ization techniques are used to motivate elderly compliance with their
medications [134]. The results of this study emphasizes that only after
people have seen how poorly or well that they have been complying will
they are more willing to improve their behavior. Finally, there has also
been an interest in the use of social competition to help elders adhere
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Fig. 3.5 Activity-aware system providing aids for medicating on different objects: (a) Mobile
medication reminder; (b) Medicine container providing ambient aids.

to their medication. The MoviPill [55] is a game running in a mobile
phone with the primary objective of letting the user take the medicine
before an alarm is triggered. MoviPill sends an alert 15 minutes after
a dose has to be taken so the user earns points whenever s beats the
alarm. MoviPill also uses a social network to create a social competition
among participants.

3.5 Conclusion

In this section, we focused our attention on the role that pervasive
health technologies can play in settings that are less traditionally asso-
ciated with healthcare than the clinic, such as homes and schools.
However, with an increase in the aging population and a shift from an
acute to chronic health problems, these alternative settings are increas-
ingly becoming the site of care rather than the clinic.

The projects in this chapter highlighted how far we have come in
providing support for a variety of activities that seemed impossible just
a few decades ago. However, we are just at the beginning of exploring
this space. A number of issues still require greater attention: reducing
the cost of these devices and improving the usability of these systems
among other issues.
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Personal Informatics and Wellness
Management for Preventive Care

As previously mentioned, life expectancy in industrial nations is
increasing every year [63, 114, 174, 175, 205], and alongside this greater
longevity is a growing “prevalence of chronic conditions and their
associated pain and disability” [114]. Consequently, preventing these
chronic illnesses from developing in the first place is becoming a more
substantial priority. Indeed, many countries have created preventive
programs encouraging healthy behaviors in an attempt to curb health-
care costs on a large scale. Many pervasive computing applications
for personal informatics [139] center on medication compliance and
adherence (e.g., [77, 113, 146]) or persuasive technologies for disease
prevention and wellness management (e.g., [44, 45]). Other applications
focus on documenting medically significant events for chronic patients
(e.g., [120, 144]) and on social health issues (e.g., [142, 169]). In this
section, we describe several projects that focus on pervasive technolo-
gies to facilitate the automatic and selective archiving of health data.
We also discuss persuasive technologies to support self-monitoring and
social health to prevent cognitive decline and maintain physical and
psychological well-being.

52
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4.1 Automated and Selective Capture and
Access of Health Information

Managing personal health information can be particularly challenging
for chronic patients whose conditions span years and are often com-
plex. Despite the growth in methods and technologies for documenting
and managing personal health information, there are still a number of
open questions about how pervasive technologies can facilitate the cap-
ture, management, and access to health information [186]. Therefore,
many research projects have focused on developing capture and access
tools [233] to facilitate the management of health information using
various levels of manual and automatic capture.

One of the primary ways to capture data is through manual mech-
anisms that are triggered by the users. Using manual data gathering
techniques, researchers have begun to examine particular issues related
to the early detection of chronic health conditions in children and
infants. Jeong et al. [108] noted several opportunities for computing
to help parents manage healthy children. These results indicate that
in households in which both parents work, parents can often forget to
administer medication or conduct other caregiving tasks. Building upon
several results surrounding the understanding of the care of babies and
infants [88], researchers have implemented capture and access tools
for managing baby health information. Baby Steps is an application
designed to act as a child development milestone repository. Through
Baby Steps, parents and other caregivers collect data to foster commu-
nication and understanding, particularly for children who may be at
higher risk for developmental disabilities [120].

Similarly, the Estrellita system is an automated capture and access
tool that allows parents of premature infants to capture relevant infor-
mation about their newly born child and share it with health providers,
close relatives, and friends [144, 224]. The system includes two inter-
faces: a mobile application (Figure 4.1) and a web-based interface
through which professionals can access and analyze data. The mobile
application allows parents to update their baby’s health information,
consult computer-generated or professional-generated warnings, update
data about their own health and well-being, and flag data points of
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Fig. 4.1 The mobile application showing left to right: (a) the Estrellita dashboard, (b) the
interface for capturing diaper use, and (c) the widget for the phone home-screen.

concern. The web-based interface allows professionals to check patient
information. Parents and professionals can also use the system to
securely communicate with one another.

In the fitness domain, several projects have explored the use of
mobile phones for capturing and consulting relevant health data (e.g.,
[41, 105]), as others have shown that mobile devices are more attrac-
tive and fun to use for capturing health information [79]. The PmEB
is a mobile phone application for monitoring food injection and level
of physical activity [41]. A user uses the mobile phone to input any
episode of eating and/or physical activity. The system uses this infor-
mation to compute a caloric balance (either positive or negative). Users
may also use the phone to review the history of their entries. The results
of an evaluation conducted with the system showed that the presented
information plays an important role in persuading the user to main-
tain a positive caloric balance. My Food Phone! is a mobile commer-
cial application that helps users to keep track of the food that he/she
ingests every day by taking pictures of the food ingested and getting
reviews from the nutritionist. Similarly, others have explored how to
present just-in-time information to help people make an informed deci-
sion about their health. For example, Intille et al. [105] developed a
mobile application for helping people decide what food purchase based

L My Food Phone https://www.myfoodphone.com/home.aspx
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on their diet. In this application, users enter the name of the food, and
the system indicates with a percentage the appropriateness of such food
according to the user’s diet. This information helps the user to make
an informed decision of what to purchase.

Advanced record-keeping tools are just a first step in improving
health information management using pervasive computing technolo-
gies. However, self-monitoring is labor-intensive, and compliance is
often difficult. In addition to being able to document this information,
patients and caregivers must be willing to manually capture this infor-
mation. Consequently, there is growing interest in integrating pervasive
monitoring technologies with these applications to facilitate automatic
data capture.

Advances in pervasive monitoring technologies have enabled the
development of automated monitoring systems that can continuously
track user’s basic metabolic and behavioral parameters such as vital
signs, activities, social interactions, sleep patterns, and other health
indicators. These projects have mainly focused on supporting the mon-
itoring of: hospital patients (e.g., [146, 203, 234]), the elderly (e.g.,
[183, 244]), and people’s lifestyle habits (e.g., [40, 44, 187]).

To monitor lifestyle habits, several commercial products have pro-
posed the use of on-body sensing devices that work with mobile phones
to monitor users’ physical activity. For example, Polar Watches? enable
users to keep track of their exercise routines, allowing them to mon-
itor their heart rates and view reports on their mobile phones of the
number of calories expended. Several projects have proposed the use of
pedometers for counting the number of steps taken by a user. To cap-
ture the steps, the pedometer counts any ascending and descending
accelerations that are interpreted as steps. Even though these are very
popular devices that provide off-the-shelf solutions for sensing physical
activities, many are not very reliable nor suitable for a wider range of
activities. To address this issue, several projects have proposed the use
of multiple devices worn on different parts of the body combined with
pattern recognition algorithms for estimating physical activities. For
example, the Shakra application [9] uses a neural network to analyze

2 Polar Watches http://www.polarusa.com
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the cellular network signal strength to estimate users’” movement. The
Mobile Sensing Platform (MSP) [40] is a pager-sized, battery-powered
computer, augmented with sensors and a set of boosted decision stump
classifiers trained to infer physical activities, such as walking, run-
ning and cycling. The inferred activity is communicated via Blue-
tooth to a mobile phone. The results of an evaluation using the
MSP showed that users need to correlate the data captured over time
with more information to have a better understanding of the mean-
ing of that data [40]. Similarly, the Wellness Diary (WD) is a mobile
journaling tool for recording a wide variety of wellness-related self-
observation parameters including weight, exercise, steps, diet habits,
stress level, sleep duration and quality, and tobacco and alcohol con-
sumption. Users can personalize their phone views, selecting the param-
eters they want to review. The evaluation of this system showed that
users perceived the captured information as useful, but the displayed
information was not particularly motivating because it is not corre-
lated with other relevant information and because of its poor visual
representation [8].

As the WD evaluation highlights, the presentation of health infor-
mation is just as important as the collection of the data. Therefore,
there is a focus on identifying the best ways to display captured
information and related context. For example, in [187], users used a
glucometer and a mobile phone camera to record their blood glucose
and photograph their meals. The evaluation results highlighted that
having both the photographs and the blood glucose numbers enabled
users to improve their decisions regarding their daily drug dosages.
However, a challenge to using sensors is the amount of time that
users have to invest in configuring them and how intrusive users per-
ceive them to be. To cope with these challenges, some projects have
explored how to develop specialized hardware and devices for captur-
ing specific data. For example, the GlucoPhone developed by Health-
Pia integrates a glucometer and a cellphone for monitoring users’ blood
glucose levels.? Indeed, these projects focused on integrating physical

3 HealthPia America. GlucoPhone: A Cellphone for Diabetics. http://healthpia.us, August
2006.
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and digital devices have raised some interesting issues about designing,
developing and deploying such systems. These issues include the devel-
opment of new devices for health monitoring, battery issues, privacy
and communication protocols for the transmission of health data over
wireless networks, and new models for data visualization.

Several pervasive health projects focus on the visual representations
of the data that enable multiple stakeholders to view and understand
relationships in the data. In particular, researchers have explored the
selective sharing of health information using mobile devices and ambi-
ent or natural displays. For example, the Careview project [148] focused
on the capture and access of medical information to support work prac-
tices and information needs of homecare nurses. This project proposed
a set of interface design guidelines for displaying clinical data including
temporal visualization, integrated data gathering and data analysis,
and hands-free speech-driven operation. The CareNet display [47] and
the Digital Portrait [118], discussed in Section 3, also include differ-
ent options for sharing the sensed data with others. In these particular
cases, the tradeoff was to balance users’ privacy and the amount of
awareness needed by the caregivers. As with situated displays, others
have explored the use of natural objects (e.g., mirrors) for displaying
health information and provide continuous awareness of health data to
the user. For example, the ScaleMirror [241] uses an special mirror aug-
mented with sensors and LCD displays to show a user his/her weight
and calculated BMI with a chart of how his/her weight changed over
the past few months.

These projects demonstrate the use of capture and access tools to
facilitate the personal health management in a setting that is predom-
inantly nonmedical, which is the home. With new tools for manually
capturing and selectively sharing data, there is potential for greater
information awareness. However, at the same time, this awareness
may lose some of the rich context that can be automatically pro-
vided through the monitoring users’ everyday activities. Therefore,
we need solutions that advantage of an environment furnished with
sensors capable of detecting what relevant information is worth shar-
ing instead of requiring users to decide what to share. Consequently,
there are opportunities for designing and developing automatic capture
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and access services enabled with pervasive sensing technology that will
identify which data are worth capturing and how to share the rich con-
text and information. Indeed, when designing these services, tensions
arise between how much information can be automatically or selectively
shared. This imbalance between a user’s desired level of control over
the information being shared and the loss of value if the information is
not shared requires further exploration.

4.2 Persuasive Technologies for Self-monitoring

Researchers have begun to examine the use of persuasive technolo-
gies [12] for encouraging people to take on the responsibility of man-
aging, capturing and analyzing their own health information and
behaviors. Research on persuasive technology draws from psycholog-
ical theories such as goal-setting theory [145] and the trans-theoretical
model [190]. The former describes how individuals respond to different
types of goals, while the latter identifies the stages through which an
individual progresses to intentionally modifying his/her behavior. In
keeping with these theories, different persuasive health-related appli-
cations have been proposed in the literature and have shown promis-
ing results in encouraging people to manage their health information
and in positively changing people’s behavior. In this domain, there
are a wide variety of applications for fitness and wellness technolo-
gies. These include sports instruments such as pedometers, heart rate
monitors, wrist-top computers and cross-country running to software
designed for tracking, encouraging, and reporting. Some projects in this
domain have explored the use of pervasive games as a means to dis-
courage unhealthy behaviors, such as watching too much television [26]
or encourage healthy behaviors, such as physical activity [22], following
the notion of celebratory technology [87]. In this section, we describe
the main persuasive applications including the use of aesthetic images,
games, reminders and communication services used in the fitness and
medical compliance domains.

In both the research and commercial product space, a variety of
applications are available to promote a healthy lifestyle by helping users
maintain a healthy diet and keep up with their exercise. For example,
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as we discussed in the last section, My Food Phone* and Polar Watches
enable users to keep track of their physical activity and dietary habits.
The variety of tools available in this space is a scope much too large to
document in this survey because new tools, particularly in the commer-
cial space, are being developed and released continually. At the time of
writing, the Apple iTunes store lists 1687 “apps” for “diet” and 1638
for “exercise.” Our aim is to highlight some of the common features of
these applications as well as the results of research done on a subset of
these tools. A more detailed review of the literature in this particular
area can be found in [45].

The UbiFit Garden system (Figure 4.2) was designed to encour-
age regular physical activity [44] that was monitored with the Mobile
Sensing Platform (MSP) [40]. People’s physical activities are displayed
to the user through an aesthetic image in the form of a flower gar-
den. When the MSP detects a new physical activity, it improves the
appearance of the plants in the garden and adds new elements, such as
butterflies. If no physical activity from a user is detected, the flowers in
the garden might perish. The results of an evaluation of UbiFit showed
that “aesthetic images” are a very high motivator for persuade users
to continue changing their behavior while helping them to maintain
engaged with the system. Open questions remain to investigate how
aesthetic images positive impact users behavior for long-term.

Fig. 4.2 The Ubifitgarden showing left to right: (a) a user wearing the activity sensor,
(b) the actual activity sensor, and (c) the ubifit for the phone home-screen.

4https://www.myfoodphone.com/home.aspx
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Other projects have explored the use of aesthetic images in conjunc-
tion with games for encouraging a healthy lifestyle [39, 140, 148]. For
example, the PlayfulBottle [39] measures how much water is drunk to
motivate people to drink healthy quantities of water. It uses lego bricks
attached to a water bottle to present how much water has been drunk
and hydration games to encourage people to daily and regularly drink
water. The hydration games use the metaphor of caring for a tree by
“watering your body.” When a user does not regularly drink enough
water, his virtual tree would slowly transform from a beautiful green
tree with many leaves to one with bare and withered branches. Simi-
larly, Fish'n’Steps [140] uses a pedometer to count steps and associates
a user daily foot step to the growth and activity of a virtual pet (i.e.,
a fish) and the appearance of the fish tank that shelters the virtual
pet. The evaluation of Fish’n’Steps showed that the game served as a
catalyst for promoting healthier lifestyle but the game was perceived
to be too repetitive. People stopped using it after a while. This poses
new questions regarding the design and use of games for encouraging
long-term behavior change.

To try to address this challenge, several projects have proposed
exergames, serious and casual games that use a social motivation
scheme to promote a healthy competition among users and establish
a long-term commitment. Mueller et al. [167] developed a variety of
exergames that allow people to compete in structured physical activity
sessions (such as playing a ball game) with remote third parties. The
Neat-O-Games [115] offer a set of games for mobile devices which,
through continuous monitoring of users steps and social competition
help the user to avoid a sedentary lifestyle. Users select configurable
avatars that participate in virtual races against their invited competi-
tors [115]. Yet another, and perhaps the most researched serious game,
Dance Dance Revolution connects a sensor-enabled dance floor with a
video interface and provides stimulating exercise as a social activity —
dance competition [102]. A recent trend is the use of motion sens-
ing controllers (e.g., WiiMote,? Kinect sensor®) to allow individuals to

5 hitp: //www.nintendo.com /wii
6 http:/ /www.zbox.com/es-MX /Kinect
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natural means to manipulate digital services available in games. Taken
together, this body of work demonstrates that games and social com-
petition can be used to establish long-term commitments and are more
sustainable than other available persuasive mechanisms. This has moti-
vated the use of games for caring elders and also for help people with
physical impairments in their rehabilitation. The Therapy Top [126] is
a spinning top used in sports studios and physiotherapy for enhanc-
ing the equilibrium sense, improving muscle balance in the legs and
ankles and manoeuvrability in the lower body parts. The Therapy Top
is a disk that has a rounded bottom and a flat top to stand on. Ther-
apy Top comes with several games that requires a user to mimic the
positions standing on the Therapy Top to those made by an avatar
in the game. The information captured by the device is then shared
with the specialist for improving the rehabilitation therapy. Similarly,
“Taga-boo” [153], a collaborative children’s game, focuses on develop-
ing coordination through playful interaction. Overall, the evaluation of
these projects have emphasized the importance of sharing the informa-
tion with close relatives, friends and health providers to keep the users
engaged and improve the results of the therapy.

Overall, this research stream has emphasized the importance of
sharing the captured information for social motivation and behavior
compliance. However, there are still some open questions regarding the
impact of sharing this information. Indeed, there is substantial work in
this regard centering on social health.

4.3 Social Health

Medical research has provided strong evidence of the beneficial role of
social ties and social integration in maintaining physical and psycho-
logical well-being [54, 184]. This dimension of an individual’s health
focuses on how well an individual gets along with other people, how
other people react to that individual, and how that individual inter-
acts with social institutions and societal mores has been defined as
“social health.” Virtual communities and social network sites allow
many individuals to collaborate and share experiences with people who
are geographically distributed [109]. Virtual communities have been
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successfully used in the care of patients [107]. Their benefits include
reduced stress, social satisfaction, the availability of information rele-
vant to their disease, and increased communication between patients
and clinicians [212]. In this section, we describe an extension of these
technologies for social support through the addition of pervasive com-
puting technologies.

Researchers have explored how to use virtual communities and
social networks integrated with body sensors as persuasive tools to
help people with chronic diseases share their experiences and problems
providing community support, motivational reinforcement, or encour-
agement for healthy lifestyles and clinical adherence. For example,
Houston, a software application that promotes healthy lifestyles in
social groups, allows users to register physical activities and send
instant messages [222]. Houston uses a pedometer to measure the phys-
ical activity and mobile phones to support the social group. Houston’s
main function is to record physical activity, goals, message exchanges
with friends, and activity time lines. However, these applications do not
provide mechanisms that allow patients to communicate with special-
ists or vice-versa. This lack of communication might decrease patients’
satisfaction [240]. Similarly, but focused on supporting communica-
tion between patients and specialists, pHealthNet (see Figure 4.3),

Fig. 4.3 pHealthNet (a) A patient receives a notification of a challenge on her mobile phone
(b) A patient reviewing her record.
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a persuasive virtual community, aims at promoting a healthy lifestyle
in patients with chronic degenerative diseases who participated in
a national program for the prevention of diseases, education, and
self-care [15]. pHealthNet helped patients change eating habits and
increase their physical activity. To encourage and support communi-
cation between patients and health care providers, the system allows
users to exchange messages and video and audio logs. Also, health
providers can review patients’ diet and exercise logs to create contex-
tualized messages. For example, a nutritionist can send a message about
a photograph of a specific meal the patient uploaded to let the patient
know if that specific instance of the patient’s diet journal fits with
the patient’s diet. Or she could write a congratulations message when
a patient’s steps increased. The system sends some of these messages
automatically through a virtual specialist agent configured by the spe-
cialist. Health providers can also upload educational and motivational
videos to inform their patients how to maintain a healthy lifestyle.

This research highlights the specific design issues for pervasive
health applications in the domain of fitness. The requirements include
persuading users through personal and group tools for motivational
reinforcement and the exchange of their experiences, empowering a
social network community with asynchronous and synchronous com-
munication channels on a diversity of devices, enabling users to self-
measure their progress, promoting friendly competition, and providing
customizable educational cues for behavior improvement.

In the eldercare domain, the use of social networks in conjunc-
tion with mobile devices and body sensor devices for the automated
captured of data has also been an active area of research. Strong social
networks can also enhance quality of life for older adults [83] by improv-
ing their health [54], reducing the chances for developing cognitive
decline [71], and also prevent an earlier death [101]. Older adults with
poor or weak social networks are 60% more likely to experience cogni-
tive decline due to isolation or the high stress levels caused by the loss
of the spouse [209]. Thus, there have been a variety of efforts dedicated
to improving the social health of elders through pervasive computing.
For example, Morris et al. [166] conducted a series of prototype designs
for encouraging elderly users to reach out to their peers and family
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members for social support. Additionally, efforts in designing natural
interfaces for connecting younger relatives and older adults have been
explored [47, 142, 169]. In these projects, issues surrounding the levels of
symmetry and reciprocity between the elderly users and other members
of the social network consistently emerged. Symmetry in relationships
is important because people expect to receive as much as they provide
to their contacts; however, within families, reciprocity often behaves
asymmetrically, especially with older adults [141]. Older adults expect
to maintain their role as providers within the family, contributing more
in family relationships than receiving, which can make the elderly less
likely to ask for and receive the social support they need.
Consequently, researchers have explored the use of multimodal
interfaces to support family connections and social connectedness.
Studies have explored situated displays to keep older adults in touch
with people they care about. These situated displays make use of
the primary goal of photo sharing: “the communication of experi-
ence” [74], providing suitable ways for serving as context for conversa-
tions. The Epigraph [143] system divides the screen into a fixed number
of channels, one representing each relative. Channels can be updated
via email, text, or picture message. This prototype provides different
ways of sending content to the older adult. Taking into account the
need for intergenerational connections, GustBowl [116] was designed
to reconnect mothers and sons. When the son’s bowl detects the pres-
ence of an object, it records its movement and takes a snapshot of
it. Then this information is sent to the parents’ home, where another
bowl will wobble and display the snapshot of the object, transmit-
ting the message of “arriving home.” Other technological designs have
aimed to connect grandparents and little grandchildren by integrat-
ing playful situations to enrich conversations. As described earlier, the
Virtual box system [53] is designed to connect grandparents and grand-
children. It is based on a hide and seek game where grandparents add
virtual content to the virtual box and hide it in a virtual floor plan.
Using a PDA, the grandchildren can search for the hidden virtual box
and see the virtual items. Once the grandchildren find the virtual box
they can add virtual items and hide the virtual box, thus promoting
reciprocity. Other designs use photographs of an everyday object such
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as a portrait [46, 170] aim to support aging in place, by providing
a qualitative sense of an older adult’s daily activities to other family
members. The awareness provided to the relatives may support family
connections by triggering discussions about the older adult’s activity.

4.4 Conclusions

In this section, we described a variety of tools to support personal
health and wellness management. Some of these tools focused on the
capture and access of personal health data. This an important area
for further research because while it is important to capture relevant
health data, it is also just as important to be able to present the data
in such a way that it is understood by the user in her own home. An
important aspect of health and wellness management is the support
that is provided by social connections either through online communi-
ties or family. We discussed a set of tools that support these different
types of interactions.

However, there still remain a variety of issues surrounding the
design, development, and deployment of these tools. These issues
include identifying the best interaction approaches for different groups
of users, designing the technology so that it is affordable to the user,
and providing relevant and contextualized information to the user.
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Conclusion

The healthcare field is rapidly changing. First, the need for greater effi-
ciency, cost-effectiveness, and safety in hospital settings is driving the
need for increased connection between record-keeping, monitoring, and
patient care systems [21, 168, 228]. Second, there is a growing move-
ment to empower patients to manage their health in a more effective
manner [199], inviting the development of a variety of personal health
applications for mobile devices (e.g., [40, 44, 123]) and home sensing
platforms and applications (e.g., [80]). Third, there is a growing empha-
sis on providing more effective care for patients with long-term, chronic
conditions (e.g., [5, 93]) as well as addressing health and wellness issues
over a lifetime-areas that are particularly amenable to the application
of pervasive health technologies (e.g., [5, 96, 121, 178]). This survey has
covered pervasive computing approaches to supporting various aspects
of health delivery, in particular issues such as “mobility, collabora-
tion, interruptions, ad hoc problem solving, and physical work” that
are integral to healthcare [21]. We have described the use of pervasive
technologies in support of hospital care, to support assisted living and
chronic disease management, and as part of personal health and well-
ness management for preventive care. Despite the extensive work in
this area, however, there are still a number of open areas of research.

66



5.1 Pervasive Health Methods 67

In this concluding section, we first provide an overview of often
used research methods for pervasive health. We then summarize some
of the major approaches to pervasive health in light of general areas of
research within mobile, pervasive, and ubiquitous computing. Based on
these dimensions and on the reviewed work, we then conclude with a
discussion of future work, open challenges and future trends.

5.1 Pervasive Health Methods

We currently live in a world embedded with computational devices,
many of which are often simultaneously used by many individuals.
Thus, in considering pervasive health we must engage the milieu of
present-day medical technologies. At the same time, progress marches
onward with visions of the where pervasive health technologies can take
us. This duality of approaches requires research methods for examining
both current and future technologies, for comprehending both incre-
mental and transformative innovations, and for engaging with those
innovations that occur on the ground using existing technologies as
well as those that are derived from new visions.

5.1.1 Ethnographic Methods

Pervasive health research has always been of and in the world outside
the computer and often outside the lab. Even when describing those
applications and technologies that currently only exist within the lab-
oratory, pervasive health publications frequently begin with a vision
for use “in the world.” The pure physicality of the science requires
understanding the context in which these technologies will exist. Thus,
ethnographic methods are regularly utilized for both understanding
the human needs for the development of new technologies as well as
the ways in which these technologies are adopted, appropriated, and
engaged (e.g., [34, 112, 162, 177]). Ethnographic methods are a leading
technique for investigating organizational and technological settings in
HCI and CSCW research [29, 35]. These methods are useful for examin-
ing complex settings where technical, organizational, and social factors
intersect [152, 176], such as in healthcare. Ethnographic observation is
designed to provide a deep understanding and support rich analytical
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description of a phenomenon, as part of an iterative cycle of observa-
tion and analysis [220, 221]. It seeks not just to document actions, but
to examine what is experienced in the course of these actions.

Using fieldwork and ethnographic methods enables researchers to
engage with the physical artifacts, environmental context, and vari-
ety of socio-cultural influences that may impact the need for, design
of, and ultimate adoption of new technologies. In terms of pervasive
health, these methods allow researchers and designers to envision how
a technology can blend seamlessly into the background of an environ-
ment as well as to see clearly the ways in which technologies do or
do not ultimately accomplish that goal. The use of these techniques,
largely borrowed from anthropology, sociology, and other field-oriented
sciences, enables designers and researchers alike to recognize the impor-
tant role “played by the environment in which the work takes place.”
Dourish [61] the engagement with the “real world” of hospitals, clinics,
and homes reveals how work gets done in ways that are not present
in process models, workflow diagrams, nor procedural manuals [97].
Finally, this kind of engagement and attention to the physical embod-
iment of artifacts — both computational and non-computational —
reveals how these artifacts can play multiple different roles within the
same environment [61].

5.1.2 Rapid Prototyping and In Situ Deployments

Weiser’s visionary article setting for the ubiquitous computing
agenda [236] and the research group he formed around his vision also
set forth a practice by which prototyping has become an integral part of
the research process for the area of ubiquitous computing (Ubicomp).
This practice has carried over into pervasive health research. This trend
of building working (or semi-working) technologies as quickly as possi-
ble as part of rapid design and development iterations such that one can
receive feedback, perform small trials, and test the systems in practice
in the world has become central to Ubicomp research methodology.
Evolving out of this desire to move prototypes rapidly into
the field, living laboratories are spaces specifically constructed for
the investigation of novel computational solutions embedded within
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everyday practices [104, 118, 122, 179]. The living laboratory concept
allows for small-scale experimental experiences with novel technologies
that are truly embedded in the environment as they could be on the
large scale in the future.

5.1.3 Simulation

Despite Ubicomp’s push generally to get prototypes into the field, or
at the least into a living laboratory, other constraints can make it
impossible. The domain problems for which true field testing is impos-
sible — or nearly so — include many areas of medicine and other
safety critical domains. For example, the Clinical Surfaces system,
which supports context-aware information retrieval in hospital-based
multi-display environments, was evaluated in a large hospital by clin-
ical personnel but with hospital staff members playing the roles of
patients [24]. Simulations can enable simple usability testing as well
as more nuanced probing of adoption and acceptance issues for perva-
sive health without full scale trials that might put patients at undue
risk or require prototypes that are more developed than possible with
current technological capabilities. In describing some of the challenges
and opportunities for simulation in pervasive health, Dahl et al. argue
that “equipment/prototype fidelity, environmental fidelity, and psycho-
logical fidelity. . . need to be adjusted according to which design aspects
evaluators want to gather feedback on.” [106] Furthermore, we further
argue that these aspects must be considered and adjusted according to
the cultural and political needs and mores of the particular environ-
ments in which testing and eventual deployment might take place.

5.2 Pervasive Health Application Themes

Taking an explicitly technological viewpoint on ubiquitous and
pervasive computing, Abowd and Mynatt [6] describe three classes of
applications: natural interfaces, context-aware computing, and capture
and access. We describe each of these application areas in turn and
provide insight into how pervasive health applications fit into these cat-
egories and how use of ubiquitous and pervasive computing approaches
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and frameworks can support design, development, use, and evaluation
in healthcare settings.

5.2.1 Natural Interfaces

Natural interfaces include a wide variety of interaction styles between
humans and computers but generally include those interaction modali-
ties that are the most natural in terms of being familiar to the average
person. These interfaces are intended to blend seamlessly into the every-
day behaviors of individuals. Typical natural interfaces include the use
of speech, pens, and gestures.

The benefits to a “natural” approach to interfacing with compu-
tational devices are enormous. They have the potential for significant
hands-free interaction. Furthermore, their use could limit the need to
retrain individuals who have advanced medical expertise but minimal
technical interest and skill. In the long-term, the emphasis on dicta-
tion and transcription within medicine lends itself to the use of these
systems. However, integrating speech and other natural interfaces into
legacy systems with tightly constrained requirements on input and out-
put and into existing environments that may be noisy and chaotic has
continued to challenge researchers and systems implementers. Further-
more, these natural interfaces are not simple to build particularly in
ways that allow them to be robust and error free. In recent years, vast
improvements have been made in this space with speech recognition
and audio output software now being used regularly in customer sup-
port systems, in-vehicle navigation and control systems.

As healthcare technologies expand in number and complexity and
become more prevalent in both clinical and non-clinical environments,
the integration of the digital data and functionality with the physi-
cality of the spaces they inhabit becomes even more important. The
path forward for pervasive health almost certainly includes utilizing
commonly requested natural interfaces, such as speech recognition and
audio output. Large-scale electronic medical records systems already
integrate such services as Dragon Dictate/Naturally Speaking' to speed
dictation and reduce costs for inserting data into the medical record.

L http: / /www.nuance.com/dragon/indez.htm
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At the same time, however, pervasive healthcare technologies are likely
to include greater emphasis on embedded and implanted systems for
monitoring, diagnosis, and even treatment. Few ways of interacting
with computational systems could be more natural — and perhaps
unnatural at the same time — than interfacing directly between the
human body and the machines with no explicit intervention by the
“user” at all.

5.2.2 Context-aware Computing

Context-aware computing, often also referenced as activity-based com-
puting or activity-aware computing, emerged from a focus on helping
systems to respond more appropriately to the dynamic, improvisational
nature of human behavior. This area of research typically includes
applications that leverage awareness of what is occurring in the phys-
ical and computational environments surrounding them through the
collection, fusion, and interpretation of complex sensor streams. These
applications might use simple contextual cues (e.g., who is logged into
the system) or more advanced recognition of meta-activities (e.g., the
triage status of an entire Emergency Department) to enhance the user
experience.

One of the most fundamental challenges to context-aware comput-
ing is understanding just what the context of a particular situation is
and how to define, sense, and represent that context. The collection
and representation of context is not only challenging in terms of tech-
nological capabilities (e.g., how to sense context, store context elements
in a database, etc.) but also in terms of the inherent complexities of
the human and organizational actors. Context has largely been con-
sidered “any information that can be used [by a computer| to charac-
terize the situation of an entity,” in which entities could be people or
artifacts [57]. Examples of relevant context data include location, iden-
tities of nearby people and objects, and changes to those objects [206].
The appropriate calibration of sensors and interpretation of their data
have long been issues of concern in context-aware computing, further
complicated by the rapid speed with which context can change (e.g.,
in a hospital environment). Dourish further problematizes the issues



72  Conclusion

of context by expanding our understanding of “context” from “a set
of descriptive features of settings” to “forms of engagement with those
settings.” [61]

Despite these challenges, however, numerous researchers have con-
tinued to explore the use of context-aware computing for a variety of
applications, including healthcare [16, 168, 216, 228]. Context-aware
systems can adapt to human behavior over time and provide greater
personalization in both interfaces and in functionality. Furthermore,
they can be used to take action proactively, such as delivering needed
information to save time.

In pervasive health, context-aware computing is particularly helpful
in retrieving patient-specific information in a timely manner as well as
in providing context-sensitive clinical decision support. Decision sup-
port systems in clinical practice tend to focus on the context of what
is in the chart, and other information that is readily available in large
scale clinical information systems. However, the future trends for per-
vasive health in these settings indicate that decision support systems
could be enhanced even further if they included not only information
present in clinical information systems but also other “context” such
as the weather, how busy various pharmacies are in the area, traffic
conditions, or even the level of distractedness or emotional well-being
of the clinicians, patients, and other caregivers.

5.2.3 Capture and Access

Documentation is an integral part of medical work. Clinicians use
documents and medical records to examine patient data long-term
to diagnosis complicated disorders and monitor the health of their
patients [216]. They also use the records themselves as a means for
communication and professional development [22, 23, 33, 34]. Despite
continued growth in methods and technologies for documenting and
managing personal health information, people still experience a variety
of challenges related to personal health information management [186].
Civan et al. found that the “fragmentation of personal health infor-
mation and reliance on human memory” are two of these significant
challenges.” [42] The aggregation of information for ease in both recall
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and analysis is a major goal of capture and access technologies. Thus,
these technologies may represent a potential part of the solution of
managing this information as it grows in scope and complexity.

Recordkeeping and documentation are significant themes in
computing and applications research generally. Fundamentally, this
inclination derives from a desire to recall and sometimes to share
details from lived events even within the constraints of often-limited
human memory and communication. Ubicomp researchers have been
particularly concerned with the notion of recording and providing
access to these records in a relatively automated, flexible, and seem-
less manner. The class of applications deriving from this notion of
automated and simplified record-keeping is typically called capture and
access applications.

Beginning with Vannevar Bush’s visionary memex, computational
systems have been viewed as a means for documenting, providing access
to and understanding everyday experiences [37]. Weiser’s article then
expressed this vision as occurring off the desktop, lived out in the world,
most notably in the following scenario:

Sal doesn’t remember Mary, but she does vaguely
remember the meeting. She quickly starts a search for
meetings in the past two weeks with more than 6 peo-
ple not previously in meetings with her, and finds the
one. [236]

Since then, a multitude of projects in both the commercial and research
space have been dedicated to this goal [233]. These applications indicate
a variety of challenges and opportunities in this space.

The capture of information can be extremely difficult when a record-
ing was not planned beforehand or when the setting is so unstructured
that it does not naturally afford recordation. Anyone who has jotted
down a note on the proverbial cocktail napkin to remember a bril-
liant idea hatched during a hallway conversation can attest to the need
for and difficulty of data capture in those situations. Although people
have developed strategies for managing recording and documentation,
these strategies can still fail, particularly when the strategies break
down (e.g., the perpetually lost scrap of paper). Similarly, recording
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often interrupts the human participants in an activity. Thus, auto-
mated recording seems a promising solution to allow the human users
to concentrate on the task at hand. However, this solution creates fur-
ther challenges. First, automated capture can strain the ability of a
system to document everything the human users want and nothing the
human users do not want. Second, the creation of this much data nat-
urally brings further challenges in the accessing — including indexing,
analyzing, and visualizing — of the mass quantities of captured data.
Despite these challenges, the opportunities available through auto-
mated capture and access of data can be enormous. First, automation
can decrease the amount of time required for documentation. Second,
as previously noted, automating the recording process can increase the
amount of attention participants can pay to an activity rather than to
documenting the activity. Finally, there is potential for future scientific,
clinical, and epidemiological insight based on analysis of vast volumes
of automatically collected data. One of the most obvious applications
of capture and access technologies for healthcare is the creation of an
better electronic medical record, through which healthcare providers
can focus their attention on patient care while the system automat-
ically documents procedures, results, and health data. Within perva-
sive health, a variety of enabling technologies have been developed and
tested that would support this kind of automated capture or selective
archiving (e.g., [40, 44]). Additionally, some researchers have gone so far
as to develop automated capture technologies for limited settings (e.g.,
[91, 204, 217, 218]). Embedding access of this information seamlessly
into the physical environment of both clinical and home settings would
expand the utility of these data and potentially the efficiency with
which people act on it [119]. However, there is still substantial work to
be done to create automated capture and access applications for both
home and clinical settings that can work over long periods of time with
enough robustness to be appropriate for critical health situations.

5.3 Trends and Open Challenges

As we look to the future of mobile, ubiquitous, and pervasive computing
in healthcare, the rapid proliferation of small devices, large displays,
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and networked interfaces seems assured. How these might interact with
each other, with patient data, and with clinicians and patients them-
selves, however, is still largely to be determined. In light of these open
questions, there are also a variety of challenges to be addressed for
widespread adoption, acceptance, and use of pervasive health tech-
nologies and applications. In this section, we briefly outline some of
these challenges and new trends as a future agenda for the research of
pervasive healthcare.

5.3.1 Behavior-aware Computing

One of the main characteristics of pervasive healthcare applica-
tions is their reliance on contextual information (e.g., from the 148
discussed projects 30% of them involved the use of context-aware
computing). The first wave of context-aware healthcare applications
used individual’s location as the main trigger to present individuals
with information relevant to the task a hand and adapt the behavior of
such applications (e.g., CHIS [168], AwareMedia [15, 16]). The advances
in machine learning techniques for context-recognition gave birth to
the second wave of context-aware applications moving from location-
aware applications to activity-aware applications (e.g., the ADL moni-
tor [228], UbifitGarden [44], COACH [158]). However, open challenges
remain to discovering significant long-term patterns of behaviors that
will enable individuals to reflect upon and handle healthcare tradeoffs
(e.g., drinking a beer will contribute to your happiness today but might
damage your health in the longer term). We argue that a new trend
for developing context-aware healthcare applications is to infer and dis-
play patterns of behavior that may help individuals reflect on their own
behavior and take action to change abnormal behavior patterns. These
correlations between context and behavioral patterns that emerge over
time taking into account the archived health data poses new challenges
for the collection, inference, representation and displaying of behavior
patterns and long-term effects.

5.3.2 Uncertainty Management

For many pervasive health applications to perform at their highest
capabilities — or in some cases to work at all — some amount of
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context must be sensed, recognized, and presented to the system or its
users. However, sensors and recognition algorithms are rarely error-free.
Understanding how to present and to manage uncertainty remains an
open area of research. The presence of uncertainty information in per-
vasive healthcare applications represents one of the main challenges and
one of the greatest barriers to the long-term success of pervasive health-
care applications. Uncertainty in pervasive healthcare could originate
because of the presence of uncertain, ambiguous or incorrect contex-
tual information. Uncertainty may cause malfunctions in applications,
rendering them useless to users given their lack of confidence in their
robustness.

Despite these concerns, designers have overlooked uncertainty issues
and ignored the uncertain nature of context often using it and
considering it 100% reliable when developing pervasive healthcare
applications [5]. Unfortunately, most available toolkits and architec-
tures designed for the development of pervasive healthcare applications
(e.g., Context Toolkit [202], Open Data Kit [191], SALSA [198],
ABC [13]) do not provide support for the management of uncertainty
information.

Open challenges remain for developing adequate mechanisms for
uncertainty management to make pervasive healthcare applications
tolerant to the presence of uncertain contextual information. These
mechanisms beyond the use of context as a level of implicit input need
substantial human input enabling individuals to control errors and have
feedback on the application accuracy.

5.3.3 Integrating Clinical and Computing
Research Methods

Many of the methods used currently in the design and evaluation of
pervasive healthcare applications have been inspired from methods used
in the social sciences. However, there is still a huge gap between the
methods used in clinical research and computer science. Thus, new
tools and techniques for design and development of pervasive healthcare
applications must be brought into the clinical research, and evaluation
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in clinical research must be integrated with the summative methods we
used for evaluation.

Similarly, design and evaluation methods must be developed that
focus on the physicality of the built environment and the infrastruc-
ture present in these settings. Beyond field studies and participatory
design meeting, methods for the “co-design” of pervasive application
still remain unexplored. This focus has long been known in pervasive
and ubiquitous computing research but may be new to the world of
medical informatics. Finally, the medical model of privileging random-
ized blinded clinical trials over other forms of scientific inquiry must be
examined in light of rapid design, prototyping, and deployment prac-
tices more prevalent in computing.

5.3.4 Socio-technical Issues

Beyond the technical challenges for the design and development of
pervasive healthcare applications, their deployment poses a variety of
social, cultural, legal, and policy-based issues that are often exacer-
bated by the healthcare focus. For example, although privacy is an
often cited — but just as often dismissed — concern of many mobile,
ubiquitous, and pervasive computing projects, it takes on new meaning
when considering health data, much of which is regulated more sub-
stantially than other kinds of data and which has greater risk associ-
ated with disclosure. Likewise, securing these data becomes not only a
moral imperative but a legal one as well when considering health infor-
mation. Finally, the complex geographical, international, and cultural
forces at work that shape the kind of medicine practiced, views on
preventative health and wellness, and other related issues must be
taken seriously in the design and development of pervasive health
applications.

Scalability and costs are other challenges that hamper the deploy-
ment and adoption of pervasive healthcare technologies in real-world
settings. In particular, new standards for communication and design
across a wide array of medical devices and legacy health information
systems might help to reduce challenges and associated costs in when
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deploying new pervasive and ubiquitous computing technologies in
real-settings.

5.3.5 Gestural Interaction

Moving from the development of natural interfaces and implicit inter-
action using most of time unreliable contextual information, open
questions concerning new the creation of natural and intuitive forms
of human—computer interaction that make it easier for clinicians and
patients to achieve their goals while using computers, are needed.
In healthcare environment were clinicians can’t use a keyboard or a
mouse to control the computer as they are in the operating room,
or patients with cognitive impairments unable to interact with the
computer having devices, methods, and approaches to easy the manip-
ulation of digital services is paramount.

With the rapid growth of sensors and hardware, and with robust
algorithms for speech and object recognition, we are nowadays able to
envision new interaction models based on gestural interaction. These
new models will enable users to experience a more natural interaction
with digital services. Take for example the use of kinnect for develop-
ing exergames to encouraging people to exercise. We no longer need to
depend on implicit interaction, now we can empower the user with nat-
ural gestures (e.g., wave your hand to turn off a computer) to provide
a better engaging experience. Open questions remain for the develop-
ment of approaches and hardware that will better help us to understand
the human body to create new gestures that will enable clinicians and
patients manipulate the pervasive environment.

In summary, the research being done in pervasive health can lead to
patients being provided better care in hospitals, people with a variety of
issues related to health and aging being able to live more independently,
and better management of chronic conditions. This field is one with a
number of challenges but also with tremendous opportunities.
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