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Summary

Objective: To introduce the paper by Kuhn ef al.
“Informatics and Medicine: From Molecules to Popu-
lations” and the papers that follow on this special topic
in this issue of Methods of Information in Medicine,
which opens a debate on the Kuhn et al. paper’s
assertions by an international panel of invited
researchers in biomedical informatics.

Method: An introductory summary and comparative
review of the Kuhn et al. paper and the debate papers,
with some personal observations.

Results: The Kuhn et al. paper makes a strong case for
interdisciplinary education in biomedical informatics
across institutions at the graduate level, which could be
strengthened by analysis of previous relevant inter-
disciplinary experiences elsewhere, and the challenges
they have faced, which point fo more pervasive and
earlier-stage needs for both education and practice
bridging the research and healthcare communities.
Conclusions: The experts debating the Kuhn et al.
paper strongly and broadly support the key recommen-
dation of developing graduate education in biomedical
informatics in a more comprehensive way, yet af the
same time make some incisive comments about the
[imitations of the “positivistic” and excessively tech-
nological orientation of the paper, which could benefit
from greater attention to the narrative and care-giving
aspects of health practice, with more emphasis on ifs
human and social aspects.
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Parallel rapid developments in both the
science and technologies of biology and in-
formatics are already strongly affecting the
practice of medicine. They hold the promise
of eventually revolutionizing our knowl-
edge of how genetics, development, disease,
and environment interact in affecting
human health, and strongly impacting medi-
cal and healthcare practices. Recently,
Professor Klaus Kuhn and colleagues at
Munich Technical University, the Ludwig-
Maximilians University and the Munich
Helmholtz Center proposed the creation of
“aresearch-oriented interdisciplinary Grad-
uate School” [1] which has now been estab-
lished. This issue of Methods publishes a
paper by Kuhn et al. [1] laying out the
rationale for such a Graduate School, ar-
guing how informatics and medicine inter-
act uniquely in the study of health and dis-
ease across a range of biological scales from
molecules to populations, in a way that
requires a much stronger interdisciplinary
focus than current individual programs to
prepare future leaders in the study of bio-
medical systems affecting all aspects of bio-
medical research, healthcare practice, and
education. Because the importance of this
initiative far transcends its immediate local
and national contexts in Munich and Ger-
many, the editor of Methods solicited com-
ments on the paper from an international
group of experts in biomedical and health
informatics and related disciplines, with the
goal of stimulating a lively debate on the
challenges facing our field. I believe that
our readers will agree they have succeeded
in this. The paper with these commentaries
[2] and one by the past editor of Methods
and founder of the IMIA Yearbook [3]
which follow that of Kuhn et al. include a
wide range of reasoned arguments and
original position statements which, while

279
|

© 2008 Schattouer GmbH

Editorial

Methods Inf Med 4/2008



280
|

Editorial

strongly endorsing the educational needs
identified by Kuhn and his colleagues, also
point out fundamental challenges that are
very specific to the unusual combination of
scientific, technological, personal and so-
cial problems characterizing biomedical in-
formatics. Most importantly, these point to
the ultimate objectives of managing diffi-
cult human health problems which are un-
likely to yield to technological solutions
alone, however effective these may prove for
solving some of the better understood and
constrained ones. The psychological, so-
cietal, and environmental components of
health and disease are emphasized by sev-
eral of the commentators, setting the stage
for further debate and constructive sugges-
tions. I appreciate the opportunity to con-
tribute this Guest Editorial emphasizing
some of the highlights of Kuhn et al.’s paper
with those of the expert commentators in the
light of some of my own observations and
experiences [4].

What are the major points made by Kuhn
et al. to support their thesis that interdisci-
plinarity is more needed than ever to make
informatics effective in medicine? And,
does the case for biomedical informatics go
beyond what is needed for other similar
interdisciplinary programs? The analytical
foundation of the paper rests on a four-way
breakdown of how informatics has an im-
pact on: 1) basic (systems) biology; 2) bio-
medical engineering; 3) eHealth; and 4)
public health, which is illustrated in figure 1
of [1]. This breakdown gives structure to the
arguments of how informatics and its math-
ematical and computational underpinnings
will increasingly help support the devel-
opment of molecular medicine, clinical
translational research, clinical medicine,
seamless healthcare and public health (fig-
ure 2 in [1]). In defining “the overall pic-
ture” early in the paper, the authors identify
eight major technical trends in computing
and software technology which are likely to
increase the ability of systems to handle the
massive amounts of complex, structured in-
formation involved. These are then divided
into groups in terms of their likely impact on
advancing: 1) bioinformatics methods for
research and increasing the reliability of
remote telematics applications of eHealth,
2) clinical decision support for integrating
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the interpretation of complex and hetero-
genous data; 3) improvements in the oppor-
tunities for personalized prevention strat-
egies; 4) effectiveness of the design of new
medical devices; and 5) interface to the
wealth of structured knowledge in the litera-
ture through the semantic web. The authors
then argue for “structured interdisciplinary
education” in four areas: bioinformatics and
systems biology; informatics for biomedi-
cal engineering; health informatics and
eHealth, and public health informatics and
public health. The core of this paper details
those aspects of each that the authors con-
sider most valuable for such education, con-
cluding with an observation that “traditional
university systems tend to strengthen a ‘cul-
tural gap’ between classical natural science
(e.g. chemistry, biology, physics) and engin-
eering and informatics” ([1], p 11). These in
turn are considered to lead to discontinuities
between “discovery, invention and inno-
vation” and “widespread technology adop-
tion”, which could be overcome by “chang-
ing the patterns of scientific education at the
MS and PhD levels where teaching and re-
search meet”. Implementation suggestions
are to: 1) coordinate and combine courses
across the disciplines; 2) encourage joint re-
search projects and workshops to share ex-
perience; 3) foster links at the institutional
and personal levels; and 4) encourage pro-
ject-oriented teamwork spanning the differ-
ing research cultures at a high scientific
level. The paper concludes by saying that
doing this at early graduate school levels
with “experts of one scientific discipline
who have a profound understanding of the
other disciplines’ terminology and scien-
tific culture” is a major need for healthcare
systems. The case for breadth and heteroge-
neity of informatics problems and solutions
across the spectrum from “molecules to
populations” is certainly convincing. How-
ever, what is not addressed are whether there
might be lessons to be learned from experi-
ences in other interdisciplinary fields where
informatics is critical — in ecological man-
agement, earth and environmental sciences
where satellite images, GPS and advanced
sensor arrays are affecting all sorts of
natural, civil and military problems, or the
political and economic sciences, where the
web of online information has likewise

changed the practices of political, legal,
commercial and financial competition, for
instance.

The commentaries in [2] touch on many
difficult problems faced by biomedical in-
formatics as it attempts to span the in-
credibly wide range of differing needs from
basic biological research, through individu-
al healthcare and consumer perspectives in a
networked society, to understanding public
health implications for various populations
at risk. There is a pattern, however, to both
the praise and criticisms made by the ex-
perts. No one disagrees that more interdisci-
plinary education is needed and that the
graduate level is the realistic one at which to
do this, once students have acquired enough
background in two or more contributing
disciplines. The commentators on the whole
take a positive view of the Kuhn et al. paper,
suggesting ways of amplifying its content or
strengthening its arguments. What proves
more controversial is the emphasis on tech-
nological solutions to research and health-
care problems argued in [1]. This tends to
downplay the personal and social aspects of
biomedical informatics which often are
major barriers to improving healthcare, and
several commentators emphasize this as a
limitation. I will next highlight some of the
major supporting and critical points made
by each commentator, and conclude with a
summary.

Russ Altman of Stanford University adds
to Kuhn et al.’s analysis an emphasis on the
“empowered, independent and thoroughly
networked (health) consumer” [2], which
has transformed the world of communi-
cation and social interaction so completely
in the past decade. He argues that in the
future this trend will have a strong effect on
people increasingly making decisions on
handling their own healthcare — which
should dramatically change the concept and
practice of medical and health education for
practitioners and health consumers alike —
and provide ample research opportunities
for biomedical informatics and allied fields.
Rudi Balling from the Braunschweig Helm-
holtz Center for Infection Control raises the
vexing questions of the contrast between the
“hard” vs. “soft” sciences in the cultures that
make up biomedical informatics, and the
difficulties of trying to overcome cur-



rent disciplinary prejudices at the graduate
level — he argues for the need to do this much
earlier in the educational process, while
recognizing the political and societal trends
that work against it. His plea to “merge the
coffeerooms” for students and faculty sug-
gests that increasing understanding and
respect among colleagues might be as
necessary for finding constructive solutions
within competitive environments as its more
typical opposite.

James Brinkley from the University of
Washington compares and contrasts the
Munich proposal to some of the experiences
at his university, noting that differences in
terminology and practice in informatics be-
tween the US and Europe gives the latter a
broader scope which could help unify prac-
tices across a broad range of biomedical ap-
plications. In addition, he points out that
figure 2 should more generally show a full
set of interconnections between core in-
formatics competencies and the different
levels of biomedical application, rather than
the strictly horizontal ones, which are too
restrictive.

Enrico Coeira of the University of New
South Wales points to antecedents for the
multilevel approach to informatics and
medicine and then focuses on the barriers to
adoption of IT in healthcare, which he posits
are mainly of a social and not technological
nature. He argues for the need to develop an
understanding of the unexpected inter-
actions between humans and technological
artefacts which can help bridge the different
social systems of bioscience, clinical medi-
cine and the citizen. Fabrizio Consorti of La
Sapienzia contrasts the technological and
evidence-based medicine (EMB) perspec-
tive of the Kuhn et al. paper to the need for a
narrative-based medicine (NBM) approach
which is more typical of the practicing
clinician’s way of describing a patient’s con-
dition within the clinical context. He argues
that considering EMB and NBM as “two
different paired dimensions of medical
knowledge”[2] will reduce the boundaries
between knowledge management and
e-learning.

Ali Dhansay from South Africa empha-
sizes the challenges for biomedical in-
formatics in developing and “hybrid” coun-
tries like his own where interracial differ-

ences and endemic HIV/AIDS, malaria and
tuberculosis have a major daily impact on
the lives of people. He brings up a number of
economic, ethical and practical issues that
arise when one tries to make the scientific
achievements in genomics and biomedicine
more effective and accessible through in-
formatics, while, however, creating new
challenges in terms of anonymity and con-
fidentiality. Antoine Geissbuhler of Geneva
University and Hospitals argues that the
“info-bio convergence” implicit in Kuhn et
al.’s proposal is challenged by the need for
semantic integration across very different
domains, which will change the current em-
phasis on hypothesis-driven research to-
wards more data-driven research in the fu-
ture. This certainly will require more edu-
cation and new models to encourage cross-
disciplinary skills for the healthcare work-
force under exceptionally difficult and com-
plex social conditions. William Hersh of
Oregon Health and Science University sug-
gests that informatics has to go beyond com-
puter science and embrace the human di-
mensions of information processing, and
the need to identify the core competencies
of a field which will continue to lead to a
wide variety of very distinct career path-
ways. Yunkap Kwankam of WHO and the
University of Yaounde raises the important
issue of assessment of health informatics,
which is underplayed in the Kuhn et al.
paper. After pointing out the known finan-
cial benefits from programs that improve
drinking water and sanitation worldwide, he
argues that health informatics must demon-
strate comparable or even greater benefits in
order to obtain more adequate funding. He
emphasizes the need to identify “commu-
nities of practice” that are effective in devel-
oping a “collective wisdom” that can help
WHO and other organizations to include
biomedical informatics in its “value
chain”[2]. Nancy Lorenzi, from Vanderbilt
University, and immediate Past President of
IMIA, and developer of IMIA’s Strategic
Plan Towards IMIA 2015, comments that
Kuhn at al’s article supports the view that in-
formatics is “the most important driver and
mediator for innovation” [2] and that collab-
oration is essential to achieve this. Knowl-
edge is seen as the core of innovation, which
feeds into the major components of IMIA’s
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Strategic Plan that are designed to integrate
and connect the science with the practice of
informatics in biomedicine and healthcare.
Publications and electronic dissemination
of information are identified as the major
disseminators of knowledge, and the inter-
national interdisciplinary collaborations
fostered by IMIA are seen as central to
achieving the future goals for informatics
and medicine as envisioned by Kuhn et al.’s
paper. Fernando Martin-Sanchez from the
Ministry of Science and Innovation in Mad-
rid makes the point that nanomedicine and
regenerative medicine present both oppor-
tunities and challenges for biomedical in-
formatics. With a rapidly ageing population,
many European (and other, mostly devel-
oped) countries are faced with urgent needs
for management and prevention of chronic
conditions in disproportionately large per-
centages of their populations. This will
require imaginative and novel approaches to
prevention and rehabilitation, including the
incorporation of the latest developments in
nanomaterials and artifacts for effective de-
ployment. He lists EU initiatives, such as the
ACTION-Grid which is to develop health-
care information systems based on the Grid
capabilities and new technologies that sup-
port these novel directions. George Mihalas
of Victor Babes University in Timisoara
points to the difficulties that were faced by
neuroinformatics in having an impact, and
the need to connect to systems biology with
projects like the Virtual Physiological
Human and the Physiome Project — all of
which will require educational components
like AMIA’s 10x10 to educate the work-
force in informatics.Yuval Shahar of Ben
Gurion University in Beer Sheva brings out
a very essential point in Kuhn et al’s paper:
“only through experts in one discipline who
profoundly understand the conceptual
world of another discipline can true multi-
disciplinary research develop” — he argues
for “boundary breaking agents” [2] as role
models for students to meet during their
training in order to foster true and produc-
tive interdisciplinarity. Using the specific
example of developing a “smart medical
home” Shahar says that only by combining
the right bioengineering and medical in-
formatics will this be achieved. He argues
for tackling a number of grand challenges,
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including what he terms the “Human Cli-
nome Project”[2] as a continuously chang-
ing library of declarative and procedural
clinical knowledge that can be “represented
and accessed by computational means”. He
points to preliminary successes in clinical
guideline structuring and representation as
precursors to this work. Two other chal-
lenges Shahar identifies are the manage-
ment of patients, especially those with
chronic disease, and with emphasis on the
temporal aspects of their conditions and the
need to define “clinarrays” of laboratory
data (in analogy to microarrays) to suggest
new ways for subtyping diseases. In addi-
tion, the need for decision support including
genetic components is seen as a fertile area
for engaging patients to take more responsi-
bility for their own decisions while tying
this to clinical workflows. Katsuhiko Taka-
bayashi, from Chiba University emphasizes
the role of clinical studies and appropriate
security and confidentiality needed to safe-
guard the individual while yielding the
knowledge that underlies how medical deci-
sions are complemented by genetic data.
But he warns that law and ethics are also im-
portant areas of study for biomedical in-
formatics given their strong impact on
people and how they handle health informa-
tion. Finally, Gio Wiederhold from Stanford
University gives a more detailed description
of the interrelated roles of biomedical in-
formatics, engineering, and software engin-
eering (SWE). He recognizes the bureau-
cratic barriers to change, but indicates that
practical problems of security, confidential-
ity, and limitations of the state-of-the-art in
SWE, and economic considerations con-
strain the development of large and effective
eHealth systems. He points out that the ratio
of 25:7:1 between research projects, their
practical implementation, and integration
into practice has remained unchanged de-
spite new initiatives such as Service-
Oriented Architectures. His commentary
touches on the social expectations which
limit collaboration between the formal
mathematically based disciplines and those
of the biological world, where variability
and ongoing experimentation is the norm,
and concludes with an interesting comment
on the nature of randomness in limiting
what we can know about our own reasoning
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processes —suggesting the need for more re-
search in this direction to help improve
clinician-patient interactions.

The separate paper by Jan van Bemmel
[3] provides an excellent summary of Kuhn
et al.’s paper and draws parallels and con-
trasts to the experience at Erasmus Univer-
sity Medical Center in Rotterdam, and its
pioneering development of a framework for
interdisciplinary research in medical in-
formatics. He quotes from Gilles Holst’s
“Ten Commandments” for encouraging
productive research in a long-standing,
highly successful industrial research lab
(Philips Physics Research Lab in Eind-
hoven). These include the need for engaging
competent scientists when young, without
too much concern about their prior experi-
ence, giving them a lot of freedom, but ex-
pecting them to work hard and share their
work through publications and discussions.
Solving problems through multidisciplinary
teams and encouraging the free movement
from research to development, while being
guided by academic insights as much as by
market opportunities are also essential for
success. Van Bemmel identifies a number of
grand challenges which he ties to the adher-
ence to these “commandments” and illus-
trates how they might be solved if there was
more attention to aspects of human behavior
that define needs not easily or necessarily
satisfied by technological solutions alone.
The cultural aspects of “overstretched ex-
pectations’ is a concern raised to caution the
readers about the need to realistically assess
proposals such as the one in Kuhn et al.’s
paper.

In summary, the paper “Informatics and
Medicine: From Molecules to Populations”
[1] has opened a timely debate through the
Commentary papers [2, 3] on the nature of
biomedical informatics and the challenges it
faces, especially in education, in this era of
translational and personalized medicine.
They highlight the urgent need to improve
our understanding of how structuring and
managing information is central to under-
standing the roles of genomics and other
-omics methods in contributing to the pro-
motion of individual and group health as we
attempt to map the complex pathways from
genotype to phenotype [5]. Further con-
siderations extending the scope of these

commentaries might well ask whether and
how the underlying basic sciences of infor-
mation generation and processing in hu-
mans as well as machines is likely to be ad-
vanced by biomedical informatics, which is
at the unique intersection of science, tech-
nology, and the practice of healthcare. Help-
ing alleviate suffering draws on deep emo-
tional sources of shared empathy, for which
better cognitive and perceptual models are
needed. And, to better understand how suc-
cessful nursing and medicine can interact
with the help of informatics in social situ-
ations and across different cultures [6], may
well open a largely untapped and rich source
of experience into how we can truly person-
alize healthcare in ways that we as in-
dividuals would wish it to be practiced when
we ourselves need it the most.

On behalf of the editors and editorial
board of this journal I am pleased to extend
an invitation to all readers to contribute to
this ongoing debate through Letters to the
Editor which could be published in future
editions of Methods of Information in Medi-
cine. We look forward to your contributions.
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Summary

Objectives: To clarify challenges and research topics for
informatics in health and to describe new approaches
for interdisciplinary collaboration and education.
Methods: Research challenges and possible solutions
were elaborated by scientists of two universities using
an interdisciplinary approach, in a series of meetings
over several months.

Results and Conclusion: In order to translate scientific
results from bench to bedside and further info an
evidence-based and efficient health system, intensive
collaboration is needed between experts from medicine,
biology, informatics, enginesring, public health, as well
as social and economic sciences. Research challenges
can be attributed to four areas: bioinformatics and sys-
tems biology, hiomedical engineering and informatics,
health informatics and individual healthcare, and
public health informatics. In order to bridge existing
gaps between different disciplines and cultures, we
suggest focusing on inferdisciplinary education, taking
an infegrative approach and starting interdisciplinary
practice at early stages of education.

Keywords

Informatics, bioinformatics, health informatics,
biomedical engineering, biomedical informatics,
public health
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1. Introduction

Medicine and the whole health care domain
are undergoing substantial changes. On the
one hand, advances in molecular life
sciences, biomedical sciences and engineer-
ing have significantly influenced diagnostic
and therapeutic options. Molecular mecha-
nisms of disease are being understood better
than ever before, and disease patterns can be
understood with increasing granularity
down to the level of molecules. Therapeutic
methods range from drug design and in-
dividualized therapy to image guided mini-
mally invasive surgery. On the other hand,
demographic and sociocultural changes,
together with increasing costs of new diag-
nostic and therapeutic procedures, have put
our health systems under severe pressure.

In this complex situation, a key role has
emerged for informatics in health, in health
technology and in related fields, including
biomedical engineering, bioinformatics,
biotechnology, pharmacology, management
and also economics. Informatics is an
underlying core element for these fields,
providing scientific methodology, key ap-
plications, and the pioneering of new ser-
vices. We believe that informatics will be
the most important driver and mediator for
innovation in all health-related scientific
disciplines — with even more significant
impact than previously seen in other fields,
such as the automotive industry, e-com-
merce, or global logistics.

*  See more detailed authors” affiliations at the end
of the article.
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The focus of informatics is information:
how it is discovered, created, identified, col-
lected, structured, managed, preserved, ac-
cessed, processed, presented, and studied.
This also includes how it is used in different
environments with different information
technologies, and how it is applied and
changes over time. The successful use of
informatics has to be based on intimate
knowledge and interaction of scientific,
technological and professional practice
components. The term “informatics”, which
was coined in 1957 [1], has been increas-
ingly used across Europe during the last
decades [2, 3] implying a meaning similar to
“computer science” as denoted in many
English speaking countries. In these
countries, the term “informatics” was first
used in the context of “medical in-
formatics”. Biomedical informatics has
been defined as “the scientific field that
deals with biomedical information, data,
and knowledge —their storage, retrieval, and
optimal use for problem solving and de-
cision making” [4]. For a discussion of
terminology we refer to [4].

To face the challenges in medicine and in
related fields, multidisciplinary collabora-
tion between informatics, medicine, and
many other fields has become essential.
Experts from the areas of biology, medicine,
public health, informatics, engineering, so-
cial and economic sciences need to co-
operate. In this article, we aim at clarifying
challenges and research topics. We suggest
intensive collaboration, and we recommend
to educate a new generation of experts with
interdisciplinary knowledge and skills, who
will be ready to work in a multidisciplinary
environment and to think out of the box.
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In the following chapters, we will outline
our vision of collaborative research and
structured interdisciplinary education. In
order to clarify needs, multidisciplinary
working groups were established in 20006,
involving researchers from the two Munich
Universities and the Munich Helmholtz
Center, representing five different faculties.
In an iterative and interactive process, areas
of collaboration were identified, and new
perspectives on education were elaborated
in 2006/7. Our central aim was to lay the
foundation for a research-oriented inter-
disciplinary Graduate School which has
been established in 2008.

2. The Overall Picture:
Where Do We Stand
and Where Do We Go

Progress in medicine, covering all areas
from drug development to personalized
diagnostics and therapeutics, reflects the
success of the most challenging disciplines
involved: molecular biology and informa-
tion science and technology. Digital data
and information are key elements of a) basic
and applied research in molecular life
sciences, clinical, and population-based
studies, b) biomedical engineering and in-
formatics, ¢) medical care, d) organization
and communication for efficient and
seamless care, ¢) public health, health care
management, and health economics.
Dramatic developments in molecular
biology and their direct influence on the
understanding of human diseases will have
far-reaching consequences for the whole
healthcare system, significantly influencing
prevention, diagnosis, and therapy. Progress
in biomedical engineering will result in new
diagnostic (e.g. devices for home monitor-
ing) and therapeutic options (e.g. image-
guided minimally invasive surgery). Prog-
ress in biomedical informatics will result in
new large-scale, pervasive and ubiquitous
systems for human-computer interaction and
transformation of scientific inquiry and tech-
nological development, finally realizing
what Wiener proposed for cybernetics more
than 50 years ago. An aging society on the
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one hand, and the need for affordable health-

care on the other, are more than enough rea-

son that there is an urgent demand to translate
the scientific progress into clinical practice
and into new prevention strategies using
tools from informatics, economics, and many
other sciences and technologies

A number of observable technical trends
in computing and software technology will
create significant impact on the handling
and processing of huge amounts of complex
information:

1) Computing power will continue to grow,
permitting complex tasks to be solved
such as local correlation of patient-
related data as well as the systematic
exploration of huge distributed data sets.

2) Broadband networks and reliable wire-
less roaming enable access to this com-
puting power from everywhere and make
high-volume data transfers and sharing
of analytical and interpretive software
tools possible — even in real time.

3) Powerful and reliable embedded systems
will become increasingly networked and
will be able to make use of their environ-
ment using a variety of data acquisition
techniques based on complex sensors
and large sensor networks.

4) Data volumes will continue to grow
exponentially; database technology in-
cluding integration and association
methods will enable us to efficiently
handle unprecedented volumes of com-
plex data and to structure them into use-
ful knowledge.

5) Multi-agent software systems have the
potential of becoming more and more
autonomous and federated, e.g. experi-
menting with becoming self-organizing
when performing varying tasks, as well
as self-administrating and self-healing.
As a consequence, the ascription of re-
sponsibility and liability can become a
significant challenge.

6) Service-oriented architectures (SOA)
enable a much more flexible, integrated
software environment; thanks to ad-
vances in middleware technology, access
to data resources and software tools will
become increasingly seamless, enabling
complex tasks and workflows as re-
quired, e.g., for systems biology and for
eHealth architectures.

7) The metaphor of new medical devices
becoming intelligent ‘assistance sys-
tems’ is increasingly becoming accepted,;
unrealistic claims of full automation
have been abandoned. Keeping humans
in the loop and using their cognitive
abilities will lead to a much higher
acceptance of computer-aided systems
in health than previous approaches.

8) Advanced knowledge management and
the development of advanced semantic
data models and inference methods will
enable researchers to explore the medical
knowledge in research and will support
knowledge-driven discovery and inter-
pretation of complex data sets (such as
studies correlating individual genetic
disposition, physiological data, and dis-
ease statistics).

In concrete terms, we anticipate the follow-
ing benefits for health research and its trans-
lation into medicine from the above: items
1-3 will rapidly advance bioinformatics-
based progress in data analysis and data
mining and will also improve imaging tech-
nologies; they will make reliable health
telematics and eHealth strategies possible;
items 3-8 will help to provide large amounts
of knowledge for the interpretation of com-
plex data, to support decision-making and to
allow for new prevention concepts;, with
item 4 not only triggerering the develop-
ment of new (implantable, intelligent) de-
vices providing direct feedback from bio-
chemical or physiological data but also
making devices possible that close the con-
trol loop, i.e. sense-compute-act, inside (or
near) the patient. Software trends may lead
to completely new devices — and it seems
obvious that items 5 and 6 will enable
eHealth systems via highly interactive ad-
vice loops. Item 6 will make it possible to
identify, choose and manage approaches in
prevention and healthcare that are cost-
effective and that fit patients’ preferences;
item 7 will guide the development strategies
of new medical devices, from simple (in
preventive applications) to complex (in the
operating theatre); while item 8 will support
basic and applied research with structured
interfaces to medical knowledge.

These developments are of relevance not
only at the scientific, but also at the indus-



trial and societal level. According to a study
by the Boston Consulting Group [5], the
three pillars of the health market, phar-
maceutical industry, medical technology,
and healthcare IT are growing by 5% to 12%
per year, with growth rates increasing
steadily. More specifically, the overall
growth rate for medical technology is a sus-
tained 5% per year, with the total worldwide
market having grown from €24 bn in 1980
to €109 bn in 2004 and €133 bn in 2008 [6].
The healthcare-IT market (hardware, soft-
ware and related services) is growing at a
rate of 12% per year, with a total volume of
€60 bn (predicted for 2008), up from
€2.5 bn in 1980. In other words: in the last
25 years the proportion of spending on in-
formation technology has increased from
10% to almost 50%. We can anticipate long-
term development that will lead to a com-
plete information logistics chain ‘from
single molecules to the entire human
population’ (see Fig. 1).

From the perspective of the bio-sciences,
medicine, and public health (upper part of
Fig. 1), informatics plays a significant role
as a critical enabler: Research in the field of
molecular biology requires computational
resources to make huge amounts of data
generated at independent sites available and
subject to multiple analyses. Not only do
massive datasets of biological information
need to be handled, but so must the analysis,
experimental design and process-control for
heterogeneous experimental systems rang-
ing from nano- and cryo-technologies to the
increasingly more precise atomic-level
probes. Clinical research will not be re-
stricted to small local patient groups, but is
likely to be more frequently extended
worldwide, increasing the quality and
lowering the cost of studies. The integration
of genetic information into clinical trials
and into the clinical environment will
change medicine, both in the area of clinical
research and in clinical practice. The corre-
lation of genomic variation with individual
phenotypes will make it possible to better
estimate risks, and success rates of ther-
apies, leading to increasingly personalized
medicine. Population-based studies are
about to correlate genetic variation with
clinically defined phenotypes taking into
account environmental factors. Economic
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Fig. 1 Health and interrelations with informatics (for explanation see text)

evidence finally enables society to ration-
ally decide which innovations are accept-
able under financial as well as legal/ethical
constraints. In all of these domains, digital
data must be stored, processed and analyzed,
and information models need to be built. In-
tegration and multidisciplinary collabora-
tion are essential. Traditionally separate dis-
ciplines on both sides — informatics and
medicine — need to collaborate and share
information in a much more coherent way.
The lower part of Figure 1 shows the
methodology and technology research areas
relevant to the application domains men-
tioned above. Methodology and technology
areas overlap, and their relationships to the
application domains are not one-to-one but
many-to-many. It is these areas that will
most directly benefit from advances in in-
formatics. They will enjoy the most rapid
growth and create the highest demand for
interdisciplinary experts. We would like to
point out that this requires more than infor-
mation logistics for communicating data be-
tween the application domains: these scien-
tific results and concepts also need to be
communicated between application do-
mains and methodological research areas —

which requires intensive cooperation be-
tween application domains, biomedical in-
formatics and informatics. Moreover, proto-
type implementations have to be translated
subsequently into the professional environ-
ment of the participating industrial and
medical partners.

The importance of cooperation between
disciplines, and the perspectives for the
fields involved have been described before
for a number of specific fields, e.g. for bio-
medical information in clinical trials and in
public health [7, 8]. The need for tools and a
new generation of information systems has
been described and analyzed. [9-11]. Syner-
gy between medical informatics and bioin-
formatics was described in 2004 [12], Sev-
eral “Grand Challenges” articles have been
published over the last decade [13-15],
which emphasize interdisciplinary work.
The need for translation is being addressed
in the U.S. by the CTSA program [16]. In
2002 Kulikowski characterized challenges
for medical informatics in relation to a spec-
trum from molecular medicine to public and
global health [17]. To face these challenges
and the challenges outlined by us, we argue
in favor of intensive transdisciplinary co-
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operation and true multidisciplinary edu-
cation.

3. Areas for Collaboration
and Cooperation

In recognition of the need for profiling and

conceptual exchange, we have identified

four areas for collaboration and cooperation

which are closely intertwined. No order of

importance implied, the priority areas for

collaborative research and development,

complemented by structured interdisci-

plinary education are:

e bioinformatics and systems biology

e informatics for biomedical engineering
(BME)

e health informatics and eHealth

e public health informatics and public
health

The goal of bioinformatics is to understand
molecular mechanisms, their genetic frame-
work for diseases and their responsiveness
to therapy (e.g. expression analysis vs.
tumor type) using advanced information
technologies.
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There are relevant informatics-related
aspects of biomedical engineering and
biomedical physics, such as bio-signal and
image processing, robotics, sensors, bio-
medical imaging, modeling and simulation
of biophysical processes, adaptation of
models to treatment strategies, and also
analysis of clinical outcomes.

eHealth covers the whole range of use of
information and communication within the
health sector, focusing on individual
citizens and patients. eHealth is one of the
core application areas of health infor-
matics which addresses biomedical and
health information discovery and manage-
ment, technology, science and their social/
ethical implications.

Public Health combines science and
technologies directed to maintaining and
improving the health of all people, empha-
sizing prevention and basic health needs of
the population as a whole and managing
care given the constraints of our health care
systems. While health informatics is mainly
oriented towards individual healthcare,
public health informatics is mainly
oriented towards population measures and
health policy.

Aiming at an evidence-based and effi-
cient health system, these areas will help
to
e understand molecular mechanisms of

disease based on biological networks and

computational models, including visual-
izing disease with increasing granularity
down to the molecular level,

e study and apply new fine-grained and
translational insights into disease mech-
anisms for personalized medicine, in-
cluding identifying personal risks and
targeting preventive interventions (be-
havioral, social and medical),

e construct sensors and devices for re-
search, diagnosis, treatment,

e improve communication and coopera-
tion,

e gain and apply knowledge about genetic
variation in the population,

e analyze and evaluate cost-effectiveness
of health care interventions.

There is aneed for a generation of scientists,
who can combine knowledge and skills
from the areas of medicine and informatics
related to these areas. This would cover a
multidisciplinary perspective from an
understanding of basic research topics
(“bench”) to clinical medicine (bedside”)
and to the societal environment, and con-
versely, from bedside to bench. The concept
should involve clinical and epidemiological
research, as well as engineering and in-
formatics research.

Thus, in terms of Figure 1, both the hori-
zontal and the vertical axis will be of rel-
evance. Along with interdisciplinary edu-
cation, interdisciplinary research areas will
generate research topics for informatics, en-
gineering, economics, statistics, and social
sciences, and, conversely, benefit from this
research. An example of how areas collabo-
rate, and of how complementary domains
may contribute to multidisciplinary areas of
study and coursework is shown in Figure 2.

Our suggestion is to intensify collabo-
ration and education in a multiaxial way
between methodical “core” disciplines, i.e.
biology, medicine, informatics, and en-
gineering, and applied methodical disci-
plines, such as bioinformatics and health
informatics. Figure 1 puts areas and disci-
plines which are primary research targets in



relation to applied methodical disciplines.
Biomedical informatics can be described
as a biomedical science, underlying and
connecting these applied methodical disci-
plines (cf. [4]), while on the other hand
drawing upon methodical core disciplines.
Figure 2 illustrates this by showing
examples of how applied and underlying
basic methodical disciplines can cooperate
with the application domains. In the follow-
ing subsections, we will describe the four
areas outlined in more detail, pointing out
their relevance to health in general and their
role for research and education. Besides de-
scribing interdisciplinary and translational
research challenges, we will contribute to
the discussion on education and collabora-
tion [4, 18, 19, 20].

3.1 Bioinformatics and Systems
Biology

3.1.1 Background and Mofivation

With increasing amounts of human genomic
information at hand, the challenge is to cor-
relate medical phenotypic information with
its genomic and epigenetic counterparts; in
other words, with the genetic background of
the patient and its environmental modifiers
The etiology of human diseases and their
progression is often reflected by unexpected
patterns of evidence at the molecular level.
Monitoring such molecular states and pre-
dicting the outcomes of treatments will
require intensive research employing many
high-throughput technologies. These ad-
vanced methods generate complex data that
are typically large in scale, high-dimen-
sional and highly structured. The inter-
pretation of data in the context of existing
knowledge and the conversion of the results
into meaningful and clinically actionable
knowledge is of utmost importance to the
progress of medical research.

Molecular data, in contrast to classical
biochemical parameters, are not as directly
interpreted clinically. Thus, therapeutic ap-
proaches must rely on medical records
which are structured and administered in
suitable, integrated databases. Research in
the past has usually focused on the computa-
tional aspects of data analysis (efficiency),

on scalability to large and highly structured
databases, and on user/computational inter-
faces for data exploration. Other problems
that have been studied include integrating
data from heterogeneous sources, correlat-
ing phenomena from different views, de-
tecting unusual subgroups, and probabilis-
tic approaches to support medical decision-
making or the design of mathematical mod-
els. One of the key problems is the organi-
zation of knowledge related to molecular
disease mechanisms as well as clinical
studies (e.g., probabilistic prognosis based
on classification of tumor expression pro-
files). Research aims include discovering
new biomarkers for diagnostic purposes,
correlating these markers with the clinical
course of disease, and choosing the “right”
therapy for specific patient phenotypes.
While the bioinformatics groundwork must
provide generic workflows for the imple-
mentation of such data collections and the
tools to explore them, clinical and popu-
lation genetics studies must generate the
data required. Such an approach is often re-
ferred to as “personalized medicine”, which
critically needs evaluation and feedback to
experimental design to close the “bench to
bedside and back” loop.

3.1.2 Research Challenges

The challenges are, on the one hand, the
transformation of experimental or clinical
data into suitable models (in the sense of the
biology of the system), and on the other
hand the professional implementation of
these models in software systems that are
accepted by medical staff. Indeed, available
biological measurements (e.g., differential
patterns of gene expression) and images in
the context of medical knowledge generate
information of a complexity far beyond
what can currently be processed. To achieve
sustained progress, it is also necessary to
improve considerably on the underlying
mathematical and biological models for
processes at many different levels, includ-
ing those for cellular compartments, whole
cells and their development, organs, and
their variation across animal models and
human populations. More powerful hybrid
models (combining discrete and continuous
modeling techniques) must be developed

287
L |

Informatics and Medicine: From Molecules to Populations

and implemented. In particular, processes
concerning several (temporal and spatial)
orders of magnitude have to be represented.
These challenges can be addressed only by
interdisciplinary teams and research
groups, since advanced methods from medi-
cine, molecular and systems biology, bio-
informatics, mathematics and computer
science are required. One example is the
study of genetic variations, such as SNPs
(single nucleotide polymorphisms) as
markers for individual susceptibility to cer-
tain diseases. The amount of data from
genome-wide association studies with more
than 1 million SNPs per person for thou-
sands of individuals provides challenges for
data management, biostatistics and bioin-
formatics. And, SNPs only provide a first,
simplified set of associations which do not
cover the many multiple gene interactions,
alternative splicings, and effects within
proteomes of different tissues and systems.

Dealing with the large data volumes to be
generated by the many such new datasets is
a key research area for he database and data
management communities, where integra-
tion, handling of large and complex data,
and security are essential. Moreover, se-
mantic data modelling and reasoning across
the semantic web — allowing the association
of rich application-specific semantics with
raw and derived data — is likely to become a
central topic of research in the infor-
matics community, extending translation-
ally today’s methods .

Besides the modelling challenges arising
from high-dimensional data, there is also a
need to create and implement new IT con-
cepts which allow a practical presentation as
well as manipulation not only of complex
data but also of complex concepts. A unify-
ing methodological toolbox for specifica-
tion and usage of high-dimensional and
complex models is needed. On the statistical
side, this includes models with many and
high-dimensional covariates, specification
of interaction structures and non-linear
terms in functional form, or specification of
additional information like prior distribu-
tions in Bayesian models.

A challenge for translating experimental
approaches into clinical practice is the pre-
clinical evaluation of safety and efficacy.
Specific and economic delivery systems
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need to be developed for drugs, genes or
cells. New bioimaging techniques are re-
quired to monitor effects at the molecular,
cellular and organism level. Genomic, tran-
scriptomic and proteomic approaches will
identify novel targets for diagnosis and
therapy and will also help to monitor con-
sequences of therapeutic strategies at the
molecular level. In a second and final step,
candidate drugs or cell preparations must be
prepared under GLP/GMP (Good Labora-
tory/Manufacturing Practice) conditions
and a clinical evaluation must be undertaken
in well defined groups of patients with a
thorough monitoring of pharmacokinetics,
cell traffic, clinical side effects and efficacy
parameters.

3.1.3 New Perspectives in Systems Biology

The understanding of biological systems
will be supported by formalized descrip-
tions of interactions following the abstrac-
tion of input/output models and various al-
ternative structural and functional assump-
tions about their internal composition. A
wide range of complexity has to be investi-
gated from simple “what if” models to com-
plex networks of differential equations with
stochastic effects, allowing for the predic-
tion or at least rough estimation of systems
behavior in yet unobserved states. Subsys-
tems, their stability, and their interactions
have to be characterized, modeled, and
simulated. The parameter space of the possi-
ble states of any biological system is prac-
tically unlimited, but, on the other hand,
highly restricted in “real life” by constraints
as the result of evolution. We will never be
able to span this space by experiments.
However, if the parameters involved can be
experimentally derived, models can be built
and tested. Pioneering efforts in systems
biology are introducing novel methodolo-
gies for the understanding and description
of biological systems.

Bioinformatics has grown to an indis-
pensable discipline driven by biological
challenges. The understanding of the organ-
ism, its constituent components and their
interactions is a prerequisite for the rational
translation of biological knowledge into
medicine. Within a few years, the availabil-
ity of genomic and proteomic information
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has revolutionized the understanding of
biology, but it is yet far from yielding
mechanistic models of complex diseases,
though new functional discoveries are made
on an ongoing basis. It is not clear whether
classical mechanistic reductionism will be
able to describe the wide range of signifi-
cant epigenetic effects critical in medicine.

Bioinformatics plays a key role in inter-
disciplinary education due to its profound
experience serving as an interface between
life sciences and informatics. However, the
genome and proteome-based views in clini-
cal research and medical diagnostics are
still in their infancy and the recent progress
in the application of different omics tech-
nologies is only beginning to influence
medical research, diagnostics and therapy.
Yet, the successes of genomics and func-
tional genomics can be found in the field of
model organisms, ranging from unicellular
eukaryotes to model species with func-
tional characteristics more directly related
to those of human biology. Since bioin-
formatics spans biology, mathematics, and
information technologies and their appli-
cations, it is ideally positioned to mediate
the interdisciplinary connections between
informatics and medicine. The transition,
which is already taking place from the in-
vestigation of single genes to complex in-
teractions, is being driven by research pro-
jects in many new areas involving bioin-
formatics, such as monitoring of metab-
olism in diabetes by high-throughput MS/
MS and its correlation to susceptibility loci
at the genomics level. Bioinformatics is
closely related to biomedical engineering
(e.g., molecular imaging), as well as to
health informatics and eHealth (e.g.,
studies combining genetic and clinical
data), public health informatics (e.g., new
perspectives for epidemiological studies)
and general informatics (e.g., handling of
large and complex data volumes including
the semantic web, distributed processing
and knowledge representation, and the
management of pervasively available data,
which, despite attempts at de-identifica-
tion, presents critical confidentiality and
security challenges). All related areas will
benefit from the research  re-
sults of the adjacent areas and, conversely,
generate research topics.

3.2 Informatics for Biomedical
Engineering

3.2.1 Background and Motivation

Biomedical engineering (BME) is com-
monly defined as “a discipline that ad-
vances knowledge in engineering, biology
and medicine, and improves human health
through cross-disciplinary activities that
integrate the engineering sciences with the
biomedical sciences and clinical practice”
[21]. Broadly speaking, BME is the appli-
cation of engineering principles and tech-
niques to a large number of medical fields,
ranging from materials science for simple
and complex artificial organs, by way of
mechanical and electronic devices for drug
delivery or life support functions, to the
most complex machines for detecting and
imaging the finest details of the human
body [22]. The field deals with the design
and use of all kinds of medical devices, in-
cluding probes and sensors, as well as their
integration within individual-level devices,
or systems-level automation and informa-
tion, and — often under-estimated — their in-
tegration with human perception and cogni-
tion [23].

As in many other engineering disci-
plines, in BME product innovation and de-
velopment process efficiency are facilitated
by informatics and technology. Virtually all
medical devices crucially depend on sophis-
ticated software for their operation. But
powerful software tools are also a prerequi-
site for modeling, designing, testing, vali-
dating and producing them. Moreover, net-
working these devices, embedding them
into the work flow of hospitals and integrat-
ing the data from a multitude of different
classes of devices (in-house and outdoor)
are just another few prominent applications
of informatics and technology to BME.
Closely related to BME, biomedical phys-
ics (BMP) deals with all applications of
physics and physical methods in life
sciences which are relevant to imaging
technologies, modeling and simulation of
biological processes, sensors, biosignal
processing, robotics, and instrumentation.

The areas in which advanced informatics
methods are particularly important for prog-
ress in BME and BMP are, for example: im-



aging with different modalities and inter-
pretation of images, recording and analysis
of biosignals, computer-aided medical pro-
cedures like surgery or endoscopy. Bio-
medical informatics researchers then use
the output from such devices in the develop-
ment of new cross-disciplinary computa-
tional models to characterize not only indi-
viduals, but populations of subjects or pa-
tients, and their correlation with clinical
conditions and outcomes under health and
disease, as is carried out through integrated
imaging architectures based on semantic
models such as the Foundational Model of
Anatomy (FMA) and large-scale atlases of
the brain and body [24-26].

Modern cross-sectional imaging mo-
dalities such as Multi-Detector row CT
(MDCT) and Magnetic Resonance Imaging
(MRI) provide imaging data with sub-
millimeter isotropic voxels of large body
parts, or even the whole body. Moreover,
functional, metabolic and even molecular
information can be obtained by tracer and
optical techniques and combined with high-
resolution morphological visualization in
multimodality imaging. On the one hand,
this results in an enormous amount of het-
erogeneous and multi-dimensional data on
the human organism; on the other hand, the
clinician then has to cope with this huge data
volume. Therefore, support by adequate
software tools for classification and mutual
registration of these data as well as for the
integration into complex clinical decision-
making processes is urgently needed in
order to fully exploit the potentials of mod-
ern imaging modalities. Promising results
have been obtained with whole-body im-
aging, both in preventive care and in clinical
application. Instead of diagnostic imaging
targeted to particular organs and body parts,
examinations tailored to specific disease
entities and risk patterns can be set up. This
approach takes into account the systemic
nature of various diseases, such as diabetes
mellitus, atherosclerosis, immunological
and oncological diseases.

Advances in the areas of data and signal
acquisition as well as software technologies
have resulted in intelligent recording, pro-
cessing, transfer and storage of a variety of
biosignals, e.g. of neurophysiological, he-
modynamic, and respiratory signals. In

order to use these signals for monitoring
purposes intraoperatively as well as during
later treatment (in different clinical situ-
ations, i.e., intensive care unit, operating
room or home care), relevant information
has to be extracted from highly complex sig-
nals. For routine use in clinical practice the
raw signals need to be analyzed, trans-
formed and condensed into an easily-under-
standable form of an indicator and pre-
sented to the clinicians. This ambitious goal
involves biomedical engineering, informatics
and medicine with subtasks including signal
recording and processing, information re-
trieval and machine learning as well as medi-
cal expertise. Specific characteristics of in-
dividual patients or the time course of the in-
dicator values are often neglected in this pro-
cedure, particularly since this information is
often not sufficiently represented by the
given example data. Tests must be performed
in the clinical environment, to check the
plausibility of the developed indicators.

As for computer-aided medical pro-
cedures, more and more open operations are
being replaced by minimally invasive,
image-guided therapeutic options. They
include ablation of tumor tissue by radio-
frequency energy, laser, microwaves, and
cryoprobes as well as photons, particle ions
and ultrasound energy (focused ultrasound).
Extremely high precision in targeting the
volume to be destroyed is imperative, and
adjacent normal tissues must not be dam-
aged. Therefore, online registration and
correction have to be implemented in the
guiding devices. Complex data manage-
ment and integration issues arise, such as
image fusion, real-time processing of large
amounts of data, and process integration
[27]. Endoscopy is another field where in-
creasingly complex devices are transmitting
online data from within the body, and where
one would expect that optical technologies
could be combined with nano-technologies,
biosensors and maneuvering technologies.
Embedding these devices into the clinical
workflow and integrating and managing
complex data will also be a challenge.

3.2.2 Research Challenges

As a consequence of the expected domi-
nance of information and communication
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technologies and their theoretical and scien-
tific foundation, a focus on research on the
aspects of informatics-related BME and a
closer coupling to biomedical informatics is
needed. This will cover the design and opti-
mization of algorithms, the study of their
complexity, the integration of sensors of
different reliabilities for on-line coupling of
the system to a human, the need for data
integration, real-time issues, among others.
Education should cover the complete soft-
ware development process, i.e. specifica-
tion, verification and validation in the
medical domain including all safety-related
problems, integration of large distributed
medical systems (including sub-systems
and devices connected via wireless broad-
band networks), automatic adaptation and
learning (e.g. for personalization), and in-
formation logistics, i.e. transparent and
seamless bridging between and across dif-
ferent modalities.

From an applications point of view, this
includes (in arbitrary order) the use of in-
formatics methodologies for systems analy-
sis, medical imaging and multi-modal data
fusion, high-resolution image processing,
physiological signal processing, as well as
3-D modeling, for tasks such as predicting
tissue and tumor behavior. Concrete devices
that profit from this research in a more or
less generic way include multiphoton la-
serscanning microscopes, (f)MRI scanners,
X-ray machines, CT scanners, PET and
ultrasonic scanners, as well as any com-
bination of such devices.

Beyond the classical cutting-edge chal-
lenge of improving sensor resolution down
to millimeter-size and lower, we are facing
emerging challenges like cognitively ad-
equate real-time visualization, picture
archiving and communication (PACS) and
content-based image retrieval (CBIR) [28],
e.g., based on natural language interfaces.

As mentioned above, another emerging
field that opens up completely new areas of
exciting research for many years to come is
molecular imaging, where biomarker
probes are developed and validated to help
visualize various targets, pathways, or sys-
tems in a living organism. Future medical
applications include early detection of dis-
eases, as well as the study of the effect of
pharmaceuticals on an organism. Current
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research challenges are the qualitative and
quantitative assessment of the significance
of observed changes for disease devel-
opment. Simulation and modeling of the
probe’s kinetic behavior yield new insights
in complex biological processes, but pose
many challenges in the areas of image
generation algorithms and image process-
ing. In vivo images will be correlated with
microscopic images and high throughput
molecular analyses obtained from the very
same neoplastic or non-neoplastic tissue to
demonstrate sensitivity and specificity.

Among the research challenges resulting
from embedding BME into health infor-
matics is the handling of streaming data in
addition to (conventional) persistent data.
Tasks that can benefit from processing data
streams on-the-fly include traditional tasks
such as bedside patient monitoring as well
as new applications like mobile devices for
monitoring patients at home or ad-hoc net-
works for data acquisition, data sharing, and
data analysis, e.g., in the context of disaster
management. Such processing may include
alerting responsible physicians or an ambu-
lance whenever certain vital signs reach
critical values. It may also comprise filter-
ing and delivering incoming information to
relevant recipients among the physicians,
authorities, and coordinators working at the
scene of a disaster. Distributed sensor net-
works in general provide for monitoring,
archiving, and presentation of correspond-
ing data. Streaming applications will con-
tinue to gain importance since they allow
quick reaction time to various kinds of
events and are also able to efficiently pro-
cess large volumes of data online.

3.3 Health Informatics
and eHealth

3.3.1 Background and Mofivation

Due to demographic development, socio-
cultural changes, increasing mobility of
citizens, the globalization of markets, in-
creasing costs of new examination and ther-
apy methods, and the growing demands of
the health services consumer, modern
health systems are under significant pres-
sure. There is a broad consent among stake-
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holders worldwide that eHealth is one of the
most important tools for meeting the chal-
lenge. eHealth has been defined by the
WHO as the use of information and com-
munication technology (ICT) for health at
the local site and from a distance [29]. The
driving force behind eHealth from the
citizens’ and patients’ perspective is the
need for seamless, high quality, and effi-
cient care, and the opportunity to empower
citizens to manage their own health by im-
proved access to knowledge and to personal
medical data. On the level of healthcare sys-
tems, coordination of activities via informa-
tion logistics is essential. Especially in the
case of scarce resources, coordination and
collaboration are necessary to bridge inter-
faces between all agents involved in health-
care delivery and prevention.

eHealth is already the third largest pillar
of the healthcare industry (after pharma-
ceutical and medical devices industries),
and its market is expected to grow to 5% of
healthcare expenditure within the next ten
years [30]. A large number of possible
eHealth applications have shown their po-
tential for various application scenarios, in-
cluding: i) management of trauma, emer-
gency and disaster, ii) prevention and self-
management, iii) healthcare at home (e.g.
tele-monitoring), iv) integrated care, v) sur-
veillance and early warning.

All components of healthcare systems
according to WHO, i.e., service delivery,
financing, resource generation and stew-
ardship [31], are likely to become the target
of informatics applications and services in
the following areas [32]: eCare, mainly ad-
dressing the delivery of health services
from healthcare providers to persons
facing a health problem, utilizing ICT for
the delivery: eLearning, addressing profes-
sional education, but also the education of
patients (especially for chronic con-
ditions), and also the education of healthy
citizens on prevention and lifestyle-related
health threats; eSurveillance, supporting
health reporting, acquisition and analyses
of epidemiological data, including obser-
vation satellite data, for early warning on
epidemics and public health development
and monitoring; eGovernance /eAdminis-
tration, to streamline and enhance the effi-
ciency of activities such as electronic reim-

bursement, checking of insurance status of
patients, and decision-making of stake-
holders; eResearch, aiming at the support
of biomedical research in all its aspects,
with electronic source data interchange
and bridging clinical and research informa-
tion systems being the major challenge.
The increasing importance of information
technology in medicine has been described
recently [33]. Studies evaluating the im-
pact of informatics on medical care have
been carried out [34, 35], demonstrating
positive effects on access to care, on pre-
ventive health, and on surveillance and
monitoring.

3.3.2 Research Challenges

For more than a decade, advances in in-
formatics and in health informatics have
broadened the scope of information systems
and have contributed to the comprehensive
scope of eHealth. Hospitals, regions, and
countries are being networked, health care
professionals’ decisions are being sup-
ported by information systems and knowl-
edge bases, patients and citizens are being
empowered, and concepts of ubiquitous
computing are being transformed into real
systems. Electronic patient records and
health records are being implemented more
widely. Many old challenges still exist,
however, and new ones add to the com-
plexity of the emerging picture [36-38].
Further research is needed on architec-
tures, interoperability, ontologies, and stan-
dards. In order to build modular, dynami-
cally adapting systems that can guarantee
adequate quality of service, research should
focus on distributed information systems
and databases, on interoperability on the
technical and semantic level, but also on the
organizational and political level. eHealth
requires data integration and the handling of
large and complex data volumes, especially
when existing islands of information are to
be combined, and when genomic data are to
be added to the electronic health records.
Moreover, functional and process inte-
gration is needed. Service-oriented archi-
tectures (SOAs), which are a current in-
formatics research topic, provide a means
for enabling the integration of hetero-
geneous information systems on a global



scale via loosely coupled subsystems, while
at the same time preserving their local au-
tonomy. Maturing standards are supporting
communication and cooperation [39], but
for knowledge management and for devel-
oping the full potential of decision support,
further research on their underlying seman-
tics and ontologies is essential.

Often seen as a major barrier in gaining
broad acceptance of eHealth among pro-
fessionals and citizens, the need for safe
storage and communication of confidential
data requires research on innovative com-
binations of technologies and their smooth
incorporation into the eHealth infrastruc-
ture and processes. Current security re-
search topics in the database domain com-
prise efficient and secure execution of
workflows and fine-grained access control,
e.g., as needed in the context of patient
empowerment. Incorporation of current
informatics research topics is a relevant
option. These include concepts such as
k-anonymity or new approaches following
the Heisenberg principle, as well as research
on trusted pseudonymity services that are
resistant to unauthorized access, taking into
account that most security-critical incidents
are due to human error or neglect. At present
there are no guaranteed methods for secur-
ing the privacy of health (or other) informa-
tion on systems, and the resulting lack of
trust presents a major challenge to wide-
spread voluntary adoption of these systems
for health-and-security critical information.

Acceptance research, impact research
and human factors analyses are needed. The
factors contributing to the acceptance of
new, eHealth-enhanced, services and work-
flows among professionals, patients and
citizens have to be researched and related to
specific impacts, such as the time-saving
factor, the costs-savings potential, and im-
proved medical service quality. In spite of
promising perspectives, it has become in-
creasingly clear over the last few years that
cost savings and improvements in medical
quality, e.g. by decision support and guide-
lines, are difficult to achieve and hard to ver-
ify. Moreover, failures are not uncommon
and even adverse consequences were ob-
served. Failure analyses and evaluations
have shown the need for advances in human
factors analyses, cognitive science, and

change management involving health risks
under the wide range of uncertainty char-
acteristic of these problems [40]. Research
on workflows and related socio-technical
aspects is essential in order to build success-
ful, effective, and efficient eHealth services,
with a focus on patients and health care pro-
fessionals as well as on organizations on the
intra- and cross-enterprise level. Innovative
methods and systems for information logis-
tics and information management, includ-
ing risk management, are needed.

For the management of eHealth services,
considerable research on logistic and eco-
nomic models is necessary in order to sup-
port informed decision making for investors
in this fragmented market.

For full deployment of eHealth services,
existing regulations and legal frameworks
have to be revised. Research is needed on
how to break down the requirements of
eHealth service categories with their spe-
cific technological, organizational, social
and political constraints into broader work-
able principles that can form the core of
amendments and extensions to existing acts
and rules, while at the same time covering
emerging technologies as widely as possi-
ble.

Digital data have become a core element
of research, knowledge generation and
knowledge management. Data organization
has become critical due to the known com-
plexity of clinical data as well as the increas-
ing volume of genomic data and its avail-
ability through public databases. Various
types of information (literature, clinical
guidelines, clinical pathways) are publicly
available and appropriate to support evi-
dence-based medicine (EBM). Biomedical
informatics methods are needed to find new
ways to synthesize information and knowl-
edge from diverse data sources and to carry
out coordinated research efforts that span
multiple institutions [9-17]. A common
vision is the integration of various data
sources and types into a comprehensive in-
frastructure in order to accelerate the com-
plete translational cycle, from genomic,
molecular, and clinical data collection, to
individualized and tailored treatment, and
further to evaluation, and new hypotheses.
Three perspectives need to be combined to
support both high-quality patient care, and
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clinical as well as translational research

from bench to bedside to bench:

1) Information flow needs to be adapted to
the work practice of healthcare profes-
sionals, providing access to data from
different sources and locations, includ-
ing imaging devices, biosignals, text, and
molecular data. Decisions need to be
based on comprehensive data and on the
best available evidence. Among the chal-
lenges are seamless integration at the
semantic and ontological level, data se-
curity, workflow management, and
knowledge management which supports
evidence-based medicine.

2) Clinical trials need to be supported by
sophisticated systems which are in com-
pliance with regulatory requirements.
The interchange of clinical trial data and
semantic interoperability with clinical
systems will improve recruitment, fol-
low-up, scheduling, adverse event re-
porting, and individual feedback to pa-
tients, but requires research and develop-
ment efforts. Among the challenges are
issues such as access right management,
de- and re-identification of patient data,
pseudonymization, separation of per-
sonal and research data, informational
self-determination (patient view), and
intellectual property rights (IPR) (re-
searcher view), as well as their close
relationships to legal issues.

3) Systematic tissue collection has to be
combined with use of molecular-based
technologies. Tissue, serum, and body
fluid banks provide access to biomedical
phenotype data which needs to be com-
bined with higher clinical data.

Health informatics is a discipline which fo-
cuses on the complete spectrum of applied
informatics in medicine and health, so inter-
relationships and overlaps exist with all
three other areas, as well as with informatics
as the underlying core discipline. As in the
other three areas, knowledge discovery, data
integration, data visualization and data
management are essential for analyzing
different biomedical data (e.g., gene ex-
pression, sequence, signal transduction
pathways, gene signature, clinical data, im-
aging data, sensor data) and for integrating a
wide variety of data on all levels of research,
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health care, and prevention. Scientific chal-
lenges such as limitations of today’s early
ontological efforts are accompanied by
technological challenges like, for instance,
difficulties with multimodal data fusion and
network security. With public health it
shares the ubiquitous problems of defining
health risk and hazard for individuals as
opposed to groups, and related challenges
in accounting for genetic versus environ-
mental factors.

3.4 Public Health, Life Sciences,
and Public Health Informatics

3.4.1 Background and Motivation

Improving human health is one of the key
goals of society from a global perspective.
In particular, demographic changes repre-
sent an extraordinary challenge with the
rapidly growing number of elderly people
requiring adequate healthcare. However, the
financial resources for large-scale social
coverage are decreasing, and it appears un-
avoidable that decisions in the healthcare
systems of developed nations will be deter-
mined by the effectiveness of all medical
services and their cost-effectiveness. In an
aging society, effective prevention is there-
fore of the highest priority, in particular for
those chronic diseases that are becoming a
major burden to societies, in conjunction
with the rapidly declining number of
younger people who are active members of
the work force. It is mandatory to obtain a
better understanding of the determinants
underlying those diseases that can develop
even at a young age, and, more importantly,
to develop new measures to mitigate or con-
trol them. And, learning about the cost-
effectiveness of such new prevention strat-
egies is essential [41, 42]. Efficient preven-
tion strategies need to be embedded into in-
novative solutions for healthcare, which
will become available through progress in
biomedicine and information technologies.
Genome research and genetic medicine
are core disciplines driving technological
progress in medicine. A basic requirement
for successful applications in healthcare is
knowledge about the genetic variation in the
entire population. In addition, population-
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wide patterns of metabolic states, images,
and disease phenotypes in general, are
required to study disease predisposition,
disease course and treatments in the context
of different lifestyles and environments on a
population level. We must also understand
the economic boundary conditions under
which novel technologies can be developed
and implemented in the healthcare system.
Information technology is central to such
applications — in order to improve targeted
diagnosis and treatment, and also for devel-
oping new forms of early intervention. This
leads to new challenges on how health is-
sues are communicated and how increasing
management needs can be met. A high de-
gree of multidisciplinarity is required, in-
cluding input from clinical and genetic
medicine, epidemiology, health economics
and the public area for providing and devel-
oping new strategies and putting them into
action.

At present, the incidence and prevalence
of several important chronic disorders is in-
creasing. This applies, e.g., to obesity and
metabolic disorders such as diabetes, to al-
lergies, and to neurological disorders such
as dementia. In addition, the high load of
cancer morbidity and mortality is especially
burdensome. The prevention and control of
such conditions pose specific challenges for
public health and related basic, clinical and
population sciences. Many of these diseases
are a consequence of an aging population in
combination with sedentary lifestyles, char-
acterized by hypernutrition and a lack of
exercise.

There are two levels of interaction with
populations in the context of future health-
care systems: 1) recording and describing
disease and disease courses in targeted
populations, and ii) choosing, implement-
ing, and evaluating treatments and preven-
tion strategies. The first level includes the
assessment of comprehensive biomarker
profiles derived from genomic applications.
The second level includes intervention
studies, interactive counselling and the im-
plementation of lifestyle modifications. For
both levels there will be overlaps with bio-
informatics and with the health informatics
activities.

Extensive databases and information
platforms combined with powerful profil-

ing technologies will enable the devel-
opment of new health care tools with mani-
fold applications, for instance, to identify
population groups at risk, to detect environ-
mental cancerogenic factors, to design
cancer prevention campaigns, and to estab-
lish public information centers.

34.2 Research Challenges

With the wealth of genomic information and
high-throughput profiling technologies for
a wide range of biological organisms and
systems, medical research is able for the
first time to define on a molecular basis the
susceptibility, course and outcome of dis-
ease within the context of different environ-
ments and treatments. For metabolic dis-
orders for instance, diet and food com-
ponents are prime environmental factors
that interact with the genome, transciptome,
proteome and metabolome. This life-long
interaction defines the health or disease
state of an organism. Profiling technologies
are also used in cancer and age-related neu-
rological disorders to guide clinical sciences
in developing evidence-based recommen-
dations and health-promoting strategies.
Hence, this research area needs to focus on
i) developing new health-care supporting
tools (e.g. tele-monitoring devices) to allow
the assessment and reporting of health-
related parameters in targeted populations;
ii) developing new avenues of interaction
between healthcare providers and customers
in order to obtain high levels of information
and to ensure consent on a population level;
iii) developing the information/communi-
cations technology structure for study
centers in the area of nutrition and chronic
diseases; iv) developing web-based infor-
mation and interactive counselling tools for
prevention and the promotion of healthy
lifestyles.

Epidemiological study platforms with
biobanks form a good example for the need
of combining advanced methods from epi-
demiology, genetics, clinical medicine,
bioinformatics, and informatics. Pseudo-
nymization services are necessary, and phe-
notype data need to be managed together
with data from genetic and molecular
studies. The genetic and molecular data are
high-dimensional and pose the challenge of



integrating data coming from different
sources and different experimental tech-
niques. Current databases contain 1 billion
datasets and more, while an increase with a
factor of ten is realistic within the next few
years.

Research in health economics is needed.
The care of chronically ill people may sig-
nificantly benefit from technical devices
that support monitoring of functioning and
of clinical parameters, as well as preventive
and treatment interventions (e.g., by in-
creasing adherence to in-time and in-dose
drug treatment) or that are endowed with
emergency help capabilities. The question
of how effectively health can be improved,
and with what cost-effectiveness this can be
accomplished, is of relevance to public
health and to social security systems. Evalu-
ations of various types of health care inter-
ventions regarding medical and economic
criteria, and studies on the optimization of
health care management are a highly rel-
evant research focus in this context.

In summary, challenges in public health
informatics and life sciences are closely re-
lated to all other areas, e.g. the challenge of
integrating genetic and telemetry data into
epidemiological studies, and of building
eResearch and eHealth infrastructures. At
the same time, relevant aspects of current
informatics research need to be addressed,
such as the handling of large and com-
plex data sets, integration, ontologies, and
security concepts.

4. Interdisciplinary
Collaboration and Education

Our suggestion is to strengthen collabora-
tion and structured interdisciplinary edu-
cation in the four priority areas en-
compassing medicine, informatics, bio-
informatics, biology and system biology,
engineering, health informatics and public
health. As mentioned before, each of these
disciplines has developed its own domestic
culture. These cultures have proven to be
highly resilient to change and, for many rea-
sons, have resisted, to a large extent, all at-
tempts to become integrated. In some dis-
ciplines, subcultures have emerged that

obstruct communication even between
members of the same discipline, e.g. be-
tween clinical and basic medical research.

In our opinion, it is only through a
change in the attitude of scientists that these
cultures will merge, and this change will
come about only in new generations of
scientists that are educated in (at least) two
of these cultures. Moreover, while the scien-
tific core of each discipline will remain
stable, interdisciplinary education is needed
to provide a firm structure for permanent
and effective exchange of people and ideas.
This will encourage the networking of prac-
ticing scientists and engineers or tech-
nologists, and, in a very natural way, also
encourage more integration with industry.

The fact that scientists and students are
obliged to act and to learn together across
disciplines will also refute the entrenched
belief that integration is not feasible. In
other words, historical structures need to be
rethought: an innovative type of education is
needed that will have structural impact, not
by trying to dilute the disciplines or research
areas, but by providing its scholars with an
interwoven approach to applying in-
formatics in health. While excelling in their
“home disciplines”, members of such a
school can also serve as “boundary-break-
ing” agents to other research areas and thus
empower innovation. In our opinion, this
concept will offer a high potential for sub-
stantial and sustainable change in these
structures because of its long-term bottom-
up approach.

In the traditional university system, there
has been a cultural gap between classical
natural sciences (e.g., chemistry, biology,
physics) and engineering and informatics.
While the former are primarily dedicated to
basic research, engineers and informati-
cians consider themselves closer to tech-
nological applications, which frequently re-
sults in gaps or avoidable discontinuities be-
tween discovery, invention, innovation, and
widespread technology adoption. It would
be desirable to overcome such gaps or dis-
continuities, to translate research results
into applications, and to take steps that
would encourage various disciplines to
work together much more closely. From our
perspective, the most effective way of
changing the patterns of scientific edu-
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cation is to address the level where teaching

and research meet: MSc and PhD programs.

Accordingly, the operational objectives of

such programs would be:

i) to coordinate and combine advanced
courses and research training for ad-
vanced students in medicine, science
and engineering/informatics thereby
promoting their interaction across dis-
ciplines;

ii) to create added value for individual key
research areas through structural pro-
visions, e.g., definition of joint research
projects, focused and targeted work-
shops;

iii) to foster links at the institutional and
personal levels;

iv) to encourage project-oriented teamwork
ata high scientific level, covering differ-
ent research cultures.

All students in such a program should re-
ceive true interdisciplinary tuition in at least
two previously distinct fields while per-
forming their research work.

5. Conclusion

The relevance of informatics in health has
continuously grown over the last decade. We
have outlined the urgent need to translate
scientific progress into clinical practice and
into new prevention strategies. In order to
handle the massive complexity of medicine
and health care, and to build affordable and
efficient health care systems, true multidis-
ciplinary collaboration has become essen-
tial over a broad spectrum of disciplines. In
our opinion, the ‘top-down’ approach of de-
fining joint research programs which try to
combine scientists from applied sciences,
engineering and life sciences in order to
achieve progress in health has not always
lived up to its promise. Our suggestion is to
take an integrative approach by starting in-
terdisciplinary practice at early stages of
education, and to build common ground
early and in a structured way. It is only
through having experts in one scientific dis-
cipline who have a profound understanding
of the other disciplines’ terminology and
scientific culture, that true interdisciplin-
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arity can develop, which is exactly what is
now needed for our health care systems.
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Summary

Objective: To discuss interdisciplinary research and
education in the confext of informatics and medicine by
commenting on the paper of Kuhn et al. “Informatics
and Medicine: From Molecules to Populations”.
Method: Inviting an infernational group of experts in
biomedical and health informatics and related
disciplines fo comment on this paper.

Results and Conclusions: The commentaries include a
wide range of reasoned arguments and original posi-
tion statements which, while strongly endorsing the
educational needs identified by Kuhn et al., also point
out fundamental challenges that are very specific to the
unusual combination of scientific, technological, per-
sonal and social problems characterizing biomedical
informatics. They point fo the ultimate objectives of
managing difficult human health problems, which are
unlikely to yield to technological solutions alone. The
psychological, societal, and environmental components
of health and disease are emphasized by several of the
commentators, sefting the stage for further debate and
constructive suggestions.
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With these comments on the paper “In-
formatics and Medicine: From Molecules to
Populations”, written by Prof. Klaus Kuhn
and others [1], Methods of Information in
Medicine wants to stimulate an urgently
needed broad discussion for further inter-
disciplinary research and education of in-
formatics and medicine, and beyond. An in-
ternational group of experts in biomedical
and health informatics and related disci-
plines have been invited by the editor of
Methods to comment on this paper. Each of
the invited commentaries forms one section
of this paper.

1. Informatics for the

“Networked” Generation
(by Russ B. Altman)

The paper by Kuhn et al. [1] offers an excit-
ing and comprehensive vision of how in-
formatics can be a unifying force for inte-
grative research in biology and medicine.
They make a convincing case that the physi-
cal spectrum from atoms and molecules to
populations and global health has a parallel

“informatics spectrum” from bioinfor-
matics to public health informatics. What
can be added to their comprehensive and
convincing analysis? I would like to stress
one important emerging phenomenon: the
empowered, independent, and thoroughly
“networked” consumer.

Modern youth have access to technology
that arguably makes their intellectual, social
and economic development radically differ-
ent from not only their parents, but from any
generation of humans that have yet lived.
Young adults have grown up in a world with
routine access to information around the
globe via the internet (news sites, blogs,
wikis, chat rooms, social networking sites,
and more). They have and expect rapid ac-
cess to volumes of information that could
hardly be imagined 25 years ago. They man-
age this information with novel strategies
that emerge by necessity: some use fairly
static trusted sources (in the form of blog
sites, wikipedia or even traditional news
agencies) to aggregate information and
distill it to something more consumable.
Others have increased their communication
bandwidth through apparently constant, un-
interrupted use of e-mail, instant mes-
saging, and text messaging to create multi-



plexed conversations that allow them to
“sense” their environment and make deci-
sions about how to respond. Of course, most
use combinations of these strategies. The
revolutionary nature of these changes is
clear to anyone who speaks to a young per-
son: “Why do we even have libraries? What
are newspapers for? Why would [ use e-mail
when I can ‘text’? Why should I pay for
music?”

What does this have to do with biology
and medicine? I think we are already seeing
changes in the fabrics of both disciplines
that we can attribute to these trends. In
science, there is great interest among young
scientists in open access publications, open
source software, and open data sharing. The
traditional silos that provided protection and
controlled access to information are not ac-
ceptable anymore. This creates not only
major social and economic challenges
(which I will not address here), but creates
fascinating informatics research problems.
Indeed, the availability of all these data
sources creates a market for innovative in-
formatics tools that can connect people to
the information they want, when they want
it, and in the (integrated) form they want it
in. Research about how these tools should
work will transcend any division between
bioinformatics, engineering informatics,
eHealth and public health informatics, be-
cause the best tools are likely to be general
purpose.

In medicine, the effects of this transition
are likely to have an even larger impact.
Health care consumers are increasingly re-
jecting a model of parentalistic healthcare,
where the physician is a parent-figure who
makes independent decisions based on ac-
cess to specialized information and as a
proxy decision-maker for the patient. Con-
sumers now have access to massive amounts
of information on the web, and access to
other consumers with similar health issues,
and a willingness to share their experiences,
treatments, and opinions. Even access to
tests of potential medical relevance, such as
large-scale genotyping of an individual’s ge-
nome, is now available “direct to consumer”
along with web resources to assist in the
interpretation. The implications of all these
activities for the informatics research agen-
da are tremendous: How can we support

decision-making by healthcare consumers
in partnership with their physician, as well
as in partnership with their social network?
How can we help them best use the network
of health information and health providers
to manage their health? How can we create
methods for helping consumers gauge the
credibility of an information source, and in-
tegrate information sources dynamically for
a given health-related query? Finally, how
can we ensure that the overall outcome of
this new health-information economy is im-
proved health?

One approach to these challenges may be
to radically reconsider the structure of how
we train scientists and medical students, and
how we model the interaction between phy-
sicians and patients. In both cases, I think
that the principles of informatics can be the
actual basis of the “curriculum”. We should
acknowledge to young researchers and
physicians-in-training that there is too much
knowledge for them to master in their
brains, and so we will present a framework
for knowledge and information use that
stresses how to gather, organize and use in-
formation in their professional life, with
much less stress on large amounts of con-
tent. Through problem-based learning, and
research projects, they will get experience
collecting and using detailed information to
solve problems, but the curriculum will be
entirely about collecting and managing in-
formation for the purposes of research and
providing healthcare.

For patients, we should acknowledge that
health-related information is overwhelm-
ing, and their physician is a collaborator
who will help them navigate through this in-
formation, formulate questions and poten-
tial actions, and help them make decisions
about how to proceed. The primary phys-
ician will be a “general contractor” for
health information, who will work with the
patient to find “subcontractors” that can
provide specialized services and informa-
tion that the patient needs.

In summary, current trends indicate that
an information-processing metaphor for
scientists, healthcare providers and patients
is a more realistic model as we move for-
ward. If this is true, the research oppor-
tunities for bringing it to reality are ex-
tremely exciting.
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2. Let"s Merge Coffeerooms
(by Rudi Balling)

My first reaction to the article by Klaus A.
Kuhn and his colleagues was asking myself,
whether the first author was related to
Thomas S. Kuhn, the author of the famous
book “The Structure of Scientific Revolu-
tions”, published in 1962. In this book T.
Kuhn describes the development of new
paradigms in the course of the history of
science stating: “Conversions will occur a
few at a time until, after the last holdouts
have died, the whole profession will again
be practicing under a single, but now a dif-
ferent, paradigm” (p 151).

[ think there is no doubt that we are cur-
rently in the midst of a scientific revolution.
The question is which one: The revolution
triggered by the progress in information and
communication technology, where we have
developments such as the Turing-machine,
the invention of the transistor, integrated
circuits and the computer? Or the revolution
in genetics and genomics providing com-
pletely new insights into the complexity,
emergence and regulation of biological
systems?

The article by K. A. Kuhn et al. “In-
formatics and Medicine” reminds us that we
are already at the next phase, which is char-
acterized by the merger of these two fields
and how they influence each other. The au-
thors provide an impressive description of
the “application space” of these new tech-
nologies and one wonders if their outline of
the convergence of informatics and medi-
cine is already an indicator of a 6th “Kon-
dratieff-cycle”.

Being excited and enthusiastic about the
scientific and economic potential, or skeptic
and reflective about the social and ethical
risks involved is one side of the story.
Equally interesting is the question of how
we, as a scientific community, cope with the
challenges of interdisciplinary research.
Kuhn et al. argue for a strengthening of in-
terdisciplinary collaboration and education.

It is much easier to talk about interdisci-
plinarity than to practice it. There is no
doubt that, quoting Leland H. Hartwell [3]:
“The next generation of students should
learn how to look for amplifiers and logic
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circuits, as well as to describe and look for
molecules and genes.” But how do we teach
the ability to work in an interdisciplinary
environment? How should future curricula
for biology and informatics look like?
“Depth or breadths?”

Kuhn et al. describe the cultural gap be-
tween classical natural sciences (e.g. chem-
istry, biology, physics) and engineering and
informatics. I spent some time during the
last years in talking to engineers, physicists,
mathematicians and computer science/
informatics professionals trying to entice
them for joint research programs tackling
the complexity of biological systems. [ had
to learn that many of these colleagues were
as scared of biology as biologists are often
scared of mathematics. Nevertheless, the
interest and the excitement to bridge the gap
of disciplines and go beyond one’s own
“domestic culture” was enourmous.

Itis not so long ago, that mathematicians,
computer scientists and physicists were
looked down upon by their colleagues if
they devoted their research to biological
problems. Apparently they didn’t make it in
their own hard and stringent discipline. This
has changed. The grand challenges of the
future have been recognized to lie, not
exclusively but increasingly, in understand-
ing the complexities of biological systems.
And this is recognized by the best and the
brightest in these “hard and stringent” dis-
ciplines.

My suggestion is to put the emphasis on
our ability to talk with each other across the
various disciplines. Talking to each other
requires either the same language or at least
some basic knowledge in the foreign lan-
guage. Mathematics is THE language if we
want to tackle the issue of predicting how
biological systems will behave in case they
are perturbed. Information science and
technology could not exist witout mathe-
matics at the heart of it.

[ am not sure whether [ agree with the
suggestion made by Kuhn et al. that “... the
most effective way of changing the patterns
of scientific education is to address the level
where teaching and research meet: MSc and
PhD programs”. I fully support their propo-
sal to set up coordinated and combined
courses and research training for advanced
students in medicine, science and engineer-
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ing/informatics. I am also a great fan defin-
ing joint research projects and workshops,
to foster links at the institutional and per-
sonal level and to encourage team-work at a
high scientific level.

[ am worried that all of this will come
will come too late. We need to start much
earlier. There are a lot of complaints from
our colleagues teaching first year biology
about a declining level of the students pro-
fiency (and interest) in mathematics. At
least in German highschools one can ob-
serve a dramatic degradation in the import-
ance given to mathematics, physics and bi-
ology. Parents are more worried about get-
ting their children through highschool at all,
opening the doors to soft(er) disciplines and
a lack of appreciation for a solid education
in natural sciences.

Unfortunately this trend is amplified by
many of our leading politicians. We are
heading for a disaster, and our political
leadership still braggs about how little they
understand about mathematics and genetics.
The waters might be muddy and the logic
might be fuzzy, but the message is clear:
Informatics and medicine will converge.
Kuhn et al. give us a valuable orientation on
how to structure the bewildering hetero-
geneity and opportunities of cooperation of
these fields. As a first step I suggest to
merge the coffeerooms for our students and
faculties. Then all the rest will follow.

3. Towards Biomedical
Informatics as a Scientific Field
(by James F. Brinkley)

This paper by Kuhn et al. [1] is the result of
a set of meetings among leaders of two uni-
versities in Munich, the goal being to imple-
ment an interdisciplinary graduate school in
biomedical informatics. Members of the
group, who are the authors of this paper, are
generally the leaders of biomedical, techni-
cal and management departments at the two
universities. Specific fields represented in-
clude medical informatics, bioinformatics
and systems biology, robotics, computer
architecture, software engineering, data-
bases, algorithms, augmented reality, nu-

clear medicine, molecular biology, cardio-
vascular surgery, genetics, radiology, inter-
nal medicine, dermatology, orthopedics,
biometry, and epidemiology. The particular
list of fields is relevant because much of the
paper can be seen as an attempt to discover
and classify the common biomedical in-
formatics activities already ongoing in these
separate disciplines. In fact the recognition
of this commonality, along with the increas-
ing relevance of informatics to biomedicine,
is undoubtedly the major impetus for the
creation of the interdisciplinary graduate
school. Such an endeavor is truly visionary,
going far beyond most academic biomedical
informatics programs, many of which are
struggling to achieve departmental status,
let alone the status of an entire graduate
school. Yet the shear breadth of activities de-
scribed in the paper makes it clear that there
are enough biomedical research problems to
justify the creation of an entire graduate
school, so it is likely that this effort will not
be the last of its kind.

In order to create a graduate school the
many activities need to be organized into
separate but overlapping units. In the US
such units would be called departments.
Thus, the four classifications in the paper
suggest separate departments of bioin-
formatics and systems biology, bioengi-
neering informatics, health informatics and
eHealth, and public health informatics. This
classification is similar to one that we use in
our University of Washington (UW) Bio-
medical and Health Informatics graduate
program (BHI): biology informatics, clini-
cal informatics, and public health in-
formatics. We never considered including
bioengineering informatics in our program
because the UW already has a very strong
bioengineering department, many members
of which are involved in some aspect of
computing. On the other hand we do collab-
orate with faculty in bioengineering, bring-
ing expertise in information and knowledge
management, which the bioengineering fac-
ulty are generally not experts in. Thus, a
case could certainly be made for including
bioengineering informatics, especially if
there is not already a separate bioengineer-
ing department.

One difference in terminology appears to
come from the use of the term “bioin-



formatics”. In the paper it is stated that “the
goal of bioinformatics is to understand the
molecular mechanisms, their genetic frame-
work for diseases and their responsiveness
to therapy...”, yet many of the research
problems described in section 3.1 involve
correlating genotype with phenotype,
which often means dealing with informa-
tion at all structural levels ranging from
genes to the whole organism. Although it is
true that the common understanding of
bioinformatics is that it deals with the mo-
lecular level, the need to correlate genotype
with phenotype has led many researchers to
move beyond the molecular level. With the
completion of the various genome projects
this migration will only become more
prominent, and in fact several groups have
attempted to extend the definition of bio-
informatics to include all of basic biology,
thereby automatically including such fields
as physiological simulation and systems
biology (which many would argue are the
same thing). One reason we chose not to use
the term “bioinformatics” in our program is
to avoid this ambiguity.

A second difference in terminology is in
the use of the word “informatics”. In the in-
troduction it is stated that the European use
of this word corresponds more or less to the
term “computer science” in English speak-
ing countries. Yet the many research prob-
lems described in the paper go beyond what
is generally taught in most US computer
science departments, including activities
like imaging, signal processing and com-
putational modeling, which are generally
taught in electrical engineering or bioengi-
neering departments. Thus, the impression
is that the use of the term “informatics” in
the title of the paper implies all these activ-
ities applied to biomedicine. Such a broad
definition is appealing because it helps to
unify many activities under one umbrella —
although such a unification would not occur
in the US given our more narrow definition
of computer science.

Given the broad definition of informatics
as defined in the paper, it might be useful to
list the informatics research issues that are
described under the four categories. These
issues include but are not limited to: signal
and image processing, simulation and mod-
eling, data and knowledge representation,

data management and integration, visuali-
zation, information retrieval, and sociotech-
nical issues. As noted several times in the
paper these informatics issues occur in
many if not all of the four fields described in
the paper, which is where the commonality
of these fields is seen to lie. Thus, in some
ways figure 2 is misleading: in fact arrows
should be drawn between each box on the
left side and every box on the right side, not
just those on the same level.

This commonality leads to the notion
that there is a core set of informatics
methodologies that underlies all four of the
areas. Thus, in the BMI program we would
call the areas in the paper application do-
mains (which in our case are basic biology,
clinical medicine and public health), and we
define core informatics domains as those
areas that underlie biomedical informatics
research in all the application domains.
These areas are generally drawn from and
include pre-requisites from underlying dis-
ciplines such as computer science or electri-
cal engineering, but the courses that teach
them are tailored to the biomedical domain.
Thus, as the new graduate school is devel-
oped it might be worthwhile considering the
addition of a unit that could teach these core
informatics areas. Such a unit would for-
malize the commonality that is already evi-
dent in the descriptions seen in the paper,
and would help transform the field of bio-
medical informatics from a collection of
loosely connected application areas to a
scientific or engineering field in its own
right, with its own core principles and
methodology distinct from any other field.

4. Systems Informatics and the
Socio-fechnology of Bioscience
(by Enrico Coiera)

The agenda of informatics researchers al-
most inevitably returns to technology, and
for good reason. Information and com-
munication systems are transforming our
world in a powerful way. We would not be
able to anticipate climate change without
highly sophisticated computational models
to alert us to its risks. We would not be able
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to more robustly deal with international fi-
nancial shocks than we did in past centuries
without the web of economic data shared by
central banks globally. And we would not be
able to anticipate the now palpable revol-
utions in systems biology and genome
science that foreshadow truly personalised
medicine, without IT. The human genome
project after all, in the end hinged on com-
puters to pull together shot-gunned genetic
fragments into a plausible pastiche of a
whole genome.

The technological challenge in bringing
together systems biology and clinical medi-
cine, what we now seem to be calling trans-
lational bioinformatics [4], is huge. This
union “from cell to system” has been long
anticipated, and Blois back in the 1980s al-
ready then wrote of the nature of ‘vertical
reasoning’ that takes place in clinical deci-
sions, from low-level biology through to
clinical and organisational levels [5]. Kuhn
and his colleagues paint us a broad and ex-
citing picture of many of the information
technology challenges that we face in that
journey [1]. Not least of these is the huge
representational and inferential challenges
of build knowledge structures at different
scales and expecting them all to effectively
interact and generate meaningful informa-
tion [6]. They also note in passing that hu-
mans themselves are part of the big picture,
and that there are cultural barriers to be
breached if we are to bring bioscientists and
clinicians together.

[ have said in the past that health in-
formatics is “the study of how clinical
knowledge is created, shaped, shared and
applied. Ultimately, it is the study of how we
organise ourselves to create and run health-
care organisation” [7]. In other words, we
cannot separate the cognitive and the social
from the technical, and this lesson is as true
of the challenges for e-health at the clinical
level as it will be for translational bio-
informatics. Indeed, if we are to imagine an
informatics which is all about integrating
different biomedical, clinical and organisa-
tional systems — let us call it a systems in-
formatics — then I want to argue again that
we must put ourselves into the middle of
that system as primary actors whose be-
haviour needs to be modelled, along with
molecules and medicines.
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At present the cross-systems informatics
research agenda is driven largely by the
technical challenges of information inte-
gration, and an analysis based upon an as-
sumption about the way scientists “do
things around here”. In many ways the bio-
science informatics agenda is where clinical
informatics was in the eighties, where we
used idealised models of what work should
be, and were blind to how things actually
were. The last 20 years have seen a growing
sociotechnical critique, for example from
influential commentators like Berg [8], who
began to highlight how often seemingly
well-designed IT failed when it was finally
put into the clinical workplace, because it’s
designers fundamentally misunderstood
how clinical work was done. The mantra of
‘re-engineering’ clinical work for efficien-
cy, and of clinicians and not technologists
needing to change their attitudes was the
initial informatics response to this clinical
push-back.

But we now know a little better. Clini-
cians usually resist change for very good
reasons — we still build systems that help ad-
ministrators more than clinicians. We still
build electronic record systems that on the
face of it take longer to use than pen and
paper, even if there is a big downstream
payoff in safety, quality and efficiency. And
we build systems that still ignore the fun-
damentally complex nature of healthcare.
Clinical work is not like work in a factory, is
not like a pilot’s cockpit nor like a bank, and
many of the models of workflow automation
that work so well in other settings ill-fit
clinical practice, which is fluid, multi-
tasking, interrupt-driven [9], complex, and
where treatment is often necessarily be-
spoke because of patient differences.

We should therefore already intuitively
understand that bioscientists do more than
analyse complex data sets. Before the ex-
periment, before the analysis, there is a
complex social process, in some way similar
to the processes that clinicians undertake
before a treatment plan is agreed upon. And
once an analysis is done, its meaning is de-
bated and shaped socially, because of the in-
herent ambiguity and incompleteness of our
knowledge, and the various perspectives
scientists bring to such discussions. For
example, co-expression of cellular proteins
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does not strictly imply co-regulation or a
causal relationship in biochemical pro-
cesses. Scientists employ additional back-
ground knowledge to make assessments
about the weight of evidence behind known
relationships, or the likely causal relations
that might be implied through associa-
tional studies. Whose background know-
ledge triumphs in a research team’s debate is
still no doubt often a tribal affair.

Latour has written vividly about such so-
cial aspects of science [10] and our new
challenge is to embrace a richer sociotech-
nical agenda so that we can craft systems
that truly link bench to bedside [11]. The
‘secret” work that gives rise to bioscience
data and its interpretation is something we
really need to understand, because what
bioscientists do today, clinicians will do to-
morrow. The clinicians of the near future
will be awash with genetic and biomarker
data from their patients, and they will often
have little concrete information to guide
them to what they all really mean. As ever,
we have much more data than we have
knowledge about what those data might
mean.

Socio-technical systems science has
arisen in response to the challenges of
understanding complex technical systems
that are embedded in a human world [12]. It
has arisen most strongly because the unex-
pected interactions between humans and ar-
tefacts often produce unanticipated errors,
system failures, cost overruns and break-
downs. The socio-technical view attempts to
understand the contribution of phenomena
at the human social level to the performance
of technical systems, and vice versa. It is
thus the missing system in any bold re-con-
ceptualisation of our field as a systems in-
formatics. What is therefore needed is a way
of describing events at the socio-technical
level, connecting them to system behaviours
and thence to artefact design. We need to get
‘technical” about what we mean when we
describe socio-technical events, ‘technical’
about what we want from system design,
and we need to work both alongside technol-
ogists to shape technology, as well as with
the processes, organizations and cultures
within which they will be embedded [13].

Socio-technical systems thinking is an
essential prerequisite to the process of de-

veloping new, safer and more effective ICT
systems that span different social systems
like bioscience, clinical medicine and the
citizen. Each is its own universe, and tech-
nology will not ‘normalise’ these universes
into one. Instead it must help bridge these
universes, which are ever evolving, ever dif-
ferent, ever new.

5. Enhancing the “Human
Factor” into the Framework
(by Fabrizio Consorti)

Multidisciplinary integration at research
and educational level is surely the right way
to proceed and face the relevant challenges
that the inner complexity of healthcare do-
main put forward, especially when the man-
agement of information is concerned. The
paper of Klaus Kuhn and co-workers [1]
represents a powerful effort toward a com-
prehensive framework for an inter-profes-
sional curriculum in health informatics.
Nevertheless, to the taste of a physician —
like I am — an essential ingredient is still
scarce in the recipe, in its dual flavor of
“caregiver” and “patient”: the human factor.

In the paper, social sciences are quoted in
conjunction with economics, ethics or with
passive concepts like “acceptance” or “im-
pact”, along with functional expressions as
“time-saving” or “cost-saving”. Moreover,
topics like the Internet or the web, intended
as social environments, are never explicitly
mentioned. Maybe these remarks come just
from a wrong feeling, based on a misunder-
standing of the sense of some sentences, but
all the same it’s a worth discussing the di-
mensions of the “human factor” in deeper
details.

Multi-professionalism is not just a
matter of exchange of competencies but
mainly an encounter of professional para-
digms, aimed at the definition of a common
meta-paradigm, bridging cultural gaps. Mu-
tual awareness of the different points of
view is as important as the acknowledgment
of the different, specific technical com-
petencies. Then my contribution to the dis-
cussion will bring an up-to-date clinical
point of view, by briefly summarizing the



role of the web-based social cooperative
environments in the evolution of current
“master narratives” related to the healthcare
domain. Concepts like wellness and illness,
process of care, patient-caregiver relation-
ship are changing in their social represen-
tation and ICT is a factor of the process. This
trend will be framed in the context of the two
conflicting paradigms of evidence-based
medicine (EBM) and narrative-based medi-
cine (NBM).

Narrative has always been the main way
to communicate knowledge about facts in
the world. Even scientific knowledge
needs the support of narrative to be com-
municated: a scientific paper is the “story”
of an experiment, even if it is expressed in
a rather formalized structure. More spe-
cifically, narrative knowledge is focused
about understanding the situation of a sin-
gular person through cognitive, symbolic
and affective means. A master narrative (or
meta-narrative) “is a global or totalizing
cultural narrative schema which orders and
explains knowledge and experience” [14].
It acts as an organizing principle which
provides sense to every-day experience
and synthesizes shared ideas in an arche-
typical way. Examples of master narratives
are myths and popular tales, the narration
of national historical events, masterpieces
of literature. Personal identities too are
narratively constituted [15], as complex
networks made by self-narration and by the
stories told by others about ourselves. In
this context, identity is then a social con-
struct and every mean affecting in some
way socially shared narratives has a rel-
evant consequence for everyone [16].
Technological innovations such as the In-
ternet have increased the interconnected-
ness of groups. The web has contributed to
the erosion of traditional community life
by decreasing the importance of proximal,
local sites of social influence with respect
to the global community [17]. Basic con-
cepts like health, illness and risk con-
ditions are evolving in their meaning [18]
and the evolution is strongly influenced
not only by the great availability of health-
care-related information on the web but
also by social environments like virtual
communities [19, 20]. As a matter of fact,
the largest part of knowledge present on

the web — in forums and blogs — has a nar-

rative format.

The term “narrative based medicine”
was born by the end of nineties, in a series of
papers on the British Medical Journal [21],
based on an original book by Katrin Hunter
[22]. NBM is a novel approach to medical
practice, as a reaction to a technology-
driven practice lacking empathy. It has been
often opposed to the other raising profes-
sional paradigm of the evidence-based
medicine (EBM), even if the competition
has in fact no foundation, because NBM and
EBM simply define two different, paired
dimensions of medical knowledge.

However, since its more known defini-
tion by Sackett in 1996 [23] as “the con-
scientious, explicit and judicious use of
current best evidence in making decisions
about the care of individual patients, in-
tegrating individual clinical expertise with
the best available external clinical evi-
dence” EBM produced an uninterrupted
flow of discussion, which reveals how sensi-
tive is the topic of representing medical
knowledge among physicians.

EBM as intended nowadays would be
virtually impossible without the availability
of digital libraries. This last point, together
with the diffusion of systems for at-distance
learning based on a constructivist approach,
highlights the importance of considering the
ongoing shift from a static representation of
knowledge as a “content” (accurate and uni-
versal representation of some prior reality)
to a concept of knowledge as an enactment
of “knowing” in a given context [24]. Focus-
ing on the contextualized act of knowledge
rather than on the content in fact strongly
reduces the difference between “knowing”
and “learning” and it blurs the boundaries
between knowledge management systems
and e-learning systems [25, 26].

Which consequences for research and
education can we drive from all of these
considerations?

1) There should be an explicit involvement
of anthropology, sociology, social psy-
chology and education sciences in the
blend of multi-professionalism, for an
effective curriculum and a creative re-
search environment.

2) Attention should be devoted not only to
technologic development (technology in
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itself is not inherently empowering) and
to quantitative research aimed to maxi-
mize/minimize a parameter but also to
qualitative research, aimed to “know-
ing”, also in terms of personal commit-
ment of the intended users of ICT sys-
tems.

3) From an educational point of view, a sys-
temic approach should be adopted, al-
ways keeping in mind the whole while
discussing the detail and highlighting the
links and the relationships among di-
mensions and contexts.

4) A particular attention should be de-
voted to emerging topics for research
and education like the management of
narrative knowledge, also in consider-
ing that in a few years the generation of
“digital natives” will be adult and will
have an active role in society. For
them, booking an appointment or ac-
cessing personal health data by the In-
ternet will be just a routinary task,
while probably they will be demanding
for much more sophisticated possibil-
ities of interaction.

6. Informatics and Medicine
from a Developing World
Perspective (by Ali Dhansay)

When [ was invited to write a commentary
on the paper by Kuhn et al. [1], [ was uncer-
tain since I saw myself as being ‘informatics
naive’. On the other hand, I thought I could
bring to the discussion a multidisciplinary
medical background (pediatrics and child
health with research experience in the same
fields), as well as nutrition research and re-
search management experience at a senior
level in a developing country setting — South
Africa. Some might argue, justifiably to my
mind, that SA is a ‘hybrid’ of a developing
(major part) and developed country, which
lends itself to novel research opportunities
and challenges. I consider the invitation as a
learning (for myself in the area of in-
formatics) and a sharing opportunity (from
a South African, research and medical per-
spective).
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6.1 Introduction

“Knowledge of what is, does not directly
open the door to what should be.”- Albert
Einstein

The above quote, in effect, exhorts one to
move towards action, i.e. translating knowl-
edge into outcomes beneficial for the health
and well-being of populations [27, 28]. It
captures the essence of what Kuhn and
colleagues from two Munich universities
and the Munich Heimholz Center have
achieved, with the establishment of a ‘re-
search-oriented interdisciplinary Graduate
School’. Their paper neatly captures the
‘knowledge of what is’, as well as the ‘what
should be’ parts of the above quote. They
have moved from theory to practice in a
sense and should be commended for this.
The bottom line, of course, will be the
evaluation of whether the graduate school
reached its intended goals — a keenly
awaited result in light of the dearth of docu-
mentation of such experiences [29].

6.2 Interdisciplinary Research
(IDR)

A definition of IDR is appropriate at this
time: “Interdisciplinary research is a mode
of research by teams or individuals that in-
tegrates information, data, techniques,
tools, perspectives, concepts, and/or the-
ories from two or more disciplines or
bodies of specialized knowledge to ad-
vance fundamental understanding or to
solve problems whose solutions are
beyond the scope of a single discipline or
area of research practice” [30].

“It took an ex-physicist — Francis Crick —
and a former ornithology student — James
Watson — to crack the secret of life. They
shared certain wanderlust, an indifference
to boundaries.”— Robert Wright

It is refreshing to see that informatics re-
searchers are looking at concrete ways of
contributing, nay, being part of the current
movement towards translating knowledge
to practice. The paper reflects, on one
hand, the universal call for employing in-
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terdisciplinary research to tackle the com-
plex nature of disease and ill health in
today’s globalized society, and on the
other, seeks to specifically establish the
role of informatics and its disciplines as
part of this important challenge. There is
no doubting the role of ID health research

[30-35]. ID health research is based upon

the recognition of diversity/differences,

yet agreeing upon the ultimate objective of

a unitary outcome, viz. improvement of

health and well-being for individuals and

populations. Interdisciplinary thinking is
rapidly becoming an integral feature of re-
search as a result of four powerful

“drivers” [30]:

1) the inherent complexity of nature and so-
ciety;

2) the desire to explore problems and ques-
tions that are not confined to a single dis-
cipline;

3) the need to solve societal problems;

4) the power of new technologies.

It is encouraging to note that Kuhn and col-
leagues have moved beyond the bedside, to
the community and population level. The
keywords that stand out in the paper are col-
laborative research and structured interdis-
ciplinary education. While somewhat ‘lost’
within figure 1 and not repeated again in the
text, the critical phrase ‘Informatics in Sup-
port of Translational Research’ captures the
essence of their paper.

Kuhn et al. have also traversed the inter-
section of bioinformatics and medical in-
formatics  (biomedical  informatics)
[36-39] and cogently address the issues of
public health informatics and public
health, with prevention as an ultimate tar-
get. They present a practical framework of
how informatics can act as driver/enabler/
interlocker in the continuum from mol-
ecules to population via the fields of bios-
ciences, medicine and public health. The
authors call for collaborative research and
structured interdisciplinary education in
four priority areas: bioinformatics and sys-
tems biology; informatics for biomedical
engineering; health informatics and
e-Health; and public health informatics
and public health.

6.3 The Challenges of IDR

When setting up their graduate school, one

accepts that the authors would have taken

into account the comments of the National

Academy of Sciences [30] and others

[40-43] regarding IDR, viz. (not in order of

importance)

e need for structures to support interdisci-
plinary research;

e job opportunities for IDR;

e evaluation of IDR and scientists and out-
puts will need modification of the peer-
review process to include researchers
with interdisciplinary expertise in addi-
tion to researchers with expertise in the
relevant disciplines;

e funders’ views on IDR and its support;

e role of professional and academic so-
cieties;

e shortage of health workers and scientists/
researchers in developing countries;

e thesuccess of IDR groups depends on in-
stitutional commitment and leadership;

e promotion, tenure, and resource allo-
cation;

e institutions are impeded by traditions
and policies that govern hiring practices;

e thesuccess of IDR groups depends on in-
stitutional commitment and research
leadership;

e new modes of organization and a modi-
fied reward structure to facilitate inter-
disciplinary interactions;

e professional societies have the opportun-
ity to facilitate IDR by producing state-
of-the-art reports on recent research de-
velopments and on curriculum, assess-
ment, and accreditation methods; en-
hancing personal interactions; building
partnerships among societies; publish-
ing interdisciplinary journals [44] and
special editions of disciplinary journals
and promoting mutual understanding of
disciplinary methods, languages, and
cultures;

e learning from collaborative interdisci-
plinary research partnerships among uni-
versities, industry, and government.

The above points immediately present a
bigger challenge to researchers in devel-
oping countries, faced with problems of
rudimentary health systems, poor infra-



structure and human resources for health,
and low spending on research and devel-
opment. Table 1 and Figure 1 below illus-
trate the situation well.

6.4 1DR Leading to Translational
Research

While the lack of funding, health infrastruc-
ture and resources can be seen as added im-
pediments to IDR in developing countries,
this makes it even more important to ‘work
smartly’ in multidisciplinary and interdisci-
plinary collaborations than ever. Similarly,
the need to fast track knowledge translation
in these countries is just as urgent — inter-
ventions which are cost-effective need to be
implemented. In this regard, the framework
for the integration of informatics with
health as presented by Kuhn et al. needs to
be tested and implemented in developing
country settings as a matter of urgency.

6.5 Context Is Important

While there are many similarities in health
challenges facing developing countries
compared to developed countries (e.g.
health and nutrition transition to ‘diseases
of lifestyle’), there are also major differ-
ences, e.g. the massive burden of HIV and
AIDS, tuberculosis and malaria in Africa.
Health information systems are not effi-
cient, impacting on resource allocation and
evaluations of the health system. Develop-
ing countries including South Africa are
experiencing severe shortages of health
care personnel in the public sector to Eu-
rope and North America, as well as to the
WHO! Poverty and inequity (in general
and in health) are inexorably linked, and
this is reflected in the not unexpected dif-
ferentials in morbidity and mortality found
in South Africa (skewed unfavorably to-
wards blacks). Inequality and inequity at
all levels and sectors present many chal-
lenges to the goal of improving the health
of nations [45].

In South Africa, 93% of the majority
black African population (80% of SA popu-
lation) has no medical aid (insurance) and is
dependent on the public health sector, while

58% of the minority white population (9%
of SA population) has no private medical
cover. These differences in health care fi-
nancing are important in the context of
funding of ‘high tech’ innovations. A recent
survey of the role of genomics medicine in
developing country contexts, which in-
cluded South Africa, argues that there is a
role for investing in genomic sciences in de-
veloping countries. They posit that investing
in the field, identifying niche areas within it
and within areas of local interest, and build-
ing life sciences-based capacity around
such knowledge could contribute to improv-
ing local health, as well as potentially stimu-
lating economic development. The role of
private partnerships in this regard is also
highlighted [46]

The area of personalized medicine was
also mentioned by Kuhn et al. in the con-
text of public health and genomics. Again,
in the South African context, issues such as
race and ethnicity and the medicalization
of race are issues that numerically and ethi-
cally assume much greater importance
than the BiDil debate in the USA [47].
These are fertile areas of potential research
for interdisciplinary teams, including in-
formaticians.
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6.6 What Are the Implications
of the Paper for Developing
Countries?

1) There is a need to embrace the call for in-
terdisciplinary research and education,
and to highlight the role of informatics as
an enabler in the whole process from
bench to bedside to the community.

2) Collaboration with developing countries
on an equal footing should be encour-
aged.

3) Realization that there are context-spe-
cific issues that have to be considered,
e.g. local technological, funding, popu-
lation dynamics. Recognition of diver-
sity and differences.

4) Foster debate around ethics (of genomic
medicine and personalized medicine),
information access, education and social
issues in developing country settings.

5) Personalized medicine also raises the
question of identification of patients who
are most likely to benefit.

6) Ensure partnerships with, for example
private sector are conducted ethically
and openly for the benefit of public
health.

Table 1
Researchers and GERD in
developing and developed

countries

World World World World

population | researchers | GDP GERD
Developing countries 79% 28% 42% 20%
Developed countries 21% 72% 58% 80%

GERD=gross expenditure on research and development
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Fig. 1

Researchers per million inhabitants — year 2000 (source: National Research Foundation, South Africa)
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6.7 Conclusion

One trusts that new synergies will be
forged between the various disciplines,
e.g. medical informatics and bioin-
formatics, based on the promise outlined in
the paper by Kuhn et al. To quote the pres-
ent director of the National Institutes of
Health, Dr. E. A. Zerhouni: “It is the re-
sponsibility of all of us who are involved in
health research to translate the remarkable
scientific achievements/innovations we
are witnessing into health gains for the
nation” [28]. Of course, this should be ex-
tended to the global community, and es-
pecially the developing nations with their
greater burden of disease.

The authors have taken a bold step in es-
tablishing the Graduate School in Munich
— in effect demonstrating the move from
theory to practice. To my mind, there is a
dearth of information on such initiatives;
little has been documented about how re-
searchers experience interdisciplinary
health research in practice. Furthermore,
factors such as career path opportunities,
reward and recognition, evaluation crite-
ria, long-term future etc. are all important.
It is therefore imperative that they docu-
ment and share their experiences, which
will be keenly awaited by the scientific,
academic, medical, and informatics frater-
nity.

Both the medical and informatics com-
munities need to extend the discourse
initiated by Kuhn et al. to the challenges
posed by developing country settings. It
is only proper that those areas of the
world most beset by ill health should be
part of the move towards working smartly
and in an interdisciplinary fashion. South
Africa has the unenviable reputation of
being the world leader in many disease
areas such as HIV and AIDS, tuberculosis
and fetal alcohol syndrome. With its di-
versity of populations (exemplified by its
rainbow nation tag) and in burden of dis-
ease patterns, the country lends itself to
opportunities for collaborative research
on informatics and health between north
and south [48, 49].
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7. On Global Trends
and Challenges (by Antoine
Geissbuhler)

Enabling information and knowledge to
flow and grow from molecular scale to pa-
tients and populations is one of our ambi-
tious goals and grand challenges. This
“info-bio convergence” has an enormous
potential to improve our fundamental
knowledge in life sciences, the ability to
translate it into better and individualized
patient care, and will open new ways of stu-
dying and steering our pressured health and
healthcare systems. Further down the road,
many foresee the additional convergence
with nanotechnologies and cognitive sci-
ences, thus realizing an unprecedented syn-
ergy of skills and knowledge [50].

Although the way seems clear and the
future bright, there are many obstacles that
need to be overcome, many of which lie
partly within the scope of biomedical in-
formatics, and most of which will require
new forms of collaboration, of research, and
probably of education.

We must be able to connect information
from these various knowledge domains.
Connectivity of the infrastructure from
multiple, heterogeneous, and distributed re-
sources is likely to evolve from the current
data and computational grids. Connecting
the physical and the information world will
require new abilities to identify, track, and
link objects from both worlds. But the main
connection challenge will be the semantic
integration of these mostly distinct do-
mains, as exemplified by the IUPS Physi-
ome Project [51].

With the advent of our knowledge so-
ciety, we need to rethink the way we design
research. Digging in the massive amount of
data that is made available on the Web, will
need new research paradigms, potentially
moving away from hypothesis-driven re-
search (whether in vivo, in vitro or in silico)
into data-driven research [52]. At the same
time, citizens of our knowledge society will
have the opportunity to reshape the way
their information can be used for research,
potentially displacing the centers of knowl-
edge production away from the academic

environments [53]. Furthermore, the new
interactions between humans and machines
that are currently appearing will require new
research disciplines, such as the Web
science, coined by the Web inventor, Tim
Berners-Lee [54].

In this interconnected, highly complex
landscape, multidisciplinary collaboration
will indeed be the rule for progress. A chal-
lenge will be to foster the right mix of hard
sciences, life sciences and social sciences
necessary to apprehend the problems at hand.
The collaborative tools of the social Web will
help to some extent, as will the knowledge
engineering tools brought by informatics re-
search. It is however likely that the current
educational models will not be able to cope
with the increased needs for cross-disciplin-
ary skills and will have to be revisited.

Finally, we must realize that the knowl-
edge society is becoming global, bringing
new challenges and new opportunities. In
order to limit the progress of the digital di-
vide between those who have access to these
new tools and those who don’t, we will have
to learn how to better share knowledge, and
make it relevant to multiple contexts, in
order to solve real and urgent problems, and
in particular those of the health systems. For
example, it is likely that biomedical in-
formatics, e-health and telemedicine will en-
able new solutions for the current healthcare
workforce crisis, helping to train, inform and
support healthcare professionals and pa-
tients in the poorest and most remote parts of
the world, where they are most needed [55].

Enthused by these new promises, we
should always keep in mind that the overarch-
ing goal of our efforts, from fundamental re-
search to the bedside activities, from mol-
ecules to populations, is to improve the health
and quality of life of the people of the world.

8. From Molecules to Popula-
tions Is Only One Dimension
of Health and Biomedical In-
formatics (by William Hersh)

The paper by Kuhn et al. [1] describing the
spectrum of health and biomedical in-



formatics provides an excellent elucidation
of the subject domains that describe our
field. But the subject domain is only one di-
mension of informatics, and other important
dimensions must be described and explored.
In my commentary, I will set forth my own
view of informatics, health and biomedical
informatics, and the dimensions that the
field covers.

First, what exactly is informatics? The
paper discusses this only briefly, noting but
expressing some dissent the European view
that informatics is fundamentally computer
science. [ am glad to see this view changing
in Europe and beyond. My view of in-
formatics is that it is fundamentally about
information, in particular what humans do
with it and how they apply technology to im-
prove its use for improving the human con-
dition. Informatics is an integrative disci-
pline, drawing upon areas such as informa-
tion and computational sciences, business
and management, and other fields, but also
deeply rooted in a subject domain. In the
field of health and biomedical informatics,
the subject domains range from biology to
medicine to personal and public health.

Allbranches of health and biomedical in-
formatics are heterogeneous yet have a com-
mon intellectual core. The bioinformatician
who analyzes gene expression microarray
data may seem to have little in common with
the clinical informatician who is trying to
reconcile with highly interrupted workflow
of clinical care with collecting high-quality
information that can be used not only for
better patient care, but also to drive decision
support systems and quality assessment.
Likewise, a consumer health informatician
might be focused on helping an individual
maintain optimal health, while the public
health informatician is likely to be focused
on monitoring risk factors for disease in a
community.

Yet all of these areas of health and bio-
medical informatics have common underly-
ing themes. All are focused on the optimal
collection and use of information. All would
benefit from technology systems that have
optimal usability, facilitate collection and
use of high-quality data, and aim for inter-
operability based on the best standards. All
require attention to the larger contexts and
human organizations in which they are used,

whether biomedical research organizations,
health care delivery systems, or public
health agencies.

The paper by Kuhn et al. acknowledges
that all subject domains of biomedical in-
formatics have related areas, whether the
statistical methods of bioinformatics, the
people and organizational issues of medical
informatics, or the social and economic as-
pects of public health. I would argue that
these related areas are not necessarily lim-
ited to any particular subject domain.
Examples include the application of quali-
tative methods to bioinformatics [56] and
the need to be cognizant of genomics (e.g.,
single-nucleotide polymorphisms or SNPs)
and clinical data quality issues in genome-
wide association studies [57].

It is thus imperative for us to move
beyond arguing what adjective should pre-
cede informatics (e.g., bio-, medical, con-
sumer health, etc.) and instead focus on the
core attributes that unite all aspects of in-
formatics and how we apply them in health
and biomedical informatics. Our discipline
is indeed interdisciplinary, and some of its
key attributes reflect that. Informatics is in-
tegrative, drawing on computational and in-
formation sciences as well as business and
management sciences, yet firmly rooted in a
deep understanding of the discipline in
which it is applied, be it biology, medicine,
or health.

Our academic departments must recog-
nize this fundamental undercurrent of all
informatics. Our educational programs
should teach from this perspective. Not
every health and biomedical informatics de-
partment or degree program must cover the
entire domain perspective, but they should
perform their research, teaching, and ser-
vice from the viewpoint of informatics.
Likewise, their educational programs
should recognize there is no single career
pathway within the field. What an in-
formatician does as a job is a function both
of what he or she did before entering train-
ing and what knowledge and skills he or she
gained from that training.

The 21st century provides exciting op-
portunities in health and biomedical in-
formatics. Improvements in information
technology provide us a growing ability to
use information to improve human health at
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the personal, health care, and public health
levels. This will require research and edu-
cational programs that acknowledge the
core similarities across the subject domains
of health and biomedical informatics and
train new practitioners and academicians in
this point of view.

9. The Value Chain
“from Bench to Bedside”
(by Yunkap Kwankam)

The paper of Dr. Klaus Kuhn et al. [1] is well
documented (researched) and clearly
written. It captures the essence of the broad
spectrum of issues spanning the continuum
from molecular genetics to public health
policy. The fact that it elaborates on the quite
intuitive value of interdisciplinary research
in health informatics, is itself indicative of
the imperviousness of the silos into which
research has fallen. The reaffirmation is
thus very welcome.

And although the consultation on creat-
ing the graduate program was local — limited
to Germany — the challenges discussed
cover a variety of socio-political and eco-
nomic contexts, and thus the paper is of
much broader relevance than to single a
typology of health system context.

9.1 Assessment of Health
Informatics

The paper mentions the importance of as-
sessment and the dearth of robust methodol-
ogies for such assessments. This is the crux
of the matter. Methodological improve-
ments in the assessment of informatics are
needed to convincingly chart influence
pathways from health informatics interven-
tions to health intermediate and final out-
comes. This is the key to unlocking funding
for the very promising research described
and support for the marketing, deployment
and use of the fruits of such research. Until
the return on investment, or return on value,
is demonstrated, the funding levels needed
to sustain interdisciplinary efforts will con-
tinue to be a challenge and thus an inhibitor
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to the change in culture within disciplines
that the paper calls for.

Funding for public health informatics is
in competition with other priorities, and this
competition is especially fierce in resource-
challenged health systems. Health, as a
production function, shows a number of
variables, water and sanitation, for example,
accounting for nearly 10% of the global
burden of disease. A 2008 WHO report esti-
mates the economic benefits of investing in
drinking-water and sanitation in several
forms: “health-care savings of US$ 7 billion
a year for health agencies and US$ 340 mil-
lion for individuals; 320 million productive
days gained each year in the 15- to 59-year
age group, an extra 272 million school at-
tendance days a year, and an added 1.5 bil-
lion healthy days for children under five
years of age, together representing produc-
tivity gains of US$ 9.9 billion a year; time
savings resulting from more convenient
drinking-water and sanitation services, to-
taling 20 billion working days a year, giving
a productivity payback of some US$ 63
billion a year.” [58]. The above figures are
taken from a study which shows a total
payback of US$ 84 billion a year from the
USS$ 11.3 billion per year investment needed
to meet the drinking-water and sanitation
target of the Millennium Development
Goals [59].

Health informatics would need to show
similar, or better benefits, in order to get a
fare share of limited budgets.

9.2 Translating Knowledge
into Policy and Action

The paper lays heavy emphasis on greater
levels of sophistication in research for
scientific discovery. However, one could
argue that the weakest link in the research
continuum from discovery to dissemination
and deployment, is perhaps in the latter
phases of this chain. Therefore, there needs
to be a balance between efforts aimed at dis-
covery and those targeted at the so called
“know-do gap” — the gulf between what is
known and what is done in policy and prac-
tice. Again, interdisciplinary training,
which the paper advocates, would
strengthen research into “technology en-
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hanced knowledge translation” [60]. The
field examines the role that ICT can play in
the actions of individuals, as well as sys-
temic factors that militate in favor of suc-
cessful transformation of available informa-
tion and knowledge into action. It also looks
at what informatics tools need to be devised
for capturing and sharing experiential (or
tacit) knowledge, which unfortunately is
compartmentalized in individuals. Can
health informatics networks in support of
communities of practice serve as a model
for breaking down these silos, so as to pro-
mote sharing of available tacit knowledge?
Can such networks improve the use of ex-
periential knowledge on a systematic basis
within health systems?

ICT can remove distance and time bar-
riers to the flow of information and knowl-
edge for health and help ensure that our
collective knowledge is brought to bear ef-
fectively on health problems in individual
countries, as well as globally. It would re-
quire a system where all decision-making in
health is supported by an ICT-mediated
knowledge-coupling system which builds
on Weed’s vision [61] as adapted by Kwan-
kam et al. [62] and ensures that: a) all
relevant options known to the health
sciences are readily available for consider-
ation; b) specific features of the situation at
hand that bear on the discrimination among
these options are taken into account; c) ap-
propriate associations are made between the
specific features of the situation and the
many options; and d) the right technology is
deployed and local capacity developed to
permit access to the information.

9.3 Building on the Collective
Wisdom

Several recent meetings have raised the
issue of an international registry for in-
formatics research/trials — to provide a re-
pository of research information/experience
and the potential to build on successes while
learning from the errors of one and all.
The paper’s broad scope also covers the
role that informatics can play in empower-
ing citizens to contribute to their health. The
authors thus encourage one to hope that
such thinking also offers an opportunity to

focus less on health as the absence of dis-
ease, and the attendant emphasis on disease
mechanisms, and more on the WHO vision
of an ecological balance between the physi-
cal, mental and social dimensions of life.

The paper concludes that “it is only
through having experts in one scientific dis-
cipline who have a profound understanding
of the other disciplines’ terminology and
scientific culture, that true inter-disciplinar-
ity can develop ...”. Such interdisciplinary
understanding would greatly facilitate vis-
ualizing and understand the big picture.
Then the boundary conditions that are
necessary for information and knowledge
exchange between disciplines, and between
sub-disciplines within disciplines, in the
value chain that leads from bench to im-
proved health, may be better understood and
managed.

10. Envisioning the Future —
Informatics and Collaboration
(by Nancy Lorenzi)

In Lewis Carroll’s classic book, Alice in
Wonderland [63], Alice comes to a fork in
the road with two paths leading in different
directions. Confronted by a Cheshire cat she
asks: “Which path should I take.” The re-
sponse from the Cheshire cat is: “Well, that
depends on where you want to end up?”
Alice said she did not know. The Cheshire
cat responds: “If you don’t know where you
want to go, it doesn’t matter which path you
take.”

Without vision we are both unclear about
our direction and at times have conflicting
directions. This makes it difficult to formu-
late plans, objectives, goals, actions, and no
way to measure results. Unless we know
where we need to go, we cannot create the
path to the future

The Informatics and Medicine: From
Molecules to Population article presents an
outstanding overview of the current prog-
ress in medicine, bioinformatics and biol-
ogy informatics, biomedical engineering
health informatics and eHealth, and public
health, life sciences, public health, life



sciences and public health informatics. This
article will become an instant cornerstone
classic article not only for its overview, but
for its challenges and directions. Congratu-
lations to the multiple authors for creating
this article that is a world-wide guide.

[ titled my commentary “Envisioning the
Future — Informatics and Collaboration”.
The phrase “envisioning the future” char-
acterizes the challenge that we face in
achieving the overall picture painted in the
vision the Informatics and Medicine: From
Molecules to Population article creates. The
sub-title “Informatics and Collaboration”
not only supports that informatics will be
“the most important driver and mediator for
innovation” as stated in the article, but
stresses that we need collaboration to be
successful.

One organization that is prepared to sup-
port collaboration is the International Medi-
cal Informatics Association (IMIA). Three
of IMIAs goals include:

e promote informatics in health care and
research in health, bio and medical in-
formatics;

e advance and nurture international co-
operation;

e further the dissemination and exchange
of knowledge, information and technol-

ogy.

IMIA created a strategic plan (Towards
IMIA 2015 [64-67]). Knowledge is the cen-
tral core of IMIA’s strategies, interactions
and efforts. The plan next focuses on
science, portraying IMIA members’ con-
nection and integration with the science and
discovery of informatics. The next connec-
tion is the application of scientific dis-
coveries, including the multiple questions
and issues that are created and disseminated
in informatics. This is followed by IMIA’s
impact, referring to the potential impact that
IMIA and its members can have on govern-
ments, nations, outcomes, health profes-
sionals, and all other stakeholders. The last
major focus represents IMIA’s interactions
with individuals, citizen organizations, per-
sonal health involvement, dissemination
and acceptance, enabling personal responsi-
bility, and public/personal health.

The second dimension of IMIA’s Stra-
tegic Plan represents six key sectors that

IMIA as an international association is pre-
pared to facilitate or work with others to ef-
fectively address. The six sectors are:

1) health improvement;

2) research/science (including how we
understand and create evidence to sup-
port health);

3) the behavioral responsibility (ethics) that
refers to our ethical and social responsi-
bility;

4) education (including best practices in
educating ourselves and others);

5) the multiple types of relationships (com-
munications and connections to build
relationships among stakeholders); and

6) the equity of IMIA, our obligation to
share, distribute and disseminate.

We stand at the crossroads of tomorrow,
compelled to address the challenges out-
lined in the article and impact of our
multiple efforts and the visions they enable.

Inherent in IMIA’s role is to bring to-
gether, from a global perspective, scien-
tists, researchers, users, vendors, devel-
opers, consultants and suppliers in an en-
vironment of cooperation and sharing to
research and develop the concepts needed
to support the organizations of the world
seeking technology as transformational.
Through its many publications (Methods of
Information in Medicine, International
Journal of Medical Information and Year-
book of Medical Informatics) and elec-
tronic communication mechanisms IMIA
can be a major disseminator of the know-
ledge created. As an organization com-
mitted to promoting best practice in the use
of information and communication tech-
nologies within biomedical informatics
and in health and healthcare, IMIA will en-
sure that it uses and promotes best practice
in its own use of technology as a trans-
formational strategic asset.

We stand looking at the future portrayed
by the Informatics and Medicine article. We
have a vision. If we work independently to-
ward various isolated goals we will lose the
opportunity to work together to create the
synergy needed for reaching the desired
state. This is an excellent time for inter-
national cooperation.
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11. Nanomedicine and
Regenerative Medicine Pose
New Challenges for
Biomedical Informatics

(by Fernando Martin-Sanchez)

The reading and study of the paper of Kuhn et
al. [1] has represented a particularly motivat-
ing and scientifically enriching task. After
several years of working on aspects related
with the analysis and implementation of the
synergy between medical informatics and
bioinformatics, this document represents the
most complete updated review of the research
challenges in each of the four areas that are
accepted as constituent of biomedical in-
formatics (BMI). Furthermore, these four dis-
ciplines are not described independently, in-
stead a thorough analysis of their mutual re-
lations is provided. The analysis of the con-
nections between BMI and biomedical engi-
neering results especially interesting because
this is a topic that has given rise to some con-
troversial opinions in the past. The authors
provide here a framework that can be very
useful to facilitate a reciprocal collaboration
between experts in both fields and to define
some common ground (such as image pro-
cessing or modeling and simulation of bio-
logical entities and processes).

It is also very valuable the effort made by
the authors to provide a model for interdisci-
plinary education that it is clearly oriented
towards facilitating translational research. I
fully agree with their claim that the new
generation of scientists should have to be
exposed to (at least) two of the core disci-
plines at early stages of education. Fur-
thermore, 1 believe that the integrative
approach that has inspired the authors to de-
sign the new Graduate School will become a
reference and will be followed by other aca-
demic centers.

Indeed, there is no a major criticism to
the paper from my side, however, taking into
account that several outstanding bioengi-
neers have participated in the work leading
to this paper, I believe that it would have
been important to raise the issue of nano-
technology and regenerative medicine since
they pose new challenges for BML. It is not
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my intent to consider these issues in depth in
this brief commentary. Rather, I will point
out some considerations and let the reader
become more informed and interested about
these topics, particularly with reference to
their complementarity with the paper au-
thors’ design of educational programs.

11.1 Nanomedicine and Regener-
ative Medicine Represent New
Trends beyond Genomic Medicine

Although the paper only mentions nano-
technology on one occasion in section 2, na-
nomedicine and regenerative medicine are
recognized to be among the most promising
trends in medicine for the future. Nano-
medicine is defined as the use of nanoscale
tools and components for the diagnosis, pre-
vention and treatment of diseases and for
understanding their pathophysiology (Euro-
pean Science Foundation, Nov. 2005). Re-
generative medicine seeks to develop func-
tional cell, tissue, and organ substitutes to
repair, replace or enhance biological func-
tion that has been lost due to congenital ab-
normalities, injury, disease, or aging (NIH
Definition, NIBIB, June 2004).

Interestingly, while genomic medicine is
based on the use of molecular information to
design new approaches to promote health,
and prevent, diagnose, cure and treat dis-
ease, nanomedicine and regenerative medi-
cine go beyond that point, in the sense that
they can entail an intervention on the bio-
logical structure of the human being. It is my
belief that these two fields pose new chal-
lenges for informatics beyond those ad-
dressed under the realm of genomic medi-
cine.

11.2 Impacts of these New Trends
that Can Be Envisioned in Every
Facet of Healthcare

Nowadays the number of clinical appli-
cations of nanotechnology is increasing
with research at the nanoscale providing im-
portant information prior to clinical appli-
cation. Just as mentioned above, we are
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likely to see nanomedicine impacting on

areas such as biomedical research, preven-

tion, diagnosis and therapy [68].

e Prevention and diagnosis — All the new
advances in nanotechnology are en-
couraging the scientific community, es-
pecially in biomedicine, to use the ‘na-
noscope’ that will allow them to see a
new scale of genomic, phenotypic and
environmental data to integrate with the
information already available. As an
example, the next generation of DNA
sequencers makes use of beads and
other nanotechnologies. Nanosensors
and nanodevices will permit to assess
the different positive and negative envi-
ronmental factors that affect an individ-
ual’s risk to suffer from a disease. New
in vitro diagnostic tests and miniatur-
ized imaging systems will provide more
sensitive detection methods.

e Therapy — New nanostructures will be
used as drugs. Novel methods of drug de-
livery systems consisting of anti-cancer
products bound to nanoparticles such as
buckyballs, nanocapsules and den-
drimers are already a reality. Imaging
techniques will be used to monitor drug
release or for patient’s follow-up. Stem
cells may provide tissue for transplants in
the context of degenerative diseases. Fi-
nally regenerative medicine will allow
the manufacture of new artificial tissues
or organs, or the use of nanotubes and
nanofibers to build scaffolds where cells
from different organs can grow.

Nevertheless, some of the recently devel-
oped nanoparticles may have negative side
effects. For instance, an article in Nature
Nanotechnology has recently reported that
some forms of carbon nanotubes could be as
harmful if inhaled in sufficient quantities
[69]. This fact justifies the need of careful
data handling in clinical trials in this area.

11.3 Nanoinformatics Could
Represent a New Subdiscipline
within Biomedical Informatics

Nanotechnology requires the contribution
of informatics to process all the knowledge

that is being generated at the nano level and
to integrate it with the biomedical (pheno-
typic, genotypic and environmental) data.
Nanomedicine gathers and deals with large
volumes of complex data, linked with ex-
ternal sources and usually distributed in
heterogeneous locations.

Nanoinformatics involves the research
and development of effective tools/technol-
ogies for collecting, standardizing, sharing,
analyzing and visualizing the vast amounts
of data and information relevant to the
nanoscale science in several areas such as
literature, physico-chemical properties, bio-
logical and toxicological interactions and
clinical effects [70].

Several requirements for BMI come from
the need of improved tools for designing,
modeling, and visualizing the new nano-
materials and scaffolds for tissue engineer-
ing. Also, new databases will have to be
designed to store physical, chemical and bio-
logical properties of nanotechnology devel-
opments. Semantic interoperability will
have to be granted not only between nano
resources, but also between them and the
existing medical terminology and coding
systems. Biomedical informatics can sup-
port regenerative medicine through the ap-
plication of tools and information systems to
characterize the molecules involved in dif-
ferentiation mechanisms, including growth
factors, hormones, cytokines or integrins.

ACTION-Grid is a new research project
funded by the FEuropean Commission
(2008-2009) on healthcare information sys-
tems based on grid capabilities and nano/
bio/medical informatics. This project, co-
ordinated by Prof. Maojo from the Univer-
sidad Politécnica de Madrid and our own
group has as its main objectives to analyze
synergies between biomedical informatics
and nanoinformatics and to combine these
results with data from an inventory of grid/
nano/bio/medical methods and services de-
veloped by the consortium [71].

114 In Conclusion

Nanomedicine and regenerative medicine
open new avenues for research in biomedi-
cal informatics methods and tools. Just as
the advances in “-omics” research brought



about the connection of medical informatics
with the molecular domain, is BMI ready
now for addressing the nano world and ex-
panding its scope down to the atomic level
as shown in Figure 2?

None of my views expressed in this com-
mentary should be interpreted as a critic to the
paper by Kuhn et al. On the contrary, an edu-
cational program such as the one described in
the paper by our colleagues from Munich, that
is based on interdisciplinarity and with a clear
translational vocation, is placed in the best
position to face the new challenges related to
information processing in medicine, whether
they come from the side of nanotechnology or
from any other new development that may
arise in the future.

In this regard, a new generation of scien-
tists knowledgeable about nanotechnology
will be essential to manage this new infor-
mation and efficiently integrate it with bio-
medical data from the atomic to the popu-
lational level to translate all these findings
into better healthcare.

12. The Need to Create
the Frame for Interdisciplinary

Collaboration (by George
Mihalas)

Biomedical informatics is today a field
with one of the highest rates of devel-
opment. New techniques or devices, new
approach or methods, new applications or
solutions are reported every day [1]. Such
an avalanche of news needs a systematic
work for classifying and stratifying all ac-
cumulated data and knowledge. The most
natural approach in classification would
start from the structural level of the studied
system [72]. And this approach has been
adopted also by Kuhn and his collaborators
[1] who emphasized this view even in the
title: “From Molecules to Population”.
Their excellent paper is fully comprehen-
sive by counting all topics of research,
brings some refinement in description and
updates the actual trends. It is worth to
make here some short comments concern-
ing the research challenges on each level.
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12.1 Bio-silico Interfacing

[ would start my comments by noting the
original approach in the second chapter
“The Overall Picture: Where Do We Stand
and Where Do We Go”, with a detailed list
of technical trends in computer science and
adjacent domains which will bring a signifi-
cant impact biomedical informatics. We can
add here the interdisciplinary research (bio-
physics and computer science) on the direct
information transfer between biological
system and computers [73]. The potential
applications are tremendous and still seem
close to “science-fiction”.

12.2 Neuroinformatics

During the nineties most prospective views
about medical informatics research used to
consider bioinformatics and neuroin-
formatics as most promising [74]. The
previsions on bioinformatics turned out to
be true. However, the chapters on neuroin-
formatics are now rarely present. The reason
might be that the impact of neuroin-
formatics research would rather be on cog-
nitive sciences than on medical sciences.
And the same might be true about “affective
computing” [75]. However, applications in
neurosciences and psychology, with their
“medical” shadows — neurology and psy-
chiatry — , show that the connections to bio-

Information and medicine: from atom to population

medical informatics are strong enough and
the integrative view, which has been re-
peatedly mentioned by the authors, would
become even more consistent by including
these items too.

12.3 Simulations in System
Biology and Virtual
Physiological Human

Another welcomed feature in the article is
the specific reference and the detailed
presentation of “Informatics for Biomedi-
cal Engineering”, a topic often left on a
second place or treated superficially. The
research challenges cover, indeed, several
directions, requiring various tools. And
when we talk about new informatics tools
in cell biology we must mention the work
of Masaru Tomita and his co-workers [76]
on the “virtual cell” — a package for com-
puter simulation of cellular processes,
dedicated software developed for this pur-
pose [77]. We can expect that specialized
software or even new theoretical models
will be developed for each level. On the
next structural level we have to mention
the Physiome Project, initiated by Peter
Hunter [78], followed by the Euro-
physiome Project, and continued by the
Virtual Physiological Human Project of the
European Commission [79].
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124 Integration and the Role
of Professional Organizations

Various aspects of integration have been
discussed in the paper and there are also sev-
eral other studies dedicated to integration
(refs. 9, 10, 12, 17, 37, 39 of [1]). The em-
phasis on integration is understandable: the
properties of a level are different from a
simple sum of the properties of lower com-
ponent levels! Some recent events organ-
ized by the European Federation for Medi-
cal Informatics EFMI had topics dedicated
to integration of biomedical information
(80, 81].

Actually the integrative view supposes a
quite complex approach and here it is the ori-
gin of the need to create the frame for inter-
disciplinary collaboration and provide an
education which crosses the boundaries — as
so well is presented in the paper in chapter 4.
[ fully share the view of the authors and do
consider that biomedical and health in-
formatics professional organizations, like
EFMI or IMIA (International Medical In-
formatics Association) should get involved
in creating the appropriate collaborative
frame and contribute to educational pro-
grams, following the good example of the
10x10 program of the American Medical In-
formatics Association AMIA (ref. 18 of [1]).

13. The Need for a Human
(linome Project
(by Yuval Shahar)

The “Molecules to Populations” paper by
Kuhn et al. is a highly commendable effort
at a through, in-depth analysis of the need
for multidisciplinary collaboration in the
21st century between informatics, as an area
of scientific endeavor, and several specific
subareas of medicine and biology, as other
such areas. | would like to comment on
some of its key strengths as well as on sev-
eral important key challenges to be faced
that should be added to its research chal-
lenges list.

First, regarding the key strengths and
main significance of the paper: [ had found
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both the descriptive insights provided from
this analysis, and the specific educational
structural recommendations implied by
these insights, to be quite invigorating, and
potentially highly beneficial. In particular,
the authors emphasize that only through
experts in one discipline who profoundly
understand the conceptual world of another
discipline can true multidisciplinary re-
search develop. This emphasis is very im-
portant, and is certainly evident to multidis-
ciplinary researchers, but unfortunately is
not as obvious to decision makers in edu-
cation as one would like it to be. One often
encounters the view that, for example, hav-
ing a well trained computer scientist or in-
formatician work with biologists or clini-
cians is sufficient for bringing about new
breakthroughs in bioinformatics or medical
informatics; similar views are often held in
the case of other disciplines. But, as the au-
thors point out, the various sub-cultures of
the disciplines studied by Kuhn et al. have
been highly resilient to change or to inte-
gration. Only by what the authors term
“boundary breaking agents”, i.e., personal
examples of multidisciplinary researchers
that the students meet during their training,
can true interdisciplinary understanding
and research exist.

A particularly good example out of the
several potential interdisciplinary collab-
orations suggested by the authors, is, in my
opinion, the need to strengthen the links
among bioengineering and medical infor-
matics. A specific example, not explicitly
discussed by the authors but probably on
their mind, is the possibility of developing a
“smart medical home”, which monitors its
residents, alerts them or specific care
centers when unusual patterns are detected
(e.g., an elderly person falls, or seems to
have a heart attack). Developing such a
smart home requires understanding of both
the multiple sophisticated (and possibly
quite new) sensors involved, as well as
development of intelligent computational
methods for analyzing the huge volumes of
data emerging from these sensors, and for
continuously integrating these data with
up-to-date clinical and epidemiological
knowledge.

Second, regarding several of the areas |
would like to see more strongly emphasized

as part of the key research challenges, at
least as a part of any interdisciplinary re-
search program that includes as one of its
components the area of medical infor-
matics: [ would like list three such chal-
lenges, although they are somewhat linked.

1) The first grand challenge for a multi-
disciplinary collaboration is the creation of
a universal, formal, computationally acces-
sible medical knowledge base. Much of the
collaboration among areas such as clinical
medicine, clinical research, public health,
and medical informatics, can and should be
distilled into a set of formal representations
of declarative and procedural knowledge
that would be stored in a universally acces-
sible (to humans and machines) knowledge
base. That is, insights regarding meaningful
[declarative] patterns of both individual
(clinical) or population (epidemiological)
data, and, most importantly, the best state-
of-the-art [procedural] methods, protocols,
guidelines, and care plans, to deal with such
patterns, can and should be organized,
specified, stored, and maintained within a
universally accessible digital library, using a
machine-comprehensible format (including
the use of a set of ontological and termino-
logical standards) that supports mainten-
ance, use, reuse, and sharing of the knowl-
edge.

I call such a continuously changing li-
brary of declarative and procedural clinical
knowledge “the Human Clinome Project”,
in homage to the Human Genome project —
or perhaps it should be termed the Human
Cli-Knowme project, since it would en-
compass all currently known declarative
and procedural human knowledge that can
be represented within and accessed by com-
putational means.

A particular section of the Human Cli-
nome project that I have in mind as a good
specific starting point is a worldwide ma-
chine-comprehensible digital library of pro-
cedural knowledge, namely, clinical guide-
lines and their somewhat more rigorous ver-
sion, clinical protocols. These guidelines
have been shown to be highly beneficial
with respect to both improving the quality of
care [82] and reducing its cost; it is also
clear that to be effective, the guidelines must
be integrated within the clinician’s work-
flow [83]. Free-text and even somewhat



structured guideline libraries exist and are
accessible through the World-Wide Web.
However, to be truly effective, guidelines
must be continuously updated and univer-
sally accessible in a machine-comprehen-
sible way, so that they can be automatically
applied to the relevant patient (or patient
population). One such attempt at a digital
guideline architecture is the DeGeL project
[84], which includes a comprehensive
methodology for specification, mainte-
nance, search, retrieval, and application of
clinical guidelines, using a hybrid method-
ology that support several intermediate
formats on the way from a free-text-based
representation to a completely formal, exe-
cutable format. The collaborative methodol-
ogy for guideline specification was recently
evaluated in a multinational collaboration
and found to be feasible [85]. Of course,
many sub-parts of such an architecture
require further research and enhancement;
multiple researchers throughout the medi-
cal informatics community are working on
various aspects of this challenging problem,
such as how to expressively represent the
guidelines, or how to automatically verify
and validate the knowledge expressed with-
in them.

Such a grand challenge would bring to-
gether many of the disciplines mentioned by
the authors of Kuhn et al.’s paper, and en-
force true collaboration to be successful.

2) Much of the declarative biomedical
knowledge necessary for better manage-
ment of patients, in particular, chronic pa-
tients (the care of which is responsible for
about 80% of the health care costs in devel-
oped countries), such as might be part of the
Human Clinome project, should be acquired
from analysis of massive amounts of data of
patients monitored longitudinally for sig-
nificant amounts of time (i.e., often, many
years), to mine meaningful patterns from
the data, using pre-existing clinical knowl-
edge. In other words, we need to continu-
ously perform massive, distributed, intelli-
gent temporal data mining. Indeed, it has
been recently suggested, although without
much emphasis on the temporal aspect, that
“clinarrays” (influenced by microarrays)
might be constructed from analyzing large
amounts of population-based laboratory
data, possibly correlating it with biological

data, so as to suggest new ways for disease
subtyping [86]. However, adding the tem-
poral dimension as well as the effect of
using existing medical ontologies and
knowledge bases to better interpret the data
would shift the emphasis towards a massive,
large scale, continuous clinical trial that
uses and reuses the world's increasingly
voluminous electronic medical record data
base. Needless to say, ontological and ter-
minological standards are an absolute pre-
requisite in the case of accessing clinical
data as they are in the case of accessing
medical knowledge.

Such an analysis would better identify
meaningful [temporal] patterns and associ-
ations within and among features of dis-
eases such as diabetes, hypertension, cer-
ebral stroke, AIDS, etc. The goal would be
to discover the “natural” course of such
diseases, to identify meaningful temporal
clusters and patient types, to detect patterns
predictive of certain intermediate and final
outcomes, to improve best practice guide-
lines (i.e., affect also the procedural aspect
of the Human Clinome library), and to en-
hance our epidemiological knowledge and
preventive care understanding.

Such a challenge requires and fosters
close collaboration among clinicians, epi-
demiologists, informaticians, mathema-
ticians, computer scientists, biomedical en-
gineers (consider the effect of a “smart
medical home” technology on the source of
data available for such a project), biologists,
and other disciplines.

3) One aspect I would like to see better
represented in the context of both individual
and public health care (and it could be even-
tually part of the universal procedural
knowledge base) is an emphasis on medical
decision support that considers individual,
customizable, patient preferences as an in-
herent part of each decision that might in-
clude an option for deliberative thinking.

Examples include genetic consultation
(e.g., the value of early knowledge of poten-
tial serious disabilities of the baby, versus
the risk of spontaneous abortion of a healthy
baby), therapy of hypercholesterolemia,
hypertension, and depression, oncological
care (e.g., weighing the benefits and costs of
surgery, chemotherapy, and irradiation), and
many other situations that are not life-
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threatening in an immediate fashion, enable
a certain amount of deliberation on the side
of the patient and care provider, and might
be potentially affected by patient prefer-
ences. Such an endeavor is not only useful;
itis ethically imperative, even if some of the
patients might elect to not use it, delegating
the responsibility of deciding on the best
course of action to their care provider [87].

Again, effective solution of such a chal-
lenging problem requires and fosters the
collaboration and deep mutual understand-
ing of care providers, decision analysts,
game theorists, behavioral scientists, econo-
mists, computational scientists, and other
medical, engineering, and computational
disciplines. Typical challenging research
tasks include finding and developing in-
creasingly effective ways to elicit patient
preferences [88], and efficiently integrating
such preferences within the overall clinical
and public health care workflow [89].

In summary, [ welcome the discussion
started by Kuhn et al. and its stimulating
educational implications, while suggesting
a particular set of challenges that we might
focus on, especially in the area of enhancing
our understanding of individual and popu-
lation-based patient care.

14. Collaboration of Specialists
s more Practical than to Find
a Genius (by Katsuhiko
Takabayashi)

Current medical and health care domains
can be divided into several fields from mo-
lecular medicine to public health and in each
field informatics plays a significant role.
Kuhn et al. described precisely each rela-
tionship and explained the importance of in-
terdisciplinary collaboration and education
intheir review. Kuhn realized the substantial
change from hospital information systems
to electric health records (EHRs) in the early
days with distinguished ability [90]. Here he
classified informatics into four areas for
corresponding medicine and health care;
bioinformatics and systems biology, in-
formatics for biomedical engineering,
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health informatics and eHealth, and public
health informatics in order from the point of
micro to the mass world. In fact it is in-
credible to do without informatics in all
fields nowadays and he also provided their
perspectives respectively.

As for bioinformatics and systems biol-
ogy, there are large amounts of data in omic
(genomics, transcriptomics, proteomics and
phenomics) world [91, 92]. Because genomic
and proteomic data will explode to astro-
nomical numbers of information in the very
near future, researchers cannot work without
informatics to handle these data and to know
their relations. Since even SNPs which just
express point mutations exist in one million
per person, or there are 22,000 genes and
more than 100,000 proteomes, it is quite easy
to imagine numerous combinations existing
between them to be explored. Thus sophis-
ticated and useful information technology
and powerful software will contribute to a
great progress in molecular medicine. Es-
pecially data mining techniques [93] will be
very useful tools for translational research to
connect omic data and clinical phenomenon
or contribution to diagnosis and selection of
treatment with omics data. Therefore we
must provide suitable environments to use
them [94]. As it will bring reasonable profits
in this field, many industries will emerge to
deal with them as venture companies as in
Silicon valley.

Healthcare information is also a field
for blue chip industries, because eHealth
provides a large portion of healthcare ex-
penditure [95] in this decade as Kuhn men-
tioned. Electronic medical records
(EMRs) will certainly advance in the near
future, and EHRs hold many dreams as in-
tegration of not only EMR but also with
many other health areas or even other in-
formation not related to health. Some gov-
ernments consider an electronic post
office box or an ATM card system for the
integration of pensions, EMR of several
hospitals, health checkup data, health in-
surance and so on. This personal health
records (PHR) concept [96] is also open to
industries as well, and all data of one indi-
vidual about not only PHR but also various
information would be stored. Of course
data of PHR must be strictly limited to per-
sonal use because it includes confidential
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information. However, when some com-
mon parts can be utilized as EHR in broad
terms, it will be reutilized in many other
ways apart from personal use. To achieve
it, preparing the rules and guidelines such
as access control [97] and protection sys-
tems of privacy as well as many sophis-
ticated systems in compliance with regula-
tory requirements are crucial. Additionally
even after de-identification, proprietary of
the data to use is not clearly defined in law,
though it is very important in the near fu-
ture for transverse study. If someone would
not accept one’s data to be used for such a
study, it will make some bias in results.
Therefore all data should be enrolled for
special studies, which is controversial in
regard to individual rights.

As Kuhn emphasized, digital data have
become a core element of research, knowl-
edge generation and knowledge manage-
ment. EMRs and EHRs are ultimate targets
for automated research like text mining
[98]. We would find drug interactions or
potential effects and side effects quite
easily from medical records with them.
Sometimes we need the tools to transform
original data into other expressions in
order to use them more easily. For
example, time-oriented clinical data such
as laboratory findings or prescriptions will
be perhaps transformed into other ex-
pressions for easy manipulation and accu-
rate enhancement of clinical assessment
such as temporal abstraction [99]. There
are only few practical tools at the moment
but we will obtain universal tools after trial
and error in the future. Moreover, for these
trials, we also need long data storage
beyond facilities. With them we can com-
plete one’s whole life data for PHR and
also to compare with or integrate with
omic (genome or proteome) data, which
will be a very strong method for trans-
lational studies. In these days retrospective
studies are not well estimated in medical
journals. However when we expect the ef-
fects or outcome of some treatment over
the long term such as ten years or more, we
have to wait for the results many years, and
expected results would not be obtained be-
cause of changes of treatment or other cir-
cumstances in that period. From this point
of view, the retrospective study is very im-

portant and efficient when informatics can
provide enough huge data to be analyzed.

Public health informatics seems to have
more weight than any informatics in other
fields of medicine or health care, because
the results of analysis of information in this
field directly affects critical politics such as
global warming, biofuels, or global food
shortage, which relates to the fate of hu-
manity. Since public health informatics
should include all information comprehen-
sively with absolute accuracy, it is expensive
to create and maintain vital information.
Even though, we cannot completely entrust
industries with these works, because the
results might be crucial in deciding our
destiny.

Finally, in all informatics fields, data
value increases when integrated under the
guarantee of their credibility in quality and
they are now showing their whole appear-
ance as the name of truth in front of us by in-
tegrating. However they might be so huge
like an ocean or a big forest. Unless we have
strong tools to discover their relations and
offer them before us, we cannot say that we
can really see them, though it might be a
vicious cycle between the data and data
mining tools.

Kuhn mentioned how vital it is for gen-
erations of scientists who can combine
knowledge and skills from both medicine
and informatics and emphasized the im-
portance of the interdisciplinary edu-
cation in early phases as well as interdis-
ciplinary collaboration. He started to
strengthen the collaboration and struc-
tured interdisciplinary education in en-
compassing medicine, informatics, bioin-
formatics, biology and system biology,
engineering, health informatics and pub-
lic health in Munich. In eastern Asian
countries like Japan, different environ-
ments from those of the European coun-
tries, most researches in clinical medicine
have been proceeding in the departments
of medical informatics at national univer-
sity hospitals. They consist of medical
doctors and specialists of informatics or
computer sciences and there were few de-
partments for bioinformatics in other fac-
ulties. This might mean that they are still
in the course of western countries in the
old days where bioinformatics was not in-



dependent of medical school, or it might
be as a result of different historical per-
spectives. At any rate they can work
together without any restraint in the hos-
pital at the moment. Some engineering
students work together with medical doc-
tors in our department at the hospital. In
other fields of medicine such as molecu-
lar medicine, however, specialists for
informatics come from school of engi-
neering or physics. In summary, in east-
ern Asia, there is no strict boundary
between specialties originated from
Meister system and they seem to have less
difficulty to collaborate in clinical medi-
cine. Nevertheless it is not ideal because
this is not intended systematized interdis-
ciplinary collaboration.

Even in medicine or in informatics,
there are no specialists in all fields, and
therefore we need teamwork collaboration
between medical doctors and specialists
for the informatics field and others in vari-
ous fields if necessary. There are a few
people who are familiar with both fields
because of graduation from both medical
school and faculty of engineering or
physics. However they are rare cases and
even if one knows well in both fields, he
cannot surpass two specialists who collab-
orate well unless he is a real genius. There
is a proverb in Japan that god gives us only
one talent. According to this proverb and
taking into account of the very small
numbers of geniuses in the world, good and
successful collaboration of specialists of
different disciplines will be more practical
than to find a genius. One of the purposes
of multidisciplinary education is under-
standing one’s colleagues’ work as well as
knowing the position of one’s specialty
comprehensively in the beginning of one’s
education. It is also important to learn
about laws and ethics in the fields as gen-
eral matters in this education. Thus I be-
lieve most importantly that a key to success
to collaborate in information and medicine
is mutual respectability and generosity to
their colleagues in different discipline.
This spirit will be cultivated in early inter-
disciplinary education that Kuhn pro-
posed.

15. Strategic Thinking ls
Needed, Cost when the
Research Results Are Trans-
ferred to Pradice Is an lIssue
to Be Addressed

(by Gio Wiederhold)

The article by Kuhn et al. [1] is impressive
in its comprehensiveness. It also is frighten-
ing. The number of problems that require re-
search, the multi-disciplinary cooperations
needed to be successful in the interaction of
informatics and medicine, the difficulties of
demonstrating effectiveness, and the bar-
riers to beneficial implementations are
shown to be massive. While there may in-
deed be an urgent need to transfer research
results to practice, strategic thinking is
needed as well, as has been shown in
simpler settings [100]. Cost is one issue to
be addressed. We expected in the past ratios
of research projects efforts to practical im-
plementation to integration into practice of
1:7:25[101], and little has been changed to
improve this ratio. Medical informatics will
have to depend on progress in software en-
gineering to create usable software. We ex-
pect that new initiatives cited, as service-
oriented architectures, will improve soft-
ware development, but an early reliance on a
technology that is not yet mature is current-
ly frustrating efforts at the US Veterans
Health Administration systems to update
their medical record system (VistA) [102].
It is purely a coincidence, but also an illus-
tration, that other Vistas are encountering
development and acceptance problems as
well [103]. Medical informatics cannot sup-
plant computer software engineering
(SWE) efforts but must take care in under-
standing when and what to exploit as part of
biomedical engineering (BME).

The total cost of software-based sol-
utions in any setting has to be budgeted
properly. Computer science education
serves us poorly there. Software mainten-
ance costs run at about 15% of prior soft-
ware investment costs and are due primarily
to keep the software up-to-date as the exter-
nal world changes around us [104]. These
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maintenance costs over time exceed initial
development costs, and after some further
time, exceed the benefits that software pro-
vides. This fact is the major reason for clos-
ing down apparently successful medical in-
formatics projects, often surprising and
frustrating the participants. Unfortunately,
we do not teach our SWE students how to
plan for these costs, nor do we teach them
how to assess the potential economic bene-
fits of the software [105].

Replicating successful local systems has
been difficult in the past and remains hard.
Early systems were tied to obsolescing tech-
nology, but more recent systems, as seen at
Vanderbilt and the Palo Alto Medical Foun-
dation have not spawned successors either
[106]. There is more involved than technol-
ogy, leadership is certainly one issue.

The hard issues of economics are cited in
the beginning and the end of the paper, but
do not pervade the discussions. The growth
of IT spending at 12% year is taken as indi-
cation of importance, but is also a rate which
is unsustainable in relation to national
expenses in any country, especially as the
support base of working taxable individuals
decreases [1, Sec. 2 and Sec. 3.4.1]. At the
same time the industrial tax base is di-
minishing, as companies find ways to move
their intellectual property and the profits de-
rived from that IP to tax havens with no or
small health care costs [107]. Given the high
cost of implementation, it is important to
focus on large and costly populations where
actual cost reductions are possible, an issue
not always covered by cost-effectiveness
arguments. Some disease-based categories
are well recognized now, as diabetes. How-
ever most diabetics present multiple prob-
lems, are seen in diverse settings, and their
records at each site tend to be incomplete.
For information integration there is a bene-
fit in that members of that patient group
tend to travel less, so that local and regional
integration can proceed before national and
global record integration is achieved, and
economic benefits can be realized as well as
improved care [108]. The same pattern
holds for many of the elderly population,
who require a substantial fraction of our
health care services. Cost-effectiveness is
stressed in the paper, but transfer to practice
requires a cost-benefit as well. That benefits
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are hard to demonstrate is recognized in the
paper, but must be sought.

Moving to the opposite direction, per-
sonalized diagnoses and therapies, is an ex-
tremely attractive goal. But given financial
constraints, systems to bring research re-
sults will require very careful strategies.
How does one conduct clinical trials to de-
termine efficacy of personalized care proto-
cols? Presenting findings to clinicians will
require innovation. Phrasing findings in
terms of statistical evidence based on simi-
lar populations, as done now for medical
versus surgical treatment choices conveys
little insight or trust. Can the findings be
conveyed using a “mechanistic” metabolic
model, showing affected pathways [1, Sect.
3.1.3]? How can we present patient-specific
information from probes [1, Sect. 3.2.1]?
And how should patients be informed of
conditions for which no known intervention
exists? In general unfettered access to the
patients’ own medical information has been
shown to be beneficial, but customization
has been recommended as well [109]. Any
approach supporting personalized treatment
decisions requires novel software, incor-
porating experience from many disciplines.
Such software will require regular updating,
since our knowledge is bound to change for
many years to come. How will software be
maintained when personalized experience
differs? Who will maintain the software at a
reasonable cost?

Cooperative approaches are recom-
mended in Section 3. Bureaucrats indeed
feel safer when topics and funding can be
constrained to recognized disciplines. Only
if scientists and the public experience
benefits will existing regulations and legal
frameworks that limit interdisciplinary
work be removed [1, Sec. 3.3.2]. Practical
and beneficial examples will be important.
Figure 2 only links abstract concepts; les-
sons learned from actual projects are needed
as well. The gap between the “bench” and
“bedside’ communities is recognized. So-
cial expectations limit collaboration as well.
There is a serious, but largely unrecognized
gap between the mathematically-based
disciplines, where proofs, once validated,
should stand forever, and the biological dis-
ciplines, where experiments have to be re-
peated to cover ever more of the variations
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that the living world presents. Scientists
have at times disparaged scientific ap-
proaches used by others as being either
naive or imprecise. Engendering sympathy
to the problems that both communities face
in their research is a prerequisite to achieve
cooperation at the individual level, creating
a model that can then move up the organi-
zational ladders. My personal sense is that
directives imposed from above, mandating
cooperation, do not create effective long-
term collaborations.

One barrier, recognized in the paper, to
transition of research to practice are pri-
vacy concerns [110]. Expecting guaranteed
methods for securing privacy is too much to
ask for[1, Sec. 3.3.1]. Approaches as k-ano-
nymity, while already problematic, assume
that there is no external information that can
be exploited by an intruder. Lack of trust
and the resulting rules will continue to
hinder beneficial applications of health care
information systems [Ness]. Involuntary
adoption of EHR, as implied here, will
cause politicians and the administrating
bureaucrats to mandate approaches to pri-
vacy protection that are based on worst case
scenarios, and give little choice to the pa-
tients. Questions posed in motivating sur-
veys often reveal a bias by the questioner.
How questions are phrased makes a great
deal of difference, i.e. asking “Are you con-
cerned about others accessing your private
medical records?” will elicit a different re-
sponse than “Are you willing to share infor-
mation from your medical records so that
others with similar problems can benefit?”.
Some indication about patients’ attitudes
about privacy will be gleaned from the ac-
ceptance of web-based voluntary personal
medical data systems, as Dossia, Google
Health, and MS Healthvault. While all of
these promise privacy, individual with deep
concerns are sure not to participate. The im-
mediate reason not to join is of course that
with few participating health care providers
the benefits of entering data and links are
minimal.

In conclusion, even Norbert Wiener,
cited in [1, Sect. 2], will probably agree that
we don’t have the capability to move most of
our research results into practice, and not
only because of economic constraints. Our
genetic and environmental history, even if it

could be fully captured, does not fully deter-
mine who we are. For instance, what our
brains do with all the inputs is yet quite un-
known, and randomness remains [111]. Re-
search is required to open up possibilities.
On the horizon are systems that help the
clinicians and the patients to interact effec-
tively, to which research into the issues
listed in this paper will contribute.
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Summary

Objective: To discuss the elements of interdisciplinary
research and fo analyze its contribution to (bio)medical
informatics.

Method: Commenting on ‘Informatics and Medicine —
From Molecules to Populations’ from K. A. Kuhn et al.
in this issue of Methods of Information in Medicine.
Referring to examples of successfully established infer-
disciplinary research.

Results and Conclusions: Medical informatics is an in-
terdisciplinary field avant fa fefire. Experience with suc-
cessful interdisciplinary research already exists for many
decades: Interdisciplinary research is not a category of
research but a consequence of addressing a complex
problem in society, involving the collaboration between
and methods drawn from multiple disciplines. Because
research is people, personal inferactions are critical for
interdisciplinary research. Collaboration takes extra
time to develop, to build consensus and to understand
new methodologies, languages, and each other’s cul-
ture. Inferdisciplinary research requires leaders with
vision and expressive skills. Effective scientific and in-
stitutional leadership is critical to the success of infer-
disciplinary groups. Interdisciplinarity begins in the
classroom. Interdisciplinary research cannot be effective
without interdisciplinary education. Researchers and
teachers should immerse themselves in the culture of
other disciplines, learning to explain their work in terms
understood by people outside their own discipline.
Teams that perform interdisciplinary research should
promote collaboration, meet regularly, and recognize
that it requires a commitment foward good communi-
cation and clear goals. Although much progress is
achieved by inferdisciplinary research, basic mono-
disciplinary research is still required to advance the
frontiers of scientific knowledge, such as in physics or
biology.
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On several occasions researchers in
(bio)medical informatics have presented
their visions on the expected contributions
of informatics to health care. Klaus Kuhn
and his colleagues from two universities in
Munich have added their views to the al-
ready existing body of opinions on this
subject [1]. Probably, one of the very first
workshops on the challenges in Medical
Informatics took place during an early
SCAMC congress in Baltimore, in 1984 [2,
3]. Since then, several meetings were held
and articles published on the subject of the
future direction of (bio)medical infor-
matics, health informatics, nursing in-
formatics and the like (e.g. [4]).

1. The Core Message
of the Article

Kuhn et al. [1] observe substantial changes
in health care. The main changes they see
are the impact of molecular biology, con-
tributions by engineering, design of new
drugs, minimally invasive surgery, and so-
ciocultural changes in the structure of health
care provision. They notice a central role for
informatics in all such domains, consider-
ing it to be the key element and the most im-
portant driving force for all developments.
They conclude that there is a need to educate
anew generation of experts who can work in
a multidisciplinary team. Their common
goal was to establish in 2008 a research-
oriented Graduate School in Munich, sup-
ported by the two universities they repre-
sent.

Some elements for the future research
that they envisage are the following: New
systems for man-machine interaction along
the lines predicted by Wiener in the 1950s; a
systematic exploration of large databases of
patient-related data; embedded systems for

the acquisition of data from sensor net-
works; useful knowledge to be derived from
large data sets; the realization of autono-
mous and self-healing software systems;
seamless access to software and data by ad-
vances in middleware technology; intelli-
gent medical assist devices, while keeping
humans in the loop; knowledge-driven dis-
covery and interpretation of complex bio-
medical data. In short, they foresee a com-
plete information logistics chain, from
single molecules to the entire human popu-
lation.

To meet such challenges, multidisci-
plinary collaboration is a must. Four appli-
cation domains are indicated by the authors:
1) bioinformatics and systems biology;
2) informatics and biomedical engineering;
3) health informatics and eHealth; and
4) public health informatics and public
health. The article of Kuhn et al. [1] then
enlarges on these four areas and makes
suggestions for future research, such as the
understanding of molecular mechanisms to
get insight in the development of diseases;
the translation of newly obtained knowledge
for personalized health care; the construc-
tion of new sensors for data acquisition; the
application of knowledge on genetic varia-
tion in the population; and the assessment of
health care interventions. In pursuing this
multidisciplinary research they hope to con-
tribute to an evidence-based and efficient
health system.

2. Commentary

First of all, I applaud the initiative of the col-
leagues in Munich to found this multidis-
ciplinary Graduate School, for which appar-
ently the agenda has been set in the docu-
ment contained in their article. Their initi-
ative is very far-reaching indeed, and covers



virtually all the challenging developments
we see in biomedicine, from biomolecular
research up to the social aspects of health
care. In a way, this plan is paralleled by
many similar initiatives around the world. In
my commentary I will make a few support-
ing and also some mildly critical remarks.

2.1 Graduate Schools

The idea of Graduate Schools is very timely
and has proven to be highly beneficial for
the advancement of science. Many re-
searchers have noted that the future progress
in science will come from research at the
crossroads of different disciplines. Since the
beginning of the 1990s, in the Netherlands
we have also seen the establishment of many
such schools. These schools are in principle
multi-departmental research institutions.
Many of them have an interdisciplinary
character. The task of the schools is 1) the
advancement of disciplinary or multidis-
ciplinary research, and 2) education and
training of young researchers at the MSc
and PhD level. One of the schools in the bio-
medical domain, operational since the early
1990s, is the Netherlands Institute for
Health Sciences (NIHES) at Erasmus Medi-
cal Center Rotterdam, where researchers in
epidemiology, medical informatics, and
public health research collaborate around
major and challenging research projects and
where both MSc and PhD students are
trained [5]. NIHES has around 200 PhD stu-
dents. It is hoped that the Munich initiative
will be equally successful. It is our experi-
ence that both high-quality leadership and
the ability to attract talented PhD students
are key factors for success. I have no doubt
that the colleagues in Munich are well aware
of these factors.

2.2 Interdisciplinarity

As said, taking a multidisciplinary approach
towards the solution of major scientific
problems is often the right way to go. It
should be mentioned at the same time, that
fundamental monodisciplinary research is
still of utmost importance, such as the re-
search in the Large Hadron Collider in

Geneva or the ITER project in Grenoble.
Nevertheless, for large problems in society,
such as the changing climate, the energy cri-
sis, or the provision of advanced health care,
a multidisciplinary approach is the proper
direction to take.

A few years ago | was a member of a
Committee on Interdisciplinary Research
(IDR) of the National Academy of Sciences,
the Institute of Medicine, and the National
Academy of Engineering in the United
States. The Committee consisted of re-
searchers from a wide range of different
disciplines, from the natural sciences to the
social sciences and from engineering to
philosophy and ethics. [ was privileged to
give input from medical informatics and
also to provide a bridge to similar devel-
opments in Europe. For the results of this
IDR Committee see [6], which also includes
many references to interdisciplinary re-
search. One of the results of the work of the
Committee was a definition for this new
type of research, which was phrased as
follows:

‘Interdisciplinary research in science
and engineering is a mode of research by
teams or individuals that uses information,
techniques, tools, perspectives, and/or the-
ories from two or more established disci-
plines to solve problems whose solutions are
beyond the scope of a single scientific disci-
pline or area of scientific practice.’

2.3 Early Initiative

When diving into the history of interdisci-
plinary research it is interesting to see that a
very early initiative in this sense was taken
in the 1930s by Gilles Holst at Philips
Physics Research Laboratory near Eind-
hoven, the Netherlands. Hendrik Casimir,
the famous Dutch physicist, who was for
many years the Research Director of the
Physics Research Lab, documented this
pioneering initiative in a publication, in
which he summarized Holst’s principles in
the form of “Ten Commandments’ [7]:

1) Engage competent scientists, if possible
young, yet with academic research ex-
perience.

2) Do not pay too much attention to the de-
tails of their previous experience.
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3) Give them a good deal of freedom and
give a good deal of leeway to their par-
ticular idiosyncrasies.

4) Let them publish and take part in inter-
national scientific activities.

5) Steer a middle course between individu-
alism and strict regimentation; base
authority on real competence; in case of
doubt prefer anarchy.

6) Do not divide a laboratory according to
different disciplines but create multidis-
ciplinary teams.

7) Give the research laboratories indepen-
dence in choice of subjects but see to it
that leaders and staff are thoroughly
aware of their responsibility for the fu-
ture of the company.

8) Do not try to run the research labora-
tories on a detailed budget system and
never allow product divisions budgetary
control over research projects.

9) Encourage transfer of competent senior
people from the research laboratories to
the development laboratories of product
divisions.

10) In choosing research projects, be guided
not only by market possibilities, but also
by the state of development of academic
science.

The history of the Philips Company was
documented in 2001 in a book by Prof. Marc
de Vries from Delft University of Technol-
ogy [8]. From his book I cite the following
observation: ‘The fact that the Philips Re-
search Lab survived until today, in contrast
to the research labs of many of its competi-
tors, is most probably rooted in its multidis-
ciplinary character. The directors of this
company always understood the importance
of the collaboration between different disci-
plines. This was also reflected in the organ-
ization of the lab. The structure of the lab
has always been project-oriented. On its
new large research campus, which is now
being realized south of Eindhoven, many
disciplines will be present, including the so-
cial sciences, e.g., to conduct research for
the realization of the intelligent home.” This
conclusion is a very stimulating one for the
initiative phrased by the colleagues from
Munich.
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2.4 Recommendations

Coming back to the IDR Committee that I

mentioned, I want to cite some of its main

conclusions and recommendations, relevant
and supportive for the Munich initiative and

similar endeavors elsewhere [6]:

e Interdisciplinary research is not a cat-
egory of research but a consequence of
addressing a complex question, with
methods drawn from multiple disciplines.

e Research is people, and personal interac-
tions are critical to interdisciplinary re-
search. Collaboration takes extra time to
develop, to build consensus and under-
stand new methodologies, language, and
culture.

e Interdisciplinary  research  requires
leaders with vision and ‘expressive’
skills. Effective scientific and institu-
tional leadership are critical to the suc-
cess of interdisciplinary groups.

e Interdisciplinarity begins in the class-
room. Interdisciplinary research cannot
be effective without interdisciplinary
education.

e Researchers and teachers should im-
merse themselves in the culture of other
disciplines, learning to explain their
work in terms understood by people out-
side their own discipline.

e Teams that perform interdisciplinary re-
search should promote collaboration,
meet regularly, and recognize that it
requires a commitment toward good
communication and clear goals.

[ dare to say that medical informatics is an
interdisciplinary field avant la lettre. In our
own institute in Rotterdam, we have re-
search teams with very different back-
grounds: physicists and medical doctors,
engineers and informaticians, epidemiol-
ogists and biologists. For such teams, the
recommendations by Holst and the ones
from the US Committee on IDR are very
relevant.

After the paragraphs above, much in sup-
port of the Munich initiative, I also take the
opportunity to make some critical com-
ments. These remarks pertain to the largely
positivistic and technological approach that
is described in [1] and the minimal descrip-
tion of the grand challenges in modern
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health care. Last, I want to mention some of
the over-optimistic expectations of the past
that — regretfully — were not fulfilled. The
question then is, why was there a lack of suc-
cess? This is most important, because
people who do not know their history run
the risk of repeating the errors of the past.

2.5 Technology-driven Approach

The type of research that is described in [1]
to advance biomedicine is characterized by
the authors as ‘a complete logistics chain,
from single molecules to the entire human
population’. The way in which they want to
accomplish this ‘logistics chain’ is sum-
marized as exploration of large patient data-
bases; acquisition of data from sensors;
knowledge derivation from databases; self-
healing software systems; seamless access
to software and data; intelligent medical
devices; and knowledge-driven discovery.
This is, indeed, a long-term research agenda
for a large institute, mainly oriented towards
technology-driven research. And this is at
the same time one of the ‘mild’ criticisms
that I have about this proposal: the authors
give the impression that they do not base
their research agenda on needs in health care
or society, but to start from possible con-
tributions of technology.

Of course, all research in the natural and
biomedical sciences is a compromise be-
tween needs and possibilities; the needs are
the driving forces and the methods offered
by science are the vehicles to reach the
goals. | have the feeling that the balance in
[1] is too much tilted towards technological
possibilities, although even in this respect,
much basic research is still to be done. Hav-
ing said that, [ am still missing a few areas of
exciting ‘technology-driven’ research, such
as imaging and image interpretation, a
rapidly expanding field. Perhaps, this type
of research is meant to have been incor-
porated in one of the areas that are men-
tioned, but I consider imaging and 4-D
image processing, let alone image inter-
pretation, both at the level of organs and
cells, as a most important research field in
itself. More examples can be given, but
perhaps it is more appropriate to discuss
some health care challenges themselves.

2.6 Health Care Grand Challenges

The field of (bio)medical informatics is at
best an ancillary discipline, only existing for
the benefit of health care. It is not an inde-
pendent, ‘stand-alone’ domain, such as as-
tronomy, geology or biology. Because medi-
cine itself is a melting pot of many different
disciplines, also medical informatics bears
the same characteristics. As said, it is a
multidisciplinary domain avant la lettre.
For every different research challenge in
medicine and health care, multidisciplinary
research teams are composed to solve a
specific problem. For the computer inter-
pretation of medical images one needs dif-
ferent people than for the construction of
electronic health records. For the develop-
ment of modern hospital networks, giving
seamless access to patient data, again differ-
ent disciplines are required. For research on
systems for intensive patient care, the team
is again differently composed.

Thus, each research team is brought to-
gether in such a way that it can tackle the
specific problem to be solved. The problems
are most often not defined by the research
teams themselves, but presented by health
care in its widest sense. In this, typical dis-
eases of modern society play a key role,
such as cardiac and lung diseases, cancer,
and — in general — the multiple diseases of
the elderly, including stroke and Alz-
heimer’s disease. Many chronic diseases,
such as diabetes and hypertension, are
caused by our lifestyle. But we should also
not forget, that ‘old’ diseases, such as tuber-
culosis and many other infectious and viral
diseases, such as HIV, can also be the con-
sequence of human behavior, impure water
sanitation, unhealthy food, smoking, unsafe
personal behavior, global travel and some-
times also the mismanagement of anti-
biotics. Besides, there is a growing insight
in the genetic causes of diseases. To enlarge
the list of challenges a bit further, we see
that modern societies are confronted with
exponentially rising costs of health care and
even in rich countries one is sometimes con-
fronted with inequities in the distribution of
medical services for different social groups.
In addition, patients and consumer groups
are, because of the Internet, increasingly
involved in their own health care and want to



have insight in the effectiveness and the
quality of care. Lastly, in most countries,
health care provision is very much scattered
and improperly coordinated, even in coun-
tries with a prominent primary health care
system. Implicitly and explicitly the article
by Kuhn and colleagues addresses all these
external factors on health and our health
care system (the needs), but — as said — I
have the impression that the balance is
somewhat tilted towards potential tech-
nological possibilities instead of needs.
Finally, I would like to make a remark re-
garding lessons from the past. In the past,
there have been several overoptimistic ex-
pectations regarding the contributions from
medical technology to health care. I vividly
remember the predictions in the 1970s on
the impact of medical decision-support sys-
tems, expert systems etcetera on medical
care. Well — to put it in a friendly way — their
contributions were only very modest. The
same applies to the overoptimistic expec-
tations of the realization of electronic health
records. All of this appears to be far more
complex than ever expected, although the
technology is widely available. Another
example pertains to medical image process-
ing. Image boundary detection in often

noisy medical images appears to be ex-
tremely difficult. A last example is the pro-
cessing of free text in medical records. Not
only from the viewpoint of a natural lan-
guage processing is this most difficult, but
the nature and culture of medicine itself,
with its many traditions and continuously
changing knowledge, appears to be a hin-
drance to a generalized approach. This is not
the proper place to discuss the reasons for
these overstretched expectations, but it is
most important to take this experience into
account when setting the research agenda
for the future.

3. Conclusion

[ repeat that I am most impressed by the
Munich initiative and therefore I congratu-
late the colleagues with the founding of
their Graduate School. I have made some
positive and some mildly critical remarks.
Looking at their very comprehensive re-
search agenda, I would like to phrase a very
last remark in German: In der Beschrdn-
kung zeigt sich der Meister (In the restric-
tion the master appears).
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