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ABSTRACT

Telemedicine has been introduced to overcome distance in order to get prompt access to medical
knowledge and appropriate health care. More recently, work in telemedicine has aimed at de-
veloping solutions to support the management of chronic diseases such as diabetes, and lung and
heart diseases, as well as to provide support for home care services. Telemedicine is also enter-
ing the fields of health promotion/prevention disease, life style management, and well-being. The
evolution and broadening of telemedicine gives birth to a nomenclature that includes “e-health,”
“telehealth,” and “telecare.” The latest developments in microsystems and nanotechnologies as
well as in information processing and communication technologies allow miniaturization and
non-invasive smart monitoring of physiological and physical data. Ongoing cutting-edge multi-
disciplinary research in textile fibers, biomedical sensors, and wireless and mobile telecommu-
nications integrated with telemedicine, aims at developing intelligent biomedical clothing (IBC)
that could pave the way to support personalized management of health and diseases at the point
of need and at any time. In this study, we aim to describe the current status of multidisciplinary
research and development of IBC, based on bibliographic research and reports from seminars,
workshops, conferences, and working groups. A further aim is to inform the developers, the de-
cision makers, and users in the health and healthcare sector regarding future solutions to support
personalized health care and disease management. Both the textile sector and healthcare sector
are looking with great interest at the innovative products and applications that could result from
the integration of microsystems, nanotechnologies, biomedical sensors, textiles, and mobile
telecommunications. For health monitoring, disease prevention and management, rehabilitation,
and sport medicine, IBC may offer, in the mid-term future, a unique, wearable non-obtrusive
telemedicine platform for individualized services that is readily accessible and of good quality.

INTRODUCTION munication and Morse code. Along with de-

velopments in telecommunications and com-

TELEMEDICINE WAS PIONEERED at the begin- puter technology during the last half of the 20th
ning of the 20th century, for example,inthe century, and spurred by greater emphasis on
field of maritime medicine by using telecom- the need for improving healthcare delivery, in-
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terest in telemedicine applications increased.
Although not yet broadly integrated in the
healthcare and health delivery systems,
telemedicine has evolved from research and
development (R&D) into actual clinical prac-
tice.

Development in healthcare telematics—in-
cluding telemedicine—has been strongly sup-
ported for 10-15 years through R&D programs
and initiatives in European Union countries, in
the United States, and in other regions of the
world.!* Ongoing restructuring of healthcare
delivery includes the concept of “continuity of
care,” which supports the paradigm shift from
“hospital-centered healthcare” to “patient/cit-
izen-centered health” as well as from “cure” to
“prevention,”® broadening significantly the
scope and the use of telemedicine. Information
technologies became one of the major driving
forces for healthcare evolution and have re-
ceived acceptance by an increasing number of
health professionals.® A substantial and grow-
ing market for healthcare information society
technologies products was identified and esti-
mated worldwide to be worth $65 billion for
2002, with a distribution of 45% United States,
24% Western Europe, 15% Japan, and 16%
other countries.”

The evolution underway in healthcare and
health delivery is driven by three main factors:
Major societal changes, progress in science and
technology and increased medical knowledge.
Many societies are undergoing demographic
changes such as the aging of the population,
further integration of disabled persons and an
increase in chronic diseases.®? Citizens, pa-
tients and health providers face new challenges
as they strive to optimize quality, cost and ac-
cess to care. People are becoming more “health
conscious” and eager to assume a more active
role in managing their own health, and patients
are becoming “health consumers” asking for
better health and life style management, in-
cluding nutrition, fitness and sport.!?

Progress in science and technology, such as
microsystems and nano-technologies, offer, for
the first time, a number of new possibilities and
solutions such as artificial intelligence, minia-
turization, reduced power consumption and
new materials at low cost.!! In addition, sig-
nificant progress has occurred in mobile and
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wireless telecommunications as well as in sig-
nal processing, human—computer interface and
navigation tools for information retrieval and
management.

There is a growing interest in finding new
solutions to deliver healthcare, manage and
support patients with chronic diseases includ-
ing diabetes, coronary artery diseases, hyper-
tension, chronic obstructive pulmonary dis-
ease, depression and multiple sclerosis. Beyond
the quality of life and societal impact, the di-
rect annual medical cost is considerable. For ex-
ample, the direct medical costs in the United
States for asthma, depression and diabetes are
estimated to account, annually, for $5.1, $12.4,
and $44 billion, respectively.!? During the last
few years, telemedicine developments also aim
at finding solutions to support management of
chronic diseases as well as providing support
for home care services.!314

Currently, innovative portable and wearable
health monitoring applications are being de-
veloped by international research, industrial
and healthcare organizations involving public
and private funding.!>1® The integration of tex-
tile with biomedical sensors and mobile
telecommunications represent a great opportu-
nity for research, healthcare and health provi-
sion as well as market potential.}”1

The evolution and broadening of telemedi-
cine has given birth to a new nomenclature that
includes “e-health,” “telehealth,” “telecare,”
“telemonitoring,” “telediagnosis,” “telerehabili-
tation,” “teletreatment,” and “home telecare.”!?
Lacking a broad international consensus of the
precise definition of these terms, we use the
term “telemedicine” in this paper as an inclu-
sive umbrella for all these terms.

PROGRESS IN TECHNOLOGY
INTEGRATION TOWARDS PERSONAL
HEALTH AND DISEASE MANAGEMENT

Development of smart wearables for
health monitoring

The new generation of biomedical sensors
and actuators demonstrates unlimited virtual
capabilities in measuring, processing, commu-
nicating and acting in an intelligent way.?
New measurements and new approaches are
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possible including diagnosis, ambulatory
healthcare, care at home and at the point of
need. From non-invasive microsensors, to im-
plants, and to disposable biochips for blood
analysis and clinical diagnosis, the large vari-
ety of biomedical sensors and devices results
from a strong market demand for microsys-
tems and nanotechnologies in medical applica-
tions.?! The portability and particularly the
wearability of integrated sensing, processing,
actuating and communicating are moving from
“wishful thinking” to reality.

Non-invasive sensors are the most promis-
ing innovations to monitor physiological func-
tions and also daily activities and individual
behavior. They offer painless applications,
comfort and enhanced prevention from infec-
tions and contamination. These sensors can be
applied either in contact with the body or near
to it (wearable), or can be embedded in sur-
roundings, e.g. “intelligent home” and auto-
mobile.?? They can measure vital signs such as
ECG, cardiac frequency, respiration, blood oxy-
gen saturation, temperature, CO, and O,, but
also body kinematics, sensorial, emotional and
cognitive reactivity such as EMG, microcircu-
lation, posture, fall, movement, speed, acceler-
ation and pressure.?324

The market of remote portable personal
health monitoring, offers at present, mainly
single physiological parameter systems, based
either on telephonic transmission or on opti-
cal transmission through a handheld record-
ing system. The storage and viewing of the
data, as well as the analysis, are performed
mainly on the service provider side. Cur-
rently, a great effort is placed, through public
and private financial support, on the research
and development of personal smart wearable
systems for health management.?>?¢ The
objective is to increase autonomy with em-
bedded decision support, enhanced user-
friendliness and multi-parameter monitoring
capabilities. One of the possible shortcomings
of such smart wearables is the limited physi-
ological parameters collected, due to the re-
duced contact area between the body, for ex-
ample, wrist, chest, abdomen, and the device.
A possible solution to overcome this limita-
tion could be the integration of the different
sensors into a unified, user-friendly wearable
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platform that has large contact surface with
the body, i.e. the textile.

During the last few years, textile research
laboratories have tested the symbiosis of tex-
tiles with wearable computing, augmented
reality, human machine interfaces, media and
interface design and finally high tech-fash-
ion.2”28 Leveraging the disparate materials,
technologies and techniques available within
the established electronics and textile indus-
tries are leading to a totally new class of large-
area, flexible, conformable informative and in-
teractive wearable systems.?” New applications
are opening-up for the apparel textile industry,
in healthcare, environment, automobile,
worker protection, sport, etc.

These new means have the potential to re-
shape significantly the provision of healthcare
services and health support, and also assigning
new responsibilities to device manufacturers,
health practitioners as well as to patients and
citizens.>® Given the ambulatory instrumenta-
tion, for example, in home telecare, the re-
sponsibilities of each actor become less clear es-
pecially in cross-border telemedicine. Personal
telemedicine applications have to comply with
user authentication restrictions as well as with
personal data protection laws and regula-
tions.3! In addition, security problems have to
be tacked for each specific application and se-
lection of countermeasures has to be made
through risk analysis. On the other hand, wear-
able health applications may address source
problems in healthcare services, including
medical errors, which account for between
44,000 to 98,000 deaths in United States each

year.>?

Marriage of information and communication
technologies and textiles: towards intelligent
biomedical clothing for personal health and
disease management

The textile industry is, along with steam en-
gine, the oldest and most traditional industrial
sector, the driving force of the economy in the
19th century. Although, currently remaining
one of the major industrial sectors, with an an-
nual turnover of 198 million € and a total
workforce of 2.2 million in Europe, textile and
clothing face increasingly fierce global compe-
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tition and continued relocation of manufactur-
ing to low-wage countries. The small and
medium sized companies, which represent the
absolute majority of the sector (95% in Europe),
need to focus on competitive advantage other
than cost. The industry recognizes the demand
for more functionality and non-conventional
textile products and the importance of the in-
volvement of information technologies for tex-
tile innovation.3® Hence, the textile industry is
experiencing various innovations with the cre-
ation of new textile fibers and sophisticated
chemical processes for coating and water-
proofing. Miniaturization of electronics and in-
formatics (e.g., computer, microsensors, signal
processing, transmission), make possible the
integration of multiple smart functions into tex-
tiles without being a burden, which are likely
to be readily accepted by the user.’* Ongoing
cutting edge research aims at the development
of a new generation of textile materials with
new mechanical, physical, thermal, electric, op-
tical and other ergonomic functions.

A smart textile is the integration into the tex-
tile, of sensors, actuators, computing, and
power sources, the whole being part of an in-
teractive communication network. These es-
sential instrumental functions could be imple-
mented onto fabric substrates®® using,
currently inorganic materials such as metal
fiber. The ongoing R&D to produce new fibers,
yarns and fabrics from organic and smart ma-
terials (e.g., polymers) will enable textiles to be-
have both as passive and active systems.

Truly instrumented garments capable of
recording physiological, neurological and body
kinematic parameters®® are crucial for health-
care and health provision. They can provide
physicians with data to detect and manage
health risks, diagnose at an early stage, recom-
mend treatment and, finally, make confident
professional decisions based on objective in-
formation—all in a reasonably short time.

Intelligent biomedical clothing (IBC) has the
potential to change substantially the provision
of health and health care services for large pop-
ulation groups. Some examples of this are,
those suffering from chronic diseases, high-risk
patients and the elderly with specific needs, of-
fering a unique opportunity to integrate seam-
lessly health care into the daily lives of citizens.
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Smart sensor systems and new approaches to
analyse and interpret data, combined with cost-
effective telematics approaches can fundamen-
tally change the interface between citizen/pa-
tient and the health care provider. IBC has the
potential to be a key enabler technology for
cost-effective disease management, disease
prevention, rehabilitation and overall life style
management (e.g., sport, fitness, weight con-
trol, stress management, therapy).

IBC is based on multidisciplinary research
and development and requires strong co-oper-
ation between engineers and scientists from
various fields including, mobile and wireless
telecommunications, microsystems and nano-
technologies, textile & clothing, biomedical
engineering, telemedicine, as well as public
health and medicine (Fig. 1).

There is a conceptual transition from “med-
ical clothes” for patients to “health clothes” for
citizens. The first category includes medical
clothes that could be relatively cumbersome re-
sulting from a merge of existing tools and sen-
sors on regular clothes. This is at present real-
ized in pre-commercial prototypes such as
Mamagoose, pajamas for the detection of Sud-
den Infant Death Syndrome,*” or in products
such as LifeShirt™, a system providing contin-
uous ambulatory monitoring of respiratory
and cardiac parameters.® In addition to their
health related functionality, these clothes
should be elegant, easy to wear, and include in-
visible sensors and information technologies.
This would require medium to long term R&D
for integration of sensors/actuators, energy
sources, processing, and communication func-
tions within the clothes. Current prototypes
such as SmartShirt™3° and “medical assistance
suit” (VTAMN Project)*? still require further
medical validation. Longer research involving
new fiber materials aims at “e-textiles,” where
sensing, processing, and communications are
integrated in a woven structure to monitor
physiological signals and biomechanical vari-
ables.

Crucial to the success of IBC is the user ac-
ceptance and user benefits, as well as the ac-
tive involvement from healthcare providers,
authorities and third party payers. The eco-
nomic aspects of the services to be offered have
to be addressed at an early stage of develop-
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FIG. 1. Disciplines involved in developing intelligent biomedical clothing.

ment. This includes the formation of the com-
plete value chain as well as a co-development
of business models with, for example, health
authorities and health and life insurance es-
tablishments.

EXAMPLES OF POTENTIAL
APPLICATIONS AND BENEFITS OF IBC

IBC has the potential for continuous mea-
surement, processing and communication of
physiological and physical parameters from
patients to service providers, family and other
support people. The appropriate design and in-
tegration of different kinds of sensors, as well
as the appropriate medical algorithms to pro-
cess the data could offer new possibilities for
monitoring and preventing health risks (e.g.,
cardiovascular diseases). IBC can also monitor
body kinematics and analyze posture and ges-
ture with major applications for ergonomic,
virtual reality, rehabilitation and treatment fol-
low-up. It could also provide support to chron-
ically ill persons as well as those at risk situa-
tions e.g. sport.

The wide spectrum of cardiovascular disease
remains the leading cause of death and early
disability worldwide. It creates a substantial fi-
nancial burden on the health care systems.*!
Although hospital mortality has been reduced
and the overall life expectancy has increased in
recent years, out-of-hospital mortality rate
from coronary disease remains high.*? Cardiac
diseases are, at least partially, caused by un-

healthy lifestyle.*3 Risk factors can be reduced
by changes in lifestyle. The use of IBC could re-
duce incidence rates by (a) predicting acute
events by long term trend analysis, (b) provid-
ing instant diagnosis of acute event and links
to health care provider/emergency system,
and (c) reducing the time to intervention by
tele-diagnosis and tele-therapy. Rehabilitation
at home could be also supported.

Diabetes is the fourth to fifth leading cause
of death in most developed countries, and there
are more than 150 million people with diabetes
worldwide.** Diabetes could be better man-
aged by timely advice based on informed de-
cisions and with, if available, non-invasive
monitoring and insulin delivery systems. The
continuous monitoring of blood glucose re-
main a challenge. State-of-the-art glucose
sensors as well as miniaturized implantable
insulin delivery devices have been recently de-
veloped in prototype level.#4¢ Further minia-
turization and on-line decision making systems
are under development. Research in smart
clothing to bring together the required physio-
logical measurement, telecommunication and
drug delivery functions could lead to a unique
platform for enhanced personal diabetes man-
agement.

Several chronic diseases require medication
over a certain time period. The ability of the
user to take the medication on time, according
to the prescription, is a major problem leading
to medication errors. This represents the eighth
leading cause of death, at a rate greater than
motor vehicle accidents, breast cancer, or
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AIDS* and financial loss evaluated to about
$80 billion per year in the United States.*8 IBC
has the potential to support timely delivery of
medication (through intelligent microsystem
patches or using micro-pumps), monitor the
delivery and its effects as well as feedback vi-
tal parameters to the medical service providers.

Besides the potential enhancement in terms
of access to health services and quality, IBC
could result in more effective use of available
resources through reductions in number and
length of hospital stays and optimisation of
medication therapy.

However, the integration of biomedical sen-
sors into a textile remains a technical and med-
ical challenge. New approaches have to be de-
veloped to analyze and interpret the medical
data in order to achieve a reliable diagnosis and
appropriate treatment, as well as, smart wear-
ables with health monitoring facilities, de-
signed for daily use, obviously, involve, a num-
ber of ethical issues, for example, misuse of
data collected.

CONCLUSION

The textile and clothing industry recognizes
the importance of continuous product and ma-
terial innovation for maintaining and improv-
ing competitiveness. Smart textiles bring more
innovation and functionality than one could
ask from an ordinary textile, and also have the
potential to make people’s daily life more com-
fortable and safe. Smart clothing is an effort to
make electronic devices a genuine part of our
daily lives by embedding entire systems into
clothing and accessories. The achievements so
far on material processing, microsensor design
and system communication make it realistic,
however challenging, to concentrate efforts on
the realization of smart textiles and clothing.

From the public health and healthcare per-
spectives, developments within IBC have the
potential to offer unique advantages to com-
bine, in a seamless way, the oldest and most
frequently worn material with the most tech-
nologically advanced, sensing, processing, ac-
tuating and communicating capabilities.

IBC research and development is based on
multidisciplinary fields, and require strong co-
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operation between engineers, scientists, de-
signers, clinicians, and public health practi-
tioners.

The approach of ongoing R&D is to integrate
monitoring, diagnosis, treatment and commu-
nication functions into fabrics. The combina-
tion of biomedical functionality, added health
value and fashion constitutes key success fac-
tor to make the long-term monitoring a lifestyle
product. There are a number of possible IBC
applications spanning from a citizens’” health
watch, to patients’ disease and life manage-
ment, including rehabilitation. With respect to
disease management, IBC has the potential to
increase the quality of life for chronically ill pa-
tients by providing quality care, shortening or
avoiding hospital stays and optimizing med-
ication therapy, as well as providing peace of
mind. IBC also has the potential to reduce risk
factors by supporting healthy lifestyle and pre-
dicting acute events and reducing time to in-
tervention.

Several issues, technical as well as medical,
remain to be solved before clinical trials can be
performed. Among the most important chal-
lenges are the production of higher conductiv-
ity textile material according to current indus-
trial processes, as well as the interfacing and
protection of electronic components. Along
with these challenges, cleaning and washing is-
sues have to be solved. Further research is re-
quired also in signal processing, data interpre-
tation, user acceptance, cost effectiveness,
product adaptation, market segmentation and
business models.
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