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Preface

This report addresses the need for research
in medical informatics and makes specific
recommendations for a research program,
with suggested priorities, to NLM (National
Library of Medicine). There are four companion
reports from other consensus panels that
have made recommendations in additional
areas pertinent to the activities of NLM.
Although we present detailed recommenda-
tions in section five, the report first provides
information to motivate the specific recom-
mendations and explain their rationale. Section
one introduces the topic, defining medical
informatics and providing a general perspec-
tive on the fieldand its potential for benefitting
both the Nation’s health care and biomedical
research. In section two, current and past
NLM activities in medical informatics are
briefly reviewed. Then, in section three, a
futuristic scenario is presented, one that
presents a view of how medical informatics
might affect and benefit the health-care
setting in two decades or so. The emphasis
there is on emerging technologies and how
they are likely to be integrated into familiar
medical environments. The scenario is then
discussed in light of the existing research
challenges and barriers to progress.

Section four, the longest in this report, sum-
marizes several key areas of medical informatics
research, outlining the state of the art, exist-
ing challenges, and proposed strategies for
progress towards the distant goal outlined in
the scenario of section three. Then, in section
five, specific recommendations are presented.
These generally cut across several of the
research areas from section four. They are
motivated in terms of a 10-year horizon that
is judged to be on a proper trajectory if the
20-year goals are to be achieved. Finally, in
section six, the recommendations are sum-
marized and prioritized. Readers wishing a
brief overview of the report will find all key
recommendations summarized in that chapter.

This report is the result of a coordinated
effort by several consultants. Starting with
organized presentations as well as open dis-
cussions, Panel members soon began to write
materials that have come together in the
form of this final document. Thus, the report
is an effort by the full Panel, collated and
edited but consisting largely of materials
written by individual members. Outside con-
sultants also contributed substantially with
comments in response to earlier drafts.

It should be emphasized that the joint writ-
ing effort would have been impossible with-
out electronic communications facilities. All
Panelists had (or were given) accounts on var-
ious machines on a national network (the
ARPANET), and draft text was freely
exchanged and critiqued. Contributions were
in many cases submitted electronically to Dr,
Shortliffe and Mr, Rindfleisch at Stanford
University, where files were merged and
edited into a final document.

The Panelists and staff, all of whom con-
tributed substantively to the report, are listed
elsewhere in this report.
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1 Background and
Context

Health professionals need only pause briefly
to recognize that a large percentage of their
activities relate to information management—
for example, obtaining and recording infor-
mation about patients, consulting with col-
leagues, reading the scientific literature, plan-
ning diagnostic procedures, devising strategies
for patient care, interpreting results of labora-
tory and radiologic studies, or conducting
case-based and population-based research. It
is society’s overriding concern for patient
well-being, and the resulting need for optimal
decision making, that tends to set medicine
apart from many other information-intensive
fields. That concern gives a special signifi-
cance to the effective organization and
management of the huge bodies of data with
which health professionals must deal. It also
suggests the need for specialized approaches
and for skilled scientists who are know-
ledgeable about both medicine and
information technologies.

Medical informatics is an interdisciplinary
field that combines medical science with
several technologies and disciplines in the
information and computer sciences. It pro-
vides methodologies by which these fields
can contribute to better use of the medical
knowledge base and ultimately to better med-
ical care. 1 The emergence of medical infor-
matics as a new discipline is due in large
part to advances in computing and commu-
nications technology, an increasing awareness
that the knowledge base of medicine is
essentially unmanageable by traditional
paper-based methods, and a growing convic-
tion that the process of expert decision mak-
ing is as important to modern biomedicine
as is the fact base on which clinical decisions
or research plans are made.

Each generation of scientists finds its infor-
mation systems inadequate, 2 but today, not
only medicine, but all sciences face a stag-
gering information-management problem.
Eighty to ninety percent of all scientists in
history are alive today. 3 Their work has unco-
vered new knowledge in unprecedented quan-
tities. Over the past decade, the number of
publicly available data bases has grown from
200 to 3,010, 36 percent of which contain
bibliographic information, and the number of
records contained in data bases has grown
exponentially from 52 million to 1.7 billion. 4

A decade ago, one author estimated that a
core knowledge of internal medicine alone
involved about a million ‘facts’, two million if
subspecialties were included.5

Yet over the past 500 years, the mechanisms
for storage and dissemination of this knowl-
edge have not changed fundamentally. Con-
sequently, the interval between discovering or
uncovering knowledge and applying that
knowledge to science or medicine continues
to be wide because our capacity to organize
and disseminate information is inadequate.
In medicine there are countless examples of
inadvertent failures to use life-saving knowl-
edge because of the lack of an effective way
to make pertinent information available at
critical decision points, 6 For example, as late
as 1972, 5 percent of physicians in one state
still used a particular antibiotic to treat out-
patient upper respiratory infections, even
though it was known occasionally to cause
fatal aplastic anemia. 7



9

While most of biomedical science is directed
at the study of life processes, medical infor-
matics is concerned with the invention and
dissemination of powerful information-
management tools. These include, but are
not limited to, (a) frameworks for organizing
and encoding medical data and knowledge,
(b) methods for acquiring and representing
the judgmental knowledge that is acquired
through medical experience rather than for-
mal studies, (c) computer programs to permit
efficient communication among health per-
sonnel, and (d) systems to provide customized
advice so that practitioners may have access
to expertise that otherwise might not be effi-
ciently available when and where it is needed.

How can we make knowledge more accessible
and whose responsibility is it to do so? It
seems logical to turn to libraries for assis-
tance since they have traditionally served as
sources of recorded knowledge. However, until
relatively recently, libraries have served as
passive repositories for information, limited
by the books-and-shelves approach to infor-
mation storage. While researchers increas-
ingly store experimental data in flexible elec-
tronic forms that can be analyzed, displayed,
or combined with other data in many ways,
libraries hold summary data frozen in tradi-
tional paper media.

Basic changes in how medical knowledge
and information are stored and retrieved have
been called for repeatedly. 10 11 12 13 Due to
work in the area of medical bibliography and
medical informatics over the past two decades,
it is now possible to look ahead to a true
transformation of libraries and information
management.

The remarkable decrease in cost and
increase in power of computer hardware, plus
developments in the information sciences,
make a radically different kind of library pos-
sible. The library of the future will store all
of its contents—images, text, data—in elec-
tronic forms. Data will include information
not previously included in formal paper pub-
lications. Aggregate data from many studies,
when collected within guidelines, will be used
for re-analysis or to develop new hypotheses.
Libraries will become gateways to disparate
information sources. Librarians will provide
access expertise as well as participate in
research and development of new tools to
issue these information sources. In time,
users of these electronic libraries can expect
to obtain “expert-level” advice derived through
advanced computational techniques.

The need to interrelate and combine infor-
mation usefully across disciplines is increas-
ingly recognized. A National Academy of
Sciences panel recommends that “scientists
start thinking about how to develop a biology-
wide information system—a computerized
matrix data base—structured so that it can
be accessed from a multitude of dimensions.” 8 9

Processing information faster or more effici-
ently—which today’s technology can easily
accomplish—is not sufficient. What is
needed is more intelligent processing, logical
aggregation of information, synthesis and
analysis, and the development of knowledge
systems that serve purposeful ends.
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A health-care scenario for the year 2006,
given in section three, provides a glimpse
into the future by depicting how such sys-
tems might work in daily life. Parts of this
scenario have taken rudimentary form even
today, and the clinical and research impact of
medical informatics is already being felt:

■ Hospital information systems, which pro-
vide communication and information-
management functions in medical institu-
tions, are increasingly being installed.

■ Physicians can search the entire
pharmacopoeia in a few seconds, using
the information provided by a computer
program to anticipate harmful side
effects or drug interactions.

■ Electrocardiograms generally receive
their initial analysis by computer pro-
grams, and similar techniques are being
introduced for interpretation of pulmo-
nary function tests and a variety of
laboratory and radiologic abnormalities.

■ Microprocessor systems routinely monitor
patients and provide warnings in critical
care settings such as the intensive care
unit or the operating room.

■ Both medical researchers and clinicians
regularly use computer programs to
search the medical literature, and clinical
research would be severely hampered
without computer-based data storage
techniques and statistical analysis sys-
tems.

■ Advanced decision-support tools are also
beginning to emerge from research
laboratories and are likely to have a pro-
found impact on the way medicine is
practiced in the future.

Other parts of the scenario are clearly possi-
ble, but substantial fundamental obstacles
must be overcome to make them reality.
Bringing the systems underlying the vision to
a fully developed and clinically validated
state will require a major commitment of
resources, strong leadership, and interdiscipli-
nary research. Progress will inevitably be
dependent on high-quality, fundamental
research in areas such as acquiring, represent-
ing, and flexibly reasoning about the diverse
information relevant to biomedicine (e.g.,
instrument data, images, and direct human
observations of patients). Such progress is
further dependent both on the orientation
and training of scientists who choose to pur-
sue careers in medical informatics and on
their assured access to advanced computing
and communications resources. Detailed dis-
cussions of these research questions and
opportunities follow in the section on major
research issues, opportunities, and impediments.

NLM has played an important role in the
early development of medical informatics. For
example, its MEDLARS (Medical Literature
Analysis and Retrieval System) and MEDLINE
(MEDLARS Online) services broke new
ground in bringing into being a new online
data base industry and a national document
delivery network system that affect the life of
almost every biomedical scientist. Because it
has been innovative in carrying out its
responsibilities for the collection and dissemi-
nation of biomedical information for the
entire scientific, education, and health-care
community, NLM is more than a traditional
library. And NLM has a special role to play
over the next two decades and beyond to
help insure that informatics principles are
effectively developed, disseminated, and
applied—both for the well-being of patients
and to help biomedical professionals in their
clinical and research activities.
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NLM’s mandate is to exercise leadership in
order to assure that medical information sys-
tems evolve in socially useful directions. This
role extends beyond providing support for
training and research programs in medical
information science, and extends beyond
serving as the exemplar for other libraries
through its service, intramural research, train-
ing, and development programs. These roles
are critically important, but the role unique
to NLM is that of bringing together and
mobilizing the spectrum of scientific associa-
tions, organizations, institutes, and publish-
ing interests to undertake the task of design-
ing and developing the biomedical knowledge
base for the future. The opportunities are
enormous. The barriers are not trivial.
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2 NLM Programs
and Recent
Accomplishments

To provide a background perspective on
NLM and its medical informatics activities to
date, this chapter provides a brief overview of
current intramural and extramural research
programs. Many of the Panel recommenda-
tions in section five refer to changes in or
expansion of existing NLM activities in this
area.

The Beginning of Informatics
Work at NLM

During the early 1960’5, timely publication
of the Library’s index to the medical journal
literature could no longer be assured by
traditional means. The solution lay in com-
puter technology, with the development of an
automated photocomposing capability. The
system also offered a highly effective means
for organization and retrieval of literature.
MEDLARS became an online system during
the 1970’5, and MEDLINE now includes 20
specialized data bases and is available
nationwide through computer networks.
NLM’s Toxicological Information Program
has followed a parallel course in the imple-
mentation of TOXNET, a powerful interactive
online system for data on hazardous and
carcinogenic substances.

Lister Hill National Center for
Biomedical Communications

The Lister Hill Center, authorized in 1968, is
NLM’s intramural laboratory for informatics
research and development. Work in this area
has included the development of a computer-
based compendium of information about
hepatitis known as the “hepatitis knowledge
base.” At present, active research includes
expert systems based on artificial intelligence
methodologies. (Artificial intelligence is the
study of symbolic reasoning techniques that

permit computers to deal with ideas and con-
cepts rather than with traditional numerical
or textual entities.) Medical domains con-
cerned are rheumatology and hematology.
Several investigations are currently underway
to explore obstacles to, and terminology link-
ages for, a Unified Medical Language System

Training in Medical Information
Sciences

Since 1972, NLM has supported training
grant programs in medical information science.
Since 1982, this support has been limited to
postdoctoral research career training in medi-
cal informatics. Five funded programs have
been active since that time:

■ At the University of California, San Fran-
cisco, training is broadly based in medi-
cal information science. Research empha-
sizes decision-support systems, clinical
data base projects, and software
engineering.

■ At the University of Minnesota, the Divi-
sion of Health Computer Sciences gives
an interdisciplinary focus to the cogni-
tive, computer, and information sciences
related to clinical management and appli-
cations for health knowledge.

■ At Harvard Medical School, training is
offered in major research areas of com-
puter-based decision-support systems,
representation of medical knowledge,
data base and data analysis systems, and
computer graphics, among others. There
is a collaborative relationship with the
Laboratory of Computer Science at
Massachusetts General Hospital and the
Harvard School of Public Health.
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■ At Tufts-New England Medical Center,
the training emphasizes medical decision
making, clinical cognition, and artificial
intelligence approaches to the structure
and use of medical knowledge. There is a
collaborative arrangement with the
Laboratory for Computer Science at the
Massachusetts Institute of Technology.

■ At Stanford University, the program
offers formal training for individuals who
wish to pursue academic research careers
in medical informatics. There is an
emphasis on computer-based solutions to
problems in the optimal management of
medical knowledge. All trainees are entered
in formal masters or doctoral programs
and specialize in either medical com-
puter science or medical decision
science. The program is based in the
medical school, but has close ties to the
Computer Science Department in the
School of Engineering,

Research Grant Program
Activity

NLM’s extramural grant program in medical
informatics is small but significant since it
accounts for much of the Federal funding for
research in the field. Its level of activity in
recent years is summarized in the following
table:

Experience indicates that numerous potential
grant applicants do not apply for research
awards because they believe that their
chances of success are too low. By the end of
1985, however, NLM was supporting 23
active investigator-initiated project grants, 6
new investigator projects, and 6 research
career awardees. The total amount of grant
support for these awards was $4,297,000.
Over a five-year period, NLM supported 51
investigator-initiated projects, 20 new investi-
gators, and 4 program projects. Examples of
projects supported by the Medical Infor-
matics program include;

■ A collaborative effort between Tufts-New
England Medical Center and MIT to
investigate the synthesis of artificial
intelligence (expert systems) techniques
with computer-based decision analytic
methods in the field of nephrology.

■ A series of related projects at Stanford
University concerning advanced expert
systems for therapeutic management of
cancer patients. The work involves fun-
damental issues of artificial intelligence
methodology and computer-based
representation of knowledge.

Direct costs are shown to indicate actual resources
available to investigators.

Year Received Approved
Applications

Funded Awarded

1979 63 26 19 11,489,453
1980 56 21 13 902,741
1981 32 16 10 733,053
1982 37 21 9 452,639
1983 26 15 10 588,456
1984 24 8 8 441,005
1985 66 24 16 2,001,588
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■ Investigation of a prototypical consultant
system at the University of Missouri, Colum-
bia for genetic maladies such as deaf-
blind syndromes. This is an application
of artificial intelligence to genetic diag-
nosis.

■ Studies of computer-based clinical deci-
sion making at the Deseret Foundation
(University of Utah), including radiologic
diagnosis of pulmonary disease.

■ The development of a major knowledge
base covering all of internal medicine.
This work at the University of Pittsburgh
is complemented by fundamental studies
of knowledge retrieval and computer-
based inferencing.

■ An analysis of the scientific validity of
the literature of controlled clinical trials.
The long-term goal of this project at
Mount Sinai School of Medicine is better
criteria for designing trials and editing
their reports.

■ An investigation of more comprehensive
retrieval from bibliographic data bases.
Progress at Case-Western Reserve Univer-
sity indicates that conventional search
strategies are improved with the addition
of certain attributes of semantic rele-
vance.

■ A study of image processing techniques
to organize and abstract information
from photomicrographs. The project at
Rush Presbyterian-St. Luke’s Medical
Center uses images from Papanicolaou
smears.

lAIMS (Integrated Academic
Information Management
Systems)

The concept of this program initiative is to
assist academic centers with the planning
and use of computer and communications
technologies to create systems that integrate
operational and academic information in aca-
demic health settings. NLM awards grants to
institutions for lAIMS strategic planning,
testing, and model development. Grants are
also awarded to support research specifically
related to lAIMS activities. Baylor College of
Medicine, University of Cincinnati Medical
Center, Harvard Medical School, the Johns
Hopkins University School of Medicine, and
the Oregon Health Sciences University are
currently supported with planning grants.

Following successful completion of institution-
wide lAIMS plans, Columbia University,
Georgetown University, the University of
Maryland at Baltimore, and the University of
Utah are testing lAIMS concepts on a small
scale. In 1985, just over $2 million was devoted
to lAIMS grants of various kinds. At the
grantee institutions, these grants provide a
locus for numerous studies, developmental
projects, and similar activities to improve
information access and utilization. They con-
tribute to organizational development appropri-
ate for adoption of the new capabilities deriv-
ing from medical informatics research.



15



3 A Vision of
the Future

16

We begin this chapter with a health-care
scenario in 2006, a speculative glimpse of a
distant goal that is potentially achieveable
because of the emerging field of medical
informatics. The scenario is loosely based on
recent medical literature.

Scenario: An Industrial Accident
in 2006
At a remote industrial plant in rural Virginia,
where rocket fuel research had been per-
formed in the 1950’s and 60’s, workers are
detoxifying old cylinders containing unknown
gases. Some gas is accidentally released,
engulfing three men. The rescue squad and
the company EPO (Environmental Protection
Officer) are immediately summoned. By the
time the air ambulances arrive, the men are
gasping for breath and beginning to experi-
ence seizures. One man experiences a violent
opisthotonic convulsion followed by the absence
of spontaneous neurologic function. As the
EMT (Emergency Medical Technicians) rush
the men to the helicopters, the EPO takes
samples of the gases in the cylinders for
assay in a gas chromatograph/mass-spectro-
graph. Within 20 minutes, 12 rescue workers,
2 bystanders and the EPO are exhibiting
similar but milder symptoms. What is the
gas and how toxic is it? What is the immedi-
ate treatment? Will there be long-term effects?

The air ambulance medical station-data anal-
ysis unit is fully equipped for video/voice/dig-
ital data communications and analysis. While
the EMTs connect the men to monitoring
systems and take blood samples, the data
analysis technician establishes communica-
tion links to the EPO performing the gas
assay, the Toxicology Information Bank, and
the receiving hospital. She verbally reports
signs and symptoms and location of the acci-
dent. As she speaks, the computer simultane-
ously processes her words and the patients’

physiologic data. The auto-analyzer shows all
three patients to be acidotic. Two have a
blood pH of 7.0 and bicarbonate of smEq/l.
The patient without neurologic function has
a blood pH of 6.9 and lactate level of 22
mEq/l. The computer in the helicopter, which
has received these data automatically from
the auto-analyzer, assesses the bicarbonate
requirements in these severe metabolic aci-
doses and makes recommendations regarding
the emergency treatment to be provided by
the EMTs. In addition, all patients are found
to have elevations of SCOT, brown pigmented
urinary casts, and all have rhabdomyolysis,
with the creatine kinase (CPK) in one rising
to 47,000. The gas chromatograph-mass spec-
trograph assay is completed and reported to
the EMTs and the receiving hospital: proba-
ble 85H9 (pentaborane), although the system
recommends confirmatory studies with com-
plementary spectral analysis techniques when
the patients reach the hospital. All these data
become available while the air ambulance is
en route.

The EMTs find the men’s personal ID wallet
cards, magnetically coded like bank cards,
that carry critical personal data including
health information such as their medical his-
tory and baseline laboratory data. They insert
the cards into a special emergency reader,
which unscrambles the privacy-protection
code and displays the information, including
a photograph and dental x-rays for positive
identification. At the same time, an admis-
sion record is automatically created at the
hospital. One patient has been treated for
Addison’s disease; the other two haven’t been
to a hospital before. Immediate relatives are
contacted automatically, and the EPO
explains what is happening. The families
arrive at the hospital shortly after the
helicopters.
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The hospital’s medical information-decision
support system recognizes pentaborane toxic-
ity as the likely cause of the syndrome and
automatically searches its files for similar
cases. There have been none, but the Toxicol-
ogy Information Bank identifies three cases,
reported in the literature 10 to 15 years
earlier. One patient died en route to the
hospital. The autopsy report documented
widespread central nervous system degenera-
tion. The other two recovered within the first
week with few residual effects. Several animal
studies report selective reaction of pentabo-
rane with nervous tissue.

In the ER (Emergency Room), the physician
in charge and two residents have been
observing the EMT crew at work via the ER
video monitor and their personal worksta-
tions, which are the size and shape of the
clipboards that they once would have used
for note taking and analysis. Two of the
patients have required blood pressure and
ventilatory support. One patient has just
gone into cardiac arrest. Eighteen people
have been exposed; it appears that at least
two will die. Because no information is availa-
ble on long-term effects, the hospital medical
information system establishes an individual-
ized follow-up protocol on everyone involved.

Earlier in the day, the personal physician of
one of the victims is in his office reviewing
tissue specimens with a colleague from the
department of pathology. They are organiz-
ing material for an article that they will co-
author. On his personal workstation, the
internist examines three-dimensional electron
micrographs from the digitized versions
stored in the hospital’s medical information
system. The computer circles an area it
determines is worthy of comment and awaits
a dictated analysis from one of the two physi-
cians, recognizing which one is speaking and
subsequently automatically recording and
indexing the dictation for the files. The other

members of the research team with which
they work will call up the images and listen
to their colleagues’ remarks before they all
meet the next morning.

The screen beeps and delivers an electronic
voice message from one of their clinical
colleagues—a surgeon. “I’m in the OR and
would like an opinion on a suspected
metastatic lesion. We think the patient is
unusually young to have a primary lung can-
cer. I’m putting the pictures through to your
screen,” The pathologist, who had notified
the hospital system that she would be work-
ing in another office, had been easily located
by the surgeon. She is an expert on lung
tumors and scrolls through the frozen section
slide images and chest radiographs. Before
committing herself, she touches a key at the
workstation; both her screen and the one in
the operating suite are filled with a window
summarizing diagnostic data on all women
under the age of 45 who had lung lesions in
the last two years. Data are displayed from
her hospital data bank, from the state tumor
registry, and from the national end-results
registry, segregated by age groups. “It looks
like an 85 percent probability of primary pul-
monary adenocarcinoma. Let’s look at out-
come data.” Another keystroke and the under-45
group is displayed by treatment and two-year
survival, disease-free survival and a stochastic
projection of quality-adjusted life expectancy.
The most successful protocol is highlighted
on the screen. “Thanks,” says the surgeon.
“I think we’ll go ahead.”
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The pathologist leaves for an appointment
elsewhere, and the internist turns to a book
chapter on which he is working. He is behind,
but so are a couple of the authors of the
other 20 chapters who collaboratively main-
tain this online textbook. It doesn’t matter as
much now as in 1986 when all 20 authors
had to get their manuscripts together for
several editing iterations before going to
press. Now, as he revises his chapter, it auto-
matically goes through a peer review, an
editorial process, back to him, and then to
online publication. Although physicians can
order paper copies, computer tapes, or com-
pact disk versions (depending on their prefer-
ences and resources), by far the easiest way is
to scan the latest online versions for new
information. Some people still like and need
the portability of paper. Of course, the new
data are also included automatically in special-
ized data banks and knowledge bases for deci-
sion support. His colleague from pathology
couldn’t have been so sure of the lung lesion
otherwise. Sections like his are useful for con-
tinuing education and refresher reading.

The internist—an academician—spends a
day each week on his scholarly work. He
writes a book chapter, contributes to one
knowledge base, and reviews an expert/deci-
sion support system. He likes to revise his
chapter every three months, at least. He also
uses citation mapping techniques to assess
the impact of his work. He sees that the
hospital library has automatically stored in
his files about 20 bibliographic citations and
abstracts. A great deal of information is still
disseminated in the form of articles, but they
are shorter, more analytic and more interest-
ing to read, now that the data themselves are
managed through networks of knowledge
banks. Publishers license libraries to manage
the long-term storage and short-term dissemi-
nation services. NLM, now also known as the

National Institute for Medical Informatics,
along with the various professional associa-
tions, coordinates the networks. Back in the
early 1980’s, it led the way to dynamic online
textbooks with the original hepatitis knowl-
edge base.

Citation mapping, a method of statistically
relating the articles cited in research papers,
is also a good way to survey a whole field
and spot emerging new related research
areas. Many physicians check these as well as
the knowledge base to which they contribute.
They often like to scroll through all the arti-
cles quickly and then check through the
abstracts, which can be displayed ranked by
relatedness to a given topic, to segments of
the knowledge base, or a given patient,
through an elegant automatic process. The
physician works with a split screen: his text
on the left and the new material on the right.
He uses a hand-held screen outliner to cut
and paste copy. Rewriting will be much eas-
ier when he can just use eye-scanning to
move lines around the screen, but that is
probably a few more years down the technol-
ogy path.

When the author finishes, he uses a simple
voice command to send copies to the reviewers
and editor. His publisher maintains the peer
review roster, and his reviewers change every
three months. Depending on the style of the
reviewer, he gets voice mail comments or
written comments arrayed next to the rele-
vant text. The editor makes her changes in
electronic magenta for easier identification.
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Today, our young internist has just enough
time to try out a new expert DSS (decision
support sector). He enjoys this activity
because it tests his knowledge and keeps
fine-tuning his specialty DSS. He is an
author of one of the knowledge sectors and a
regular critic of two others. It is a lot of
work, but is now recognized as having as
much academic value as writing articles or
book chapters. He expects to be promoted to
full professor next year. After his first test
case gives surprising results, he decides to
examine the logic and the knowledge base.
He sends a voice mail message suggesting a
review of one segment of the logic. Most of
the time he uses electronic voice mail, but
occasionally he takes part in the monthly
conjoint reviews at the hospital, which are
convivial and stimulating. Before he has a
chance to start the second case, his monitor
beeps. It is an urgent message from the
hospital.

When he answers, he sees on the screen that
his patient with Addison’s disease has just
been admitted to General Memorial in deep
coma, following an accident at the plant
exposing him to pentaborane. The cumulated
data and the emergency room physician’s
report cascade across his screen. Two of the
other twelve who have been exposed are also
his patients. He leaves for the emergency
room immediately.

Four months after the disaster, the internist
assesses the damage. One patient—the man
who initially lost neurologic function—never
recovered consciousness and died on the
eighth hospital day. His patient with Addi-
son’s disease is quadriplegic, blind, partially
deaf, and no longer sentient. The third man
was luckier: he had been the farthest away
and had been able to cover his face and hold
his breath. Twelve weeks after the accident,
he and seven others who were exposed still
evidence mild brain dysfunction and psy-

chiatric symptoms. Elevated CNS neurotrans-
mitter levels and abnormal ventricular brain
ratios on CT scan indicate neurotoxic dam-
age. None of this is consistent with earlier
data in the Toxicology Data Bank. This isn’t
surprising since post trauma monitoring was
not as easy and sophisticated 10 years ago
when the previously reported accident had
occurred.

The internist, the emergency room physician,
and a nurse epidemiologist have persuaded
most of those involved in the accident to par-
ticipate in a long-term follow-up study. Except
for coming to the hospital one day a year for
a physical examination and biochemical
assays, other data (such as psychological per-
formance) are collected over the phone after
voice prints have been made. The patients
will be interviewed by a computer program,
which will be polite and able to answer their
questions satisfactorily.

The nurse-epidemiologist makes two home
visits as a part of his routine follow-up pro-
tocol. His clipboard workstation is equipped
with a microrecorder that tapes all interviews.
A pressure-sensitive screen allows him to fol-
low the protocol and code the responses eas-
ily. Later, the stored responses will be
“uploaded” to a machine “trained” to accept both
voice and digital input. A series of programs
presort the information for later review by
the research team. Preparing the information
for publication and eventual inclusion in the
Toxicology Information Bank is easy. Making
the home visits complicates his normally full
schedule. He usually makes between five and
eight such visits in a morning, thanks to the
hospital scheduling software that not only
organizes the visits for optimum use of travel
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time, but times them according to the nature
of the problem, the previous visits, if any,
and the personal schedules of each patient.
Driving between visits, he listens to a review
of the cases and prepares to make the most
of the visit. Although the next patient he will
visit had been lucky with the pentaborane
(sustaining only minimal brain dysfunction),
within a month after the accident he has had
to undergo a bowel resection for cancer of
the colon. His wife has not slept well since
the accident and is depressed and anxious.

The couple are relieved to see the nurse.
Neither was confident about the details of
colostomy care. He shows them how to use a
small computer, about the size of a book,
that he plans to leave with them. It “reads”
its program from a compact digital video
disk that includes moving pictures of proper
techniques. It is programmed so that every
day it lists what needs to be done. When
they finish a procedure, all they need to do is
run a finger across the instruction. If they
forget, the next day the instruction will flash.
And if they skip a procedure more than once,
the computer will alert a visiting nurse to
give them a call. If nothing is done for a day,
an emergency alert will contact, by an
integral modem, the hospital medical infor-
mation system. If the couple needs some-
thing explained, all they have to do is acti-
vate the “Help Panel.” The computer can
distinguish between an urgent need for help
and a reminder or information need. If the
need is urgent, the call is immediately
referred to a nurse or a physician. Otherwise,
the appropriate instruction is displayed on
the screen. The instructions are resident in
the computer disk memory. The computer
can also be used to contact their physician
and to renew prescriptions. There is always a
graded set of help levels easily within reach.

As the nurse-epidemiologist drives back to
the hospital and the research team, he
reflects on his morning. He wasn’t just caring
for people; he was also collecting data and
using technology to enhance the selection of
effective interventions and outcomes. The
data from his community are automatically
merged with those collected in other states,
producing the best information available for
patient care. He remembers the regret and
guilt that he used to feel as a young profes-
sional 20 years ago when he knew he didn’t
have time to read and assimilate even a frac-
tion of what he needed, much less contribute
to the literature. The knowledge base in nurs-
ing and medicine is in constant flux, but now
there is a system that helps keep information
flowing from the patient through the health-
care management team to the researchers
and policy analysts and back through the
loop again in an orderly, useful fashion.

There will be long-term follow-up on the pen-
taborane incident and the nurse-epidemiolo-
gist will see more of the couple for some
time to come. But the research team is nearly
finished with the first draft of their report.
The data are compiled and available in the
Toxicology Information Bank, labelled as
preliminary because additional data are still
coming in. Toxic spills are still not common-
place, but far too many toxic chemicals were
buried years ago to be confident that the
data won’t be needed again.
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Assessing the Future:
How Do We Get There?
It is natural for the reader of the preceding,
perhaps optimistic, view of the future to ask
whether the scenario outlined there is feasi-
ble, how much of it is simply wishful think-
ing, and in what time frame we can expect
the innovations to occur. Although the frame-
work of this report is an attempt to look 20
years into the future, some aspects of the
scenario described are many years farther
away, whereas some can probably be achieved
sooner.

Part of the challenge for the medical infor-
matics field is to identify realistic matches
between what ought to be undertaken (because
of obvious societal good or response to a
clear need) and what is appropriate given
current scientific knowledge, opportunities
for progress, impediments to achieving the
goals, and the value of the idea relative to
the costs incurred for its development or
maintenance. In the sections that follow, we
begin by describing the opportunities that
exist for the field today—opportunities based
on state-of-the-art hardware and software
accomplishments, as well as logistical issues
and the perceived needs of the intended
users of medical information systems.

We conclude by summarizing barriers to pro-
gress. As we shall describe, these tend not to
be in the area of hardware development but
rather, to be largely logistical (e.g., personnel
development, integration of systems into
research and health-care settings, and tech-
nology transfer) and in the area of system
design and basic computer science research.
The future of medical informatics is not
limited currently by the power, size, or cost of
computers.

After this introduction to the issues, section
four provides detailed discussions of several
major research areas or enabling activities
that need to be undertaken if even part of
the 20-year scenario is to be achieved. A
summary of key recommendations and some
suggestions for resource needs and relative
priorities are proposed in sections five and
six.

Opportunities That Can Guidethe Field
The opportunities for medical informatics
derive from several sources, including the
rapid growth of awareness and interest in
computers and information-management sys-
tems by health professionals of all types, the
growing usefulness of medical information
systems for helping with manifest biomedical
research and health-care problems, and the
continuing rapid development of the techno-
logical base of these systems so that they can
be made increasingly useful. Only a decade
ago, computer and software tools were largely
unused by health personnel and were viewed
with some skepticism. The change in atti-
tudes has been due in large part to three
influences: (1) the emergence of microcom-
puters and easy-to-use software, with the con-
comitant demystification of computers and a
general sense in society that such machines
are somehow manageable and useful; (2) the
growing distress among health professionals
regarding the amount of information they
need in order to practice good medicine; and
(3) increasing recent fiscal pressure that
encourages the practice of cost-effective
medicine, thereby forcing practitioners to
consider carefully the clinical utility and
reliability of tests, procedures, and therapies—-
especially when they are expensive or risky.
As a result of these influences, professional
societies in medicine, nursing, pharmacy, and
other allied health fields are attempting to
respond to a general demand for information
and education in medical informatics.
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NLM has traditionally directed its attention
to health-care providers, offering biblio-
graphic services and supporting research
intended to enhance the delivery of informa-
tion and knowledge to a wide range of medi-
cal professionals. However, the effective and
accepted systems of today (for example,
MEDLINE, or clinical information systems in
hospitals or clinics) may be viewed as directly
or indirectly benefiting other members of the
biomedical community—patients, public
health workers, clinical and basic science
researchers, patients, and those involved in
preventive care—in addition to health-care
providers themselves. As the technology
advances in the years ahead, with the data
bases of today progressing to online texts and
journals, comprehensive knowledge bases,
and ultimately integrated advice systems that
directly help with decision making, NLM will
continue to serve a broad community of
scientists, practitioners, patients, and other
health professionals.

In response to a new awareness of the poten-
tial clinical role of computers, professional
societies and educational organizations have
begun to call for focused programs in the
area and have identified NLM as the logical
Federal entity to coordinate medical infor-
matics activities. The recent AAMC (Associa-
tion of American Medical Colleges) report on
the General Professional Education of Physi-
cians, for example, explicitly called for
increased use of informatics techniques in
the medical curriculum, suggested that
health professionals should routinely receive
limited training about computers and their
use, and recommended the establishment of
academic units of medical informatics in all
medical schools. Students have begun to
demand such training, and continuing educa-
tion programs on the subject of computers
and clinical computing have become popular
with practitioners. Articles on electronic pub-
lishing have appeared both in the lay press
and in medical journals; they have helped
create a demand for more information about
how computer technology will affect the way
that clinicians and biomedical researchers
will someday access the information that they
need for their work. The routine use of com-
puters in hospitals, and the promise of
NLM’s lAIMS program have also led to an
increased awareness of the clinical role of
computers and NLM’s activities in the area.
Furthermore, as individual academic institu-
tions have begun to grapple with issues of
instructional and research computing, admin-
istrative data processing, information dissemi-
nation, and communication within the medical
center, the need for expertise in the area of
medical informatics has become increasingly
evident to administrators.



Health professionals have begun to identify
professional problems with which computers
could assist, but they have felt frustration at
the lack of available advice about what is
feasible, what has already been done, and
how to avoid duplicating both the errors and
the successful work of others. Professional
societies have started to ask whether NLM
could play a role in developing directories of
available software and in disseminating such
information.

Concerns about spiraling health-care costs
have resulted in new practice models and
reimbursement schemes in which there is
pressure both for accurate diagnosis and
reduced costs. Thus, there is a new opportu-
nity to provide tools for health-care decision
makers, ones that provide information about
diagnosis and management but that are also
sensitive to issues of efficient use of time and
avoidance of excessive expenses. Decision-
support technologies, including large data
base tools and expert systems, have matured
greatly in the last decade, and the medical
informatics field is poised to begin to make
such decision aids available if logistical
issues can be overcome (see below). Sensitiv-
ity to ‘human factors issues’ and the use of
novel graphics and interactive techniques
have led to the development of prototype sys-
tems that are much more likely to be useful
to health professionals who are unsophisti-
cated in the use of computing technologies.

There are other developing technologies
providing new opportunities for the medical
informatics field and assisting in achieving
the goals for the future outlined above.
These include supercomputers, with their
remarkable capacity and speed, and new
microprocessor techniques that are placing
the computing power of a large million dollar
computer from 1970 on a thumbnail-sized
chip selling today for a few hundred dollars.
The emergence of small portable computers
has suddenly made it practical to imagine
placing advanced computing power in the
hands of each health professional in a hospi-
tal, clinic, or office. Networking technologies
will allow individual machines to share infor-
mation and work in unison when necessary,
while permitting independence when untethered
processing is more appropriate. Progress in
speech understanding and speech generation
suggests that systems will be able to converse
with users in the years ahead. At the same
time, new graphics techniques, including
high-density displays for even the least
expensive personal machines, are beginning
to change the way we think about communi-
cating with computers. The diagrams and
drawings typical of a patient-care chart or
journal article may soon be equally well
handled by the machine on the desktop.

Mass storage techniques, with methods for
distributed data processing, are making feasi-
ble the notion of large, nationwide health
data bases. With ever-improving techniques
for maintaining data privacy, integrity, and
confidentiality, it has become practical to
mount efforts to standardize data formats so
that health assessment, planning, and focused
clinical trials can be greatly facilitated. There
are major challenges to establishing such
large data bases, not the least of which is the
lack of a Unified Medical Language System
that could assure some uniformity of infor-
mation gathered at multiple institutions
across the country.
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As this last example has demonstrated, new
technologies are providing opportunities that,
in turn, highlight some of the major impedi-
ments to achieving the distant goal. The next
section describes additional barriers to pro-
gress that must be recognized and addressed
in any practical plan for the future.

Impediments to Progress in Medical
Informatics
Although individual research areas have been
restrained more by some issues than others,
there are several recurring problems that cut
across essentially all medical informatics research
activities. Specific issues are addressed with
the individual research topics in section four,
but this introductory discussion summarizes
the recurring themes that broadly affect the
entire field.

Perhaps the greatest impediment to progress
in medical informatics has been its inherent
newness and its failure to be recognized as a
powerful base on which medicine can and
should draw. Many observers view the field as
an engineering discipline and fail to recog-
nize that many of the research issues to be
addressed are fundamental. This misconcep-
tion tends to lead to inappropriate expecta-
tions about the pace at which progress in the
field can occur, and about the levels of sup-
port needed for progress. Because the inher-
ent difficulty in the research is often misun-
derstood, it has been difficult for the field to
compete effectively for the limited resources
available to support medical investigation.
Despite the small size of NLM’s total budget
and its commitment to support bibliographic
and data base services, the Library is respon-
sible for much of the research activity in

medical informatics. Other NIH agencies
have no direct programmatic interest in med-
ical informatics, although categorical insti-
tutes do occasionally support specific projects
and the NIH Division of Research Resources
has provided advanced computing resources
for some members of the biomedical research
community.

Equally problematic is the dearth of
individuals trained at the interface between
informatics and biomedicine. NLM has used
some of its limited resources to support train-
ing in the area, but the training time is
generally long, and the number of graduates
inadequate for the need that exists. As health
science centers begin to respond to the need
for academic units in medical informatics,
they are finding that it is extremely difficult
to identify candidates with the training or
experience appropriate for an academic
career in the field. In the past, there was
uncertainty about the job opportunities that
would be available for individuals with train-
ing in medical informatics; this concern is
gradually resolving as academic institutions
begin to seek researchers who can do investi-
gative work while teaching medical informa-
tics and assisting in the development of
information-management systems for the
health science center.

It must be emphasized, however, that aca-
demic health science centers have tradition-
ally been slow to change, especially when
they fear runaway resource requirements—a
common issue where medical computing in
general and academic medical informatics in
particular are concerned. The cautious interest
of institutions and health professionals is also
tempered with skepticism, a modicum of mis-
trust in the technology, and traditional con-
servatism and rigidity. Although academic
units and centers of excellence are beginning
to emerge, the changes are likely to be slow
without active encouragement and the
development of improved external funding
mechanisms.
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There are also scientific issues that serve as
impediments to progress in medical infor-
matics research, including the need for a
clearer definition of the evolving discipline
itself. There are many fundamental research
issues that remain, and these tend to require
resources and recognition similar to those of
basic science activities in the traditional
medical sciences. Many of these problems are
outlined in the research discussions of sec-
tion four below. An overriding concern, for
example, is the need for a Unified Medical
Language System that will provide standards
for the communication, indexing, retrieval,
and structuring of data and information.

Finally, the proper methods for transferring
medical informatics technology from research
environments to clinical settings are currently
poorly developed. Except for the emergence
of data base purveyors, vendors of hospital
information systems, and office management
companies, the medical informatics industry
is essentially nonexistent. The lack of well-
defined technology transfer methods and the
tendency for research prototypes to transfer
poorly to new clinical environments have
resulted in serious impediments to the dis-
semination of systems and techniques. Uncer-
tainties regarding legal liability have also dis-
couraged companies from developing or
distributing decision-support tools. Further
confounding the problem is complexity in
defining the role of NLM in facilitating tech-
nology dissemination or providing clinical
services; this is particularly the case when
observers view NLM activities in the area as
being potentially competitive with the private
sector.

Despite the problems cited, the accomplish-
ments and potential of medical informatics
research are real and are clearly directed at
the distant goal described earlier in this
chapter. In the next chapter, the Panel pro-
vides a summary of key research areas in
medical informatics, describing the state of
the art and making recommendations for
further research.

An artificial heart.
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Major Research
Issues, Opportunities,
and Impediments

Through the funding and leadership of NIH
(National Institutes of Health) and NLM, a
community of researchers has been active for
over two decades in wide-ranging
applications of computers to medicine. This
research has greatly advanced the capabilities
of the computer as a research tool and
medical decision-support system and has laid
the groundwork for the substantial work yet
to be done. This chapter discusses in some
detail each of eight research areas that,
together, comprise the means for reaching
the broad, long-range goals of medical
informatics—the computer-supported
accumulation, structuring, management, and
dissemination of biomedical knowledge and
expertise. The eight areas are:

■ Knowledge representation

■ Knowledge and data acquisition

■ Medical decision making

■ Cognitive aspects of decision support

■ The human-machine interface

■ Information storage and retrieval

■ Technology transfer and dissemination

■ Supporting technologies and enabling
activities

The descriptions of the respective research
areas include summaries of the rationales for
the research, current status, impediments,
goals, and optimal strategies for achieving
the identified goals.

Knowledge Representation
Rationale for research in the area
The representation of medical knowledge—-
its expression in mathematical and symbolic
form—has always been critical to the processes
of learning, knowing, practicing, and teach-
ing in the health professions. Until recently,
representation has been limited to the tradi-
tional tools offered by natural languages, two-
dimensional graphics or diagrams, and pho-
tographic images. Information must be
represented in permanent form in order to
store it conveniently, transmit it to others,
and process it automatically.

More recently, information technology has
begun to bring us powerful means to assist
with these tasks. The increasing availability
and use of information systems have created
new opportunities and raised new problems
in representing medical information in forms
suitable for automatic processing. Rich repre-
sentation systems are central to the effective
use of knowledge in medical informatics, and
these must take into account the diverse
forms of biomedical information and knowl-
edge. They must capture the intricate seman-
tic structures and interrelationships to facili-
tate the incorporation and synthesis of the
steady flow of new information and the retrieval
and use of existing information relevant to
particular research and clinical support needs.
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Recent accomplishments
Early in the development of computer
science, means were developed for represent-
ing the numerical values of data and other
non-numeric forms of information, such as
text, in electronically processible forms. More
recently, in the branch of computer science
known as artificial intelligence, the focus has
been on methodologies for representing sym-
bolic knowledge of various kinds—factual
knowledge, experiential knowledge, judgmen-
tal knowledge, or problem-solving knowledge.
A number of useful techniques have been
developed. Knowledge representation schemes
are used to represent inferential relationships
as well as properties of objects and relation-
ships among concepts. These tools make it
possible to combine multiple pieces of infor-
mation, to reach decisions and give advice,
or to construct processes that resemble human
cognitive behavior. Examples include bio-
medical systems like DENDRAL for determin-
ing molecular structures, 14 MYCIN for diag-
nosing infectious diseases, 15 or INTERNIST-1
for diagnosing problems in general internal
medicine. 16

The study of knowledge representation has
been a central problem of the field of artifi-
cial intelligence since its inception. Over the
past 25 years, a number of approaches have
been explored. 17 18 These generally fall into
two classes: The first makes use of logic (e.g.,
rule-based or production systems, or first-
order predicate calculus), with well-developed
semantic theory and rules for inference. The
second uses semantic networks and frame-
based systems with well-developed methods

for structuring knowledge about the proper-
ties and relationships between objects, facts,
concepts, constraints, and other entities rele-
vant to symbolic reasoning systems. Over the
last few years, systems have begun to emerge
that combine the strengths of both these
approaches. Significant and rapid progress in
these areas is anticipated over the next
several years.

PET (Positron Emission
Tomography) image.
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In spite of these advances in representation
formalisms, and their widespread use in
“expert systems,” only a few attempts have
been made at building very large and com-
plex knowledge bases such as are routinely
encountered in biomedicine (see, for example,
the INTERNIST-1 system 16 and the CYC sys-
tem). 19 This problem is particularly relevant
here because of the size, diversity, and rich-
ness of medical knowledge. Thus, at present,
very little experience is available to draw
upon in the massive task of developing com-
prehensive medical knowledge bases.

Principal impediments to progress
Impediments to further progress include the
absence of a unified system of medical lan-
guage. Science has always required a high
level of linguistic precision. When we refer to
the attributes or values of the “hard” sciences,
we use “tight-fitting” terms that fit these
concepts exactly. In the “softer” sciences,
which include much of biology and medicine,
concepts deal with more variable
phenomena. Hence, we need terms with a
somewhat looser fit in order to insure that we
grasp the concept of interest. Clear explana-
tions require appropriate and consistent use
of language. More recently, the need to man-
age large volumes of medical information by
machine (including patient data, biblio-
graphic information, and medical descrip-
tions of various kinds) requires that this be
done reliably and economically. Unlike
humans who can tolerate ambiguity and
make powerful use of metaphors, computers
require uniform language standards. NLM
has already indicated that the development of
a unified system of medical language will be
important to its future progress. This goal
merits high priority.

Knowledge appears to have many features
that can be regarded as generic and thus
independent of particular subjects. Were this
not so, the field of cognitive psychology, for
example, could have no general goals. Hence,
it is common practice to speak of high-level
knowledge, to invoke the notion of levels of
abstraction, and to consider processes through
which raw observations—data and facts—can
be acquired in particular contexts and subse-
quently emerge as information. It also makes
sense to regard information as something
that, after further processing, becomes con-
verted into knowledge. These concepts of
data, information, and knowledge can be
articulated without reference to particular
examples of scientific disciplines. Research
offers the opportunity to explore more thorough-
ly what these different terms and processes
imply in the context of medical informatics.

There is substantial evidence that the study
of knowledge is not only a branch of philoso-
phy, but a field rich with experimental oppor-
tunities for examining the creation and record-
ing of knowledge in intelligent systems. For
example, it has been proposed that scientific
knowledge may have structural properties
that depend upon the hierarchical level of
the descriptions involved, and that this struc-
ture accounts for the systematic differences
found between the descriptions employed in,
for example, physics and biology. A National
Academy of Sciences committee recently pro-
posed that biological knowledge can be repre-
sented in a matrix form by combining these
(horizontal) hierarchical levels with the verti-
cal taxonomic classes of particular biological
objects.20 NLM should give high priority to
these analytical studies of the state and nature
of knowledge and its interrelationships, so
that automatic methods may be developed
for classifying, storing, and retrieving health
information. A deeper insight into this ana-
lytic process would greatly increase our
understanding of the knowledge integration
process and would help in the development
of new tools to use in managing information.
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Along with the study of medical knowledge
and the development of a uniform language
system for expressing this knowledge, we
must also concern ourselves with represent-
ing knowledge in computer-usable forms. In
other words, we must deal with not only the
terms and sentences used to describe medi-
cal knowledge, but also with the underlying
meaning of the concepts being used. Fur-
thermore, these concepts and relations must
be organized and indexed to provide intelli-
gent and efficient access to knowledge and
support the mechanized reasoning necessary
in building knowledge-management systems
that deal with various aspects of the health-
care professions.

Natural language text is, of course, the most
widely used means of representing medical
information and communicating medical con-
cepts and knowledge. It can be thought of as
lying at one end of a continuum, where
humans deal with information most naturally
and where computers do so with great diffi-
culty. At the other end, we have the opposite
situation; information or knowledge is repre-
sented in a form suitable for computers but
relatively inscrutable to humans. We may
think of constructing information systems
positioned midway along this continuum,
using knowledge-representation forms that
are less than optimal for both man and
machine. Alternatively, we could allow both
humans and computers to function in their
preferred states and attempt to develop tech-
nology that will permit them to communicate
with each other, translating between their
respective representation systems. The impedi-
ments to this goal continue to be those prob-
lems common to computational linguistics
generally: ambiguity, reference, and pragmatics
(in the linguistics sense).

Certain branches of medicine are particularly
suitable for representing information in non-
linguistic forms. Indeed, some of the most
exciting recent developments in medicine
have been means for producing images of
medical objects such as CT (Computerized
Tomography) scans and ultrasound and
nuclear magnetic resonance images. Some
medical specialties or processes deal with
information that is largely morphological in
nature; diagnostic radiology, surgical and
anatomic pathology, and dermatology are
examples of these. Nonlinguistic information,
however, includes not only visual but auditory
material. In addition to the representation of
medical information in these nonlinguistic
forms (for their storage and later processing),
there is an exciting potential application in
the use of nonlinguistic means for accessing
stored information. This may offer novel pos-
sibilities as a means for accessing clinical
data bases.

Summary of research needs
The topics discussed as impediments repre-
sent fundamental issues in medical infor-
matics that require substantial basic and
applied research. Because they are concerned
with the fundamentals of medical informa-
tics, the research issues are largely indepen-
dent of the specific types of medical knowledge
involved. Increasing our understanding of
medical informatics at this basic level will
have a great multiplying effect on the pro-
gress of the field and, accordingly, on the
emergence of novel computer applications in
health care.
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Consequently, research goals in this area are:

■ To gain an improved understanding of
the structure, properties, content, and
usage of medical language;

■ To determine the specific requirements
for and the means of developing a stan-
dardized system for encoding medical
language;

■ To understand better the nature and
structure of data, information, and knowl-
edge, the relationships among them, and
optimal means for representing these in
machine-processible form; and

■ To understand better the representation of
information that involves processes (e.g,,
information involving time or cause and
effect), and the representation of nonlin-
guistic (nontext) information.

Strategies for future research
The difficulty and deep implications of
knowledge-representation research for medi-
cal informatics make it a central focus for
research support over an extended period.
The preferred strategies are:

(1) Fund as many promising research efforts
as possible to investigate the numerous
fundamental issues surrounding the
representation of biomedical knowledge.

(2) Energetically pursue the definition and
adoption of a comprehensive unified system
of medical terminology and language.

(3) Fund experimental efforts to encode por-
tions of existing biomedical knowledge
bases into prototypical representation
systems resulting from basic research.
This should include studies of how to
automate this process.

Knowledge and Data Acquisition
Rationale for research
In recent years, there has been rapid growth
in the generation and accumulation of infor-
mation. Accordingly, much old information
and knowledge quickly become obsolete with
advances in the understanding of fundamen-
tal biological processes and changes in tech-
nological, environmental, and social settings.
To function adequately in this changing
environment, health-care professionals and
researchers must spend a significant portion
of their time and energy acquiring and
digesting information.

Because members of the biomedical commu-
nity generally lack resources to handle the
large volumes of information being produced,
much of the detailed data gathered during
research and clinical studies is not published
with the research report and is essentially
lost. The validity of the reported results can-
not be independently verified by other research-
ers because they cannot access the original
data. Moreover, research hypotheses that were
not anticipated during the design of the study
cannot later be tested without a fresh collec-
tion of data, usually at significant cost to the
researcher and funding agencies.

These problems can be significantly alleviated
if the process of acquiring and assimilating
information into coherent and electronically
accessible sources of knowledge can be auto-
mated and incorporated into the library of
tomorrow. Unlike libraries of today, which
serve as passive sources of information where
librarians guide users to physical documents
that may contain relevant information, libraries
of tomorrow, through the use of decision-
support and knowledge-based technology, will
be able to ascertain the specific needs of
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their users, extract and assimilate relevant
information from their knowledge/information
banks, and present it in a coherent, interac-
tive manner. Unlike today’s geographically
centralized libraries, libraries of tomorrow
will be accessible at the touch of a button, at
home, or in clinics or research laboratories.

Such an approach will allow libraries to pro-
vide additional services that will increase
their impact on the productivity of research
efforts and on the delivery of quality health
care. For example, the availability of large
and comprehensive knowledge bases will
allow libraries to provide electronically decision-
support services to health-care professionals,
thereby improving the quality of health care
in situations where human expert opinion is
not otherwise available in a timely fashion.
To realize these goals, however, the processes
of building large knowledge bases and provid-
ing tools to update and manage them must
be key foci for medical informatics research.

Recent accomplishments
Recent accomplishments include the applica-
tion of computers to assist in clinical deci-
sion making. Over the years, many prototype
systems have been developed that can assist
clinicians in diagnosis,2122 critique approaches
to patient management by prompting if the
proposed action contradicts accepted medical
practice 23 and assist in management of diffi-
cult cases. 24 25 26 Large patient data bases
have been developed to assist with selecting
optimal therapies.27 Methods are being inves-
tigated to extract causal relations from such
data bases.28 More recently, electronic text-
books that allow clinicians to obtain diagnos-
tic information tailored to case-specific diag-
nostic situations are also being developed.
These experimental systems have clearly
demonstrated the feasibility and usefulness of
such an approach. Substantially more
research and development must be done,
however, before these systems can be widely
used and accepted.

A key to the development of these systems
has been the acquisition of pertinent infor-
mation and the creation of the knowledge
bases required to implement these ideas on a
larger scale. In most cases, the required
knowledge bases have been manually con-
structed, leading to what is commonly known
as the “knowledge acquisition bottleneck.”
Recent accomplishments represent the first
steps in automating this process through
interactive transfer of expertise,30 31 auto-
matic indexing, and reorganization of knowl-
edge bases. Text understanding promises to
speed up significantly the process of knowl-
edge acquisition and make it possible to
develop large and comprehensive knowledge
bases. 32
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Principal impediments to progress
The cognitive process used by human experts
in organizing, assimilating, and using infor-
mation in diverse forms, such as raw data
from laboratory and clinical studies, individual
research publications, review articles, special-
ized monographs, and textbooks, must be
better understood before significant progress
can be made in building computer assistance
for this process. Significant further process-
ing is needed to go beyond simple search
and retrieval of raw data and textual informa-
tion. The information acquired from different
sources—clinical experiments and research
reports —must be integrated and generalized.
Results must be reformulated and conclu-
sions drawn that are useful to the medical
community.

Although considerable progress has been
made in the areas of automatic indexing,
learning, and drawing knowledge from ex-
amples, 33 the technology is still embryonic.
Most of the knowledge bases in use have
been constructed by hand, in an extremely
tedious and time-consuming process. For
example, the INTERNIST-1 knowledge base
has already consumed approximately 30
person-years of work from researchers with
expertise in both the knowledge-base meth-
odology and the domain of application. 34

Few such experts are available and their train-
ing is time consuming.

Much of the diverse information used by bio-
medical scientists is collected and prepared
for publication in electronic form, but it is
made available to the community at large
only in print. Thus, a key impediment in the
use of computers to accumulate and manage
this information has been the need to convert
this information back to electronic form.
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Even if data and publications were directly
available in machine-readable form, the
diversity of software packages, operating

systems, communication protocols, and for-
mats used for storage and communication of
this information would still make wide acqui-
sition of this information a difficult problem.

Finally, managing this vast collection of
information is a mammoth task. The infor-
mation acquired must be indexed and stored
in a manner that lends itself to efficient
search and retrieval. Care must be taken to
ensure the integrity and consistency of infor-
mation drawn from various sources, A lack of
uniform terminology and language for
describing medical knowledge makes it diffi-
cult to perform these tasks effectively.

Summary of research needs
Research needs include developing new
methodologies to create, accumulate, inte-
grate, validate, and search large data and
knowledge bases. This process is of central
importance to the Library’s ability to expand
its effectiveness as the source of information
and knowledge and to provide expert assistance
in the retrieval and use of knowledge, simu-
lating more and more of the human cognitive
processes involved. The research needs in
this area can be divided into three classes.
First, community-wide standards must be
developed that will allow the Library to acquire,
integrate, and disseminate existing data and
information electronically. Second, a uniform
system of medical terminology and language,
as well as standard formats for the collection
and reporting of laboratory and clinical data,
must be developed. Third, new tools and
techniques for processing data and informa-
tion into knowledge bases for intelligent
retrieval and decision-support services must
be developed.

Strategies for future research
Specific recommendations to address these
research needs are:

(1) Develop methods and tools for building
knowledge bases, updating them as new
discoveries are made.

(2) Develop techniques for identifying gaps
and inconsistencies in knowledge bases
and for maintaining their integrity.

(3) Develop new techniques for automatically
extending knowledge bases by drawing
inferences from raw data and by process-
ing information available in textual form.

(4) Develop standards for medical terminol-
ogy and language that can be used to
define concepts and relations in the
knowledge bases.

(5) Develop uniform standards for electronic
transmission, dissemination, and sharing
of imaging, acoustic, and instrument
data, and graphic and textual information
among various institutions and the
Library.

(6) Gather laboratory and clinical studies for
archiving of essential raw data by the
Library.
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Medical Decision Making
Rationale for research in the area
The term medical decision making encom-
passes some of the most significant research
efforts of NLM. Broadly stated, medical deci-
sion making refers to any technology that
can support a health-care provider or admini-
strator in the process of evaluating options
and making choices to optimize patient care
in terms of outcome, risk, cost-efficiency, and
patient satisfaction. The scope of the field is
broad and includes:

■ Deterministic strategies, such as clinical
algorithms or ordered decision proce-
dures, that guide decisions to one of a
number of predefined outcomes when
the data and constraints of a problem are
well specified;

■ Probabilistic strategies, such as Bayesian,
decision analytic, and some expert sys-
tem approaches, that combine detailed,
formal representations of decision alter-
natives with quantitative estimates of
uncertainties and likelihoods and values
of outcomes along the decision paths to
try to compute an optimal decision;

■ Heuristic strategies, such as descriptive
decision analysis and expert systems
approaches, that attempt to emulate
human expertise in constructing under-
standable symbolic lines of reasoning,
taking into account quantitative, analytic,
experiential, and uncertain information
as appropriate, to arrive at an effective deci-
sion.

There is a growing need for the development
of more effective decision-support technolo-
gies in medicine. The vastness of medical
knowledge makes it impossible for a clinician
to keep all relevant information in mind
while making many diagnostic and therapeu-
tic decisions. By understanding and formaliz-
ing the process of medical reasoning more
completely, computer-based decision-support
systems can help health-care providers solve
daily problems. Expert systems can help
locate and retrieve relevant information from
a library or patient-care information system.

Decision-support systems can help to stan-
dardize care, optimize repetitive procedures,
and provide a framework against which to
assess nonroutine decisions. The resulting
uniformity can aid in the collection of repro-
ducible, reliable data on outcomes and
efficacy, two areas difficult to control with
present clinical research methods. Standardi-
zation can lead to efficient clinical protocols
and methods for the evaluation of protocols.

Decision-support systems, once they are in
routine use, have substantial potential for
cost savings in automated surveillance sys-
tems that optimize scheduling and avoid
unnecessary and duplicative procedures in
hospital and outpatient treatment facilities.

There are many potential users of decision-
support systems, including physicians, nurses,
and other members of health-care teams dur-
ing daily patient-care activities. Because of
shorter hospitalizations and greater use of
ambulatory care, patients and lay persons will
become more responsible for their own care
and thus will need decision-support technolo-
gies, Finally, public health officials and
health-care managers will be important users.
They will use the systems to manage health-
care environments to assure the delivery of
effective and cost-efficient care and optimal
allocation of resources.
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Recent accomplishments
Decision-support systems are receiving
increasing attention and being more widely
applied. Articles are beginning to appear in
clinical specialty journals with some fre-
quency, and a few experimental systems are
being integrated into automated hospital or
ancillary service information systems. The
HELP system from Salt Lake City is one
example; the TRIM system from University
Hospital in Boston is another. Cost-effective-
ness analysis has been added to NlH’s Con-
sensus Development Conferences, and
decision-support approaches are being con-
sidered by medical groups that range from
specialty societies such as the American
College of Cardiology and the American
College of Gastroenterology, to the World
Health Organization.

Decision-support systems based on expert
system technology have also made considera-
ble progress, and operational systems are
already being used in pulmonary function
analysis and the analysis of electrophoretic
patterns. Other clinical consultation expert
systems are being used experimentally,
INTERNIST-1 for diagnosis in general inter-
nal medicine and ONCOCIN for cancer
chemotherapy protocol management; others
have been used in earlier experiments, such
as CASNET for diagnosing ophthalmological
diseases.

Other advances in decision-support systems
have occurred in the areas of representing
outcome utility for alternative patient therapy
and management approaches, modeling of
problems, and evaluating expert systems.
Methods for assessing patient preferences
have received significant attention in the last
decade, as have the development of new
metrics for decision- and cost-effectiveness
analysis, non-Bayesian formalisms for incor-
porating the results of chance events, alterna-
tive stochastic representations for uncertain
decision problems, and the incorporation of
epidemiologic concepts into decision-support
systems. Experimental expert systems are
approaching medical decision problems not
only from the viewpoint of consultants in
constructing diagnostic or therapeutic deci-
sion rationales, but also from the viewpoint
of critiquing hypotheses posed by users.
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Decision analysis has been computerized
increasingly within the last five years, signifi-
cantly broadening its potential for use and
instruction. Following closely after this devel-
opment will be a wider incorporation of decision-
making systems into automated medical
information systems. Data bases of clinical
information have been under development in
particular subject areas (e.g., ARAMIS in
rheumatology and the Duke Medical Center
Cardiology data base). These data bases have
provided quantitative information, for exam-
ple, to help define disease profiles in the
INTERNIST-1 knowledge base or to guide
clinical decisions for cardiac patients. But
more work must be done to make their infor-
mation content more widely useful in deci-
sion analysis, especially through improved
standardization of the data entered.

Principal impediments to progress
There are both methodologic and practical
impediments to the development of medical
decision-support systems. Methodologic prob-
lems exist in areas such as utility theory,
where it has proved difficult to obtain assess-
ments for the expected utility of differential
life expectancies; problem formulation, where
the sensitivity of decision models to different
stochastic representations and types of statis-
tical variability needs to be tested; and sys-
tem evaluation, where the standards and
methodologies to be used have not been
rigorously defined or validated.

Practical problems are even more pressing.

There is only a short history of the use
of decision-support technology in day-to-
day patient and health-care management.
Vendors are reluctant to add unproven
technologies to commercial systems, so
development has been limited to single-
institution research systems. Although
there is an expressed interest in validat-
ing other scientists’ work, the academic
resources available for validating decision-
support systems are small, and there are
no established protocols for how to go about
it. It may be assumed that the ultimate
test of the validity of a decision rule or
system is its transferability and utility
from one clinical setting to another. But
such transfer is very difficult at present
because of differences in the computing
and clinical environments.

There is a lack of trained investigators
and users of decision-support technology.
The number of active basic researchers
in medical decision making is no greater
than 50, and the number of clinical
expositors and clinical researchers,
although larger, is inadequate to the task
of educating students and trainees in
over 125 medical schools. At present, no
network of education and training exists
for faculty in these areas, nor is there a
mechanism by which nonexpert, peer
role models can be fashioned outside the
few leading centers.

Decision-support and expert system
development tools are still cumbersome.
Workstations are just beginning to
become affordable for the developer; user
workstations are in the future.

There are possible legal impediments to
the licensing and use of decision-support
systems in medicine. The Food and Drug
Administration has claimed to be an
appropriate regulatory agency for deci-
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sion technology, but has proposed no formal
mechanism of licensure. Although some
preliminary essays have been written
about the status of decision-support sys-
tems with respect to liability (e.g., mal-
practice, product liability), no precedents
have been set that clarify their legal sta-
tus. When systems migrate from institu-
tion to institution, questions of legal
ownership and liability also arise. No
work has been done on the questions of
intellectual property inherent in knowl-
edge bases, nor on the patentability of
decision strategies.

■ Physicians have been resistant to
decision-support systems. Many have been
unfamiliar with computer technology, dis-
illusioned by the early extravagant claims
of medical computer science, and uncom-
fortable with the possibility of losing con-
trol over decision making. As the true
role of decision-support technologies
becomes more widely known—consulting,
not care giving—and as the current
generation of trainees becomes more com-
puter literate, this resistance should
slowly abate.

■ The widespread clinical usefulness of
decision-support systems has not yet been
demonstrated. These systems are still princi-
pally in the domain of research, and
effective, integrated systems are still quite
rare. Only when decision systems are
exported from developers to other physicians
can their clinical usefulness begin to be
evaluated.

Summary of research needs
■ Methodological research in decision science.

Medicine has historically been a fertile
ground for basic research in artificial
intelligence and decision science because
the problem domains are so rich.
Nevertheless, theory continues to be a
minor part of efforts in the field. Work-
ing decision models should be developed
in advance of applied systems. Recent
mathematical work in stochastic
processes and deterministic decision
making needs to be interpreted and
brought to bear on medical decision making.

■ Expert systems research. The major research
agenda for this area includes: (a) developing
larger-scale, comprehensive systems;
(b) incorporating causal reasoning (i.e.,
from pathophysiology) into knowledge
bases or inference systems; (c) represent-
ing time in expert systems (e.g., to model
disease as it evolves); (d) dealing more
effectively with uncertainty in expert sys-
tems (e,g., extending the notion of confi-
dence factors for inferences); and (e)
analyzing the tradeoffs between various
forms of reasoning and the effects of
such tradeoffs on the efficiency of
strategies.

As decision analysis and expert systems
research appear to be converging, it is
important to explore hybrid systems over
the near term. Decision analytic models
can be expanded to incorporate knowl-
edge bases, causal reasoning, and tem-
poral reasoning. Conversely, expert sys-
tems can expand their treatment of
uncertainty.

■ Workstations. Decision-support and
expert consultation/critiquing system
development tools need to be created
inside powerful personal computational
environments that have access to the
diverse data and information bases impor-
tant to decision support.
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■ Integration of decision technology into
medical information systems. Approaches
need to be developed to merge decision-
support functions with the routine
aspects of medical information and
patient record systems, including, for
example, the identification of problems in
data surveillance and automated updat-
ing of knowledge bases and parameters
in decision models. Prototypes of deci-
sion systems that monitor patient data
and infer appropriate changes to practice
should be developed and validated. Such
automated decision-support systems will
also need to be adapted to the user, and
techniques will need to be developed that
determine when the nuances of a prob-
lem place it outside the scope of the
decision-support system.

■ Training. Medical schools, nursing
schools, and professional societies are
wrestling with the need to incorporate
computer-based systems into their educa-
tional activities. Decision-support systems
are an essential part of such programs.
Until entering students are uniformly
able to use computers effectively, this
issue must have a high priority.

Strategies for future research
NLM should continue to fund both expert
systems and decision analysis research, espe-
cially when methodologic issues are under
study. Hybrid systems should receive particu-
lar attention.

(1) Applications of these technologies to clin-
ical systems, hospital information systems,
and instructional systems should be high-
lighted. Nonintegrated efforts in medical
decision support without a novel methodo-
logic focus should be de-emphasized.

(2) The categorical NIH institutes should be
recruited as funding sources for clinical
research using decision-support and expert
systems technologies. To an extent, the
institutes are already involved in research
in medical decision making. Examples
include decision analytic clinical research,
causal modeling, and expert consultation
systems. Additional recruitment of
specialty organizations and industry
should be sought for applied research in
decision science.

(3) Some developmental funding of worksta-
tions that are well integrated into clinical
environments should be encouraged. In
particular, demonstrations of the applica-
tion of decision technologies to enhance
the intellectual environment of medical
practice should be proposed.

(4) Export and validation studies are high-
priority items over the near term. Net-
works over which information that is com-
mon to transportable decision-support
systems can be accessed are important
supporting structures for this research.

(5) Networking of researchers in the infor-
matics field is an important immediate
priority for two reasons. First, it will sig-
nificantly assist the development of this
field. Consortia of AI (artificial intelli-
gence) and other research groups exist;
the decision scientists and the informatics
educational researchers need to be simi-
larly linked. Second, networking within
informatics will demonstrate the feasibil-
ity of the approach in clinical disciplines.

Medical decision making provides a set of
powerful tools that in many circumstances
has been applied haphazardly to inappropri-
ate problems. Future research in the area
should demonstrate that the technologies are
effective in the field, and that important
changes in medical practice can result from
the availability of online decision support.
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Cognitive Issues in Medical
Informatics
Rationale for research in the area
Diagnosis, treatment, and management of
disease and health problems can be viewed
as a series of problems to be solved and deci-
sions to be made, involving both clinicians
and patients. The information and knowledge
on which advice and assistance are based is
located both in the published literature and
in the heads of the individuals involved. With
the goal of improving health care, cognitive
research in medical informatics aims to describe
and analyze the processes of information
search, storage, retrieval, and utilization and
also the integration of knowledge that is
based in the literature with that in the clini-
cian’s personal experience and understanding.

Skill in clinical judgment was long thought
to be a fundamentally unanalyzable art,
acquired through apprenticeship to skilled
clinicians and personal experience. Recent
advances in both experimental psychology
and computer science have led investigators
to take a new look at these issues. It has
become possible to study processes of prob-
lem solving, judgment, and decision making
more rigorously than before and to develop
theories that yield greater insight into these
complex mental processes. New knowledge
has been gained about how both expert and
novice clinicians process, evaluate, and
respond to clinical information. On the prac-
tical side, the work aims to help experienced
clinicians improve the quality of their deci-
sions and to help novices acquire this exper-
tise more efficiently by identifying more pre-
cisely what needs to be learned, in terms of
both content and process.

In addition, as patients have become more
involved in decisions about their care, it has
become increasingly important to understand
their strategies for seeking, evaluating, and
integrating information.

Recent accomplishments
In the past 10 to 15 years, considerable prog-
ress has been made in our understanding of
the diagnostic process in clinical medicine. It
is now reasonably clear that diagnostic prob-
lems can be solved by a number of methods,
including pattern recognition without con-
scious awareness of causal connections,
hypothesis testing, and the use of detailed
models of disease processes with hierarchi-
cally organized lines of reasoning. 3s 36 All of
these methods are concerned with the prob-
lem of how to provide focus and structure for
a very ill-structured problem. Well-organized
knowledge bases are needed to use these
methods flexibly and efficiently. Experts
know more than novices, but even more
important, their knowledge is organized so as
to be retrievable when needed and to permit
shortcuts and efficiencies, by recognizing
patterns quickly or pursuing only probable
hypotheses and systematic lines of reasoning.
Expert problem solvers can use deep under-
standing of the issues to combine steps
instead of proceeding always in a uniform
lock-step fashion.37 Their knowledge base
includes disease mechanisms, weighting
schemes for evaluating evidence, therapies,
rules governing the use of procedures, and
higher-order rules and structures linking all
these into understanding. Much of the knowl-
edge about what to do next and how clinical
findings should be weighted is not found
explicitly in textbooks, but is informally
transmitted during clinical training.
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Clinical judgment must integrate information
about the patient’s particular history with
more general propositions about the clinical
problem and possible treatments. Errors in
judgment can be caused by lack of informa-
tion, erroneous information, difficulties in
identifying relevant information, or errors in
processing large amounts of information.38

Since knowledge about diseases and thera-
pies is expanding rapidly, and the growth of
medical technology has made it possible to
collect more information than ever before, we
can expect these problems of information
access, retrieval, integration, and processing
to become more and more crucial. Much of
the cognitive research in medical informatics
is concerned with identifying the knowledge
structures and reasoning strategies that
characterize expertise, cataloging impedi-
ments to efficient information processing,
and developing techniques to facilitate better
use of information and health care.

Principal impediments to progress
Why would a health-care professional fail to
use existing knowledge and information to
arrive at the best possible decision? There
are several reasons, all related to difficulties
in obtaining the right information at the
right time in the right form and quantity or
to difficulties in integrating the information
with prior knowledge and attitudes into a
logical conclusion.

For example, clinical practitioners have severe
problems in making diagnostic and therapeu-
tic decisions because they must deal with a
very broad range of problems and find the
necessary information within fairly narrow
time constraints. Yet the key points for a par-
ticular decision may be buried in a lengthy
research report, or perhaps expressed in tech-
nical language outside the expertise of the
decision maker. The effort required to locate
and read the report, even assuming the
reader will be able to interpret it correctly,
may be prohibitively great.

Sometimes a clinician is overwhelmed by the
sheer quantity of the published literature or
the amount of clinical data that can be col-
lected on a patient, if all the technical resources
available were to be employed. How much
information is enough? Edwards demonstrated
that humans are often conservative decision
makers, continuing to seek additional infor-
mation long after they have enough to make
a satisfactory decision. 39 This problem is
further compounded by the conflicting find-
ings of research studies. By using different
populations and methods, separate investiga-
tions of the same research question may
yield varying conclusions. When relevant
studies are scattered in a number of different
sources, not readily identifiable by title or
key words, and reported in different formats
with key points of comparison described incom-
pletely or not at all, finding and critically
comparing the important studies in an area
quickly becomes overwhelming, particularly
when the objective is a timely and practical
decision rather than a scholarly dissertation.

Everyday clinical reasoning generally avoids
using statistical principles to draw inferences.
In particular, the interpretation of laboratory
tests commonly disregards disease prevalence
and its effects on test interpretation.40 The
probability of an outcome or event may be
judged by how easily instances can be
recalled to memory (how available they are)
rather than by how frequently they actually
occur.41 Since statistical and epidemiological
data are lacking for many clinical problems,
the availability principle will then be used to
generate estimates of risk (probabilities).
Because it is easier to imagine a rare event
than its likelihood, small probabilities will be
overestimated, and the probability of a rare
disease will be psychologically overweighted,
compared to the probabilities of more com-
mon alternatives.
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People feel more strongly about avoiding
potential losses than achieving equivalent
gains. Consequently, preferences can be
markedly affected depending on whether a
particular health-care outcome is judged as a
gain or loss, relative to the current state of
affairs. These judgments, in turn, can be
affected by minor variations in the wording
of the alternatives. Shifts in the focus of
attention appear to exercise major effects on
choice.42

Desirability of complex, multidimensional
health states is often judged by reference to
the most important attribute instead of a
weighted combination of all features. In par-
ticular, the wish to minimize the chance of
causing any harm may lead both patients
and clinicians to forego higher chances of
compensating gains.

Summary of research needs
Knowledge is useless for problem solving
until it moves from the literature into the
heads of providers and patients. More detailed
understanding is needed about cognitive
structures and representations in broader
domains of medicine than have yet been
studied. We know very little about the cogni-
tive restructuring that occurs as learners move
from being novices to experts in a domain,
or about the effects of experience on infor-
mation processing.

In the teaching of diagnostic inference, we
are not yet able to give students much guid-
ance as to how they should go about con-
structing a fruitful line of reasoning or set of
hypotheses. How can we more efficiently
avoid exhaustive searches for nonexistent dis-
eases and yet not overlook rare conditions
that are potentially treatable? Research is
needed to understand more precisely the
heuristics used in cognitive structuring of
early hypotheses, problem formulations, or
lines of reasoning. Systematic instruction in
clinical reasoning and decision making is still
in its infancy.4344

Better strategies are needed for helping clini-
cians think about complex problems involv-
ing tradeoffs between risks and benefits.
These problems will become more prevalent
as the population ages and more citizens
have multiple, long-term health problems.
Focusing attention on a single problem, a
common simplification strategy, is unlikely to
be very effective in these instances. Decision
analysis and related multivariate quantitative
strategies have much potential, but their for-
mal quantitative requirements may limit their
appeal to broader clinical audience. 45 How
can we do better in a practical way?

Research on the prevalence and seriousness
of cognitive inefficiencies, biases, and errors
in clinical inference has barely scratched the
surface. Laboratory studies should be supple-
mented by more clinically oriented investiga-
tions to better relate principles established in
laboratory experiments with clinical practice.
The goal would be to identify the task condi-
tions that evoke or minimize errors and biases,
such as using the most readily remembered
instances to estimate probability. By restruc-
turing a problem or the way data are presented
in medical records, articles, and textbooks, we
may be able to help clinicians minimize
errors in information processing and judg-
ment. Another related question involves the
factors that affect the focus of attention in
clinical decision making. This has important
effects on choices, as described in the previ-
ous section.
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A deeper understanding is needed of altitu-
dinal factors that affect the treatment prefer-
ences of both clinicians and patients. Both
may be unreasonably optimistic or pessimis-
tic. Some people feel they are inherently
lucky, while others feel bad things always
happen to them. These attitudes may affect
the decisions people make for themselves
and others. We must also recognize that in
many clinical situations, there is as yet no
clearly dominant therapeutic strategy, and
that preferences in these situations ought to
depend at least in part on the patient’s atti-
tude and life style preferences. Clinical deci-
sions in these situations are not simply mat-
ters of choosing a technique; the medical
information system of the future should
clearly distinguish between questions of value
and questions of fact and provide guidance
about both wherever possible.

A better understanding is needed of how to
integrate patients’ and clinicians’ values into
the medical decision process. In several studies,
assessment of values and preferences has
been shown to be sensitive to the type of
questions asked and the way they are asked,
but there is no standardized way of doing
these things, nor are we sure yet how perva-
sive and serious these problems are.

Research is also needed on how patients and
their families think about their clinical prob-
lems and the advice they receive from profes-
sionals. This research is especially important
as medicine and nursing increasingly turn
their attention to the management of chronic
diseases and the problems of an aging popu-
lation. Crucial elements of a patient’s atti-
tude may not be expressed verbally, but may
be communicated instead through body
movements, postures, facial expressions, hesi-
tations, silences, or behavior that seems inap-
propriate to the situation. Skilled clinicians
traditionally give artful attention to nonverbal
expressions and nonrational issues, combin-
ing this less formal information with scien-
tific knowledge to arrive at appropriate deci-

sions. For decision-support systems to take
fuller account of information from these
sources, research must address the following
questions:

■ To what degree can a clinician’s intuitive
understanding of nonverbal expression be
formalized?

■ What strategies are possible for promot-
ing effective interaction between this intui-
tive understanding and formalized but
necessarily simpler models of decisions
contained in decision-support systems?

■ Is it feasible to improve the quality of
clinical decisions by creating human-
machine dyads that capitalize on the
unique strengths of each component?.

How can decision makers in clinical settings
be assured of having examined and evaluated
a sufficient quantity of valid, reliable, and
relevant information in order to have a sound
basis for their decisions? There is a need to
develop knowledge bases better oriented to
the information needs of practitioners, thus
supplementing existing knowledge bases that
are more suited to the needs and time per-
spective of the research community. These
new knowledge bases should be practice
oriented and user friendly, providing advice
about what to do and how to interpret clini-
cal evidence. They should be adaptable to
different levels of experience and expertise,
and should dispense advice and guidance
just ahead of where the user is. They should
also be geared to the information needs of all
health professionals and patients.
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Better methods should be developed to verify
whether a user’s questions have been cor-
rectly understood by computerized decision-
support systems, and whether the user has
correctly understood computerized presenta-
tion of information, both verbal and visual.
The problem is analogous to that arising
with human consultation and giving of advice.

Strategies for future research
NLM should stimulate and support research
and training programs in the following broad
areas:

(1) Useful problem representations and
problem-solving strategies for more effi-
cient use of medical information;

(2) Evaluations of the impact of cognitive
and judgmental heuristics and biases, on
health-care decision making and identifi-
cation of task and user characteristics
that affect these factors;

(3) Strategies to weigh risks and benefits, to
assess values and attitudes of patients,
and to integrate patients’ and clinicians’
values into the medical decision process;

(4) Information search and use by patients;

(5) Nonverbal communication between
patient and clinician;

(6) Human-machine communication, includ-
ing verification and evaluation research.

The research areas identified imply the emer-
gence of a field that might be called medical
cognitive/decision science. NLM should sup-
port training programs aimed at producing
the next generation of scientists in this field.
Extending and improving the quality of
research in this domain is currently limited
by the small number of experimental cogni-
tive psychologists who understand enough
about clinical problems and decisions to con-

duct good research in these application set-
tings, and the few physicians, nurses, and
health professionals who understand enough
about concepts, methods, and theories of
cognition and decision making to conduct
research that builds upon, tests, and expands
theoretical knowledge. Consequently, interdis-
ciplinary training programs should be espe-
cially encouraged. Support of training pro-
grams in this area would signify recognition
that issues of knowledge representation, stor-
age, retrieval, and utilization for problem
solving and decision making are addressed
not only by research on computer applica-
tions to these fields, but also by research on
how human beings carry out these tasks and
how human information processing and manage-
ment can be improved. As such, extending
research and training to this domain is con-
sistent with NLM’s long-range mission.
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The Human-Machine Interface

Rationale for research in the area
Medical information systems ultimately
involve interaction between a computer sys-
tem and a biomedical researcher or medical
decision maker. Between these two very
different information processors is an inter-
face with a difficult task: to act as a two-way
transformer of knowledge and information
needs. That is, the interface must receive the
knowledge and needs of both person and
computer and transform them into forms
that the other can assimilate and act upon
effectively. Thus, an interface is an object of
two worlds: the machine world of input/out-
put devices and the cognitive world of infor-
mation/knowledge assimilation, organization,
and presentation.

Accordingly, interface research in medical
informatics addresses two categories ofactivity:
issues of human-machine interaction (interac-
tive devices, graphics, and the mechanics of
computer use) and cognitive issues (user
modelling, natural language interaction, and
explanation). Since interfaces mediate between
the medical decision maker and the com-
puter, medical decision makers will not have
access to the information they need, when
they need it, and in a form they can use
most efficiently, unless there are advances in
these two aspects of interface technology, as
well as concomitant studies of the effective
use of other emerging technologies.

Recent accomplishments
Over the past 20 years, significant improve-
ments have taken place in the interactions of
humans with machines; they have progressed
from batch, job control language interfaces
using punched cards, to real-time, interactive
interfaces using CRT (cathode-ray tube)
graphics displays, a typewriter keyboard, a
pointing device (“mouse”, light pen, touch
screen), and command languages more natu-
ral to human use. These improvements have
been possible only through the development
of sophisticated software systems and hard-
ware devices, many of which are still found
only in research laboratories and some uni-
versities. Some of the important advances in
HMI (human-machine interaction) include;

■ The spread of personal computers
(mostly into offices and homes) and the
development of a pointer and icon-based
style of interaction more suitable for
computer-naive users. This style is emi-
nently suited to the wide range of
computer-supported tasks that involve a
limited number of options: data base
management, word processing, spread
sheets, form-based interviewing with
menus, pictorial displays of medical
information and knowledge, etc. Many of
these are relevant to medical informatics,
and the style will probably also become
incorporated into other knowledge-base
management applications.

■ The development of high-resolution bit-
mapped displays, which allow at least an
order of magnitude more information to
be effectively displayed on a screen than
was possible in the past using conven-
tional CRT screens.
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■ Progress in 3-D (Three-Dimensional)
reconstruction techniques so that data
gathered by 3-D sensing devices such as
CAT (Computer Assisted Tomography)
scanners and 3-D NMR (Nuclear Mag-
netic Resonance) imagers can be inter-
preted, reconstructed, and stored as an
accurate 3-D record of the imaged object.

■ Some progress in the use of speech for
human-machine interactions, both in the
acceptance of spoken input to the
machine (isolated word/phrase under-
standing) and in the generation of spo-
ken output.46

In the cognitive aspects of interface technol-
ogy, significant advances have also occurred:

■ Natural language interfaces to data base
systems now constitute a well-tried tech-
nology, and robust systems are now com-
mercially available—e,g., Artificial Intelli-
gence Corporation’s INTELLECT,47

Texas Instrument’s NLMenu,48 and vari-
ous interfaces from Cognitive Systems
and the Carnegie Group. These systems
allow a user to retrieve information, even
from very large data bases, by posing
questions and commands in everyday
English. Once installed, these systems are
extremely simple to use, and allow even a
first-time user, in a matter of minutes, to
get relevant information that previously
may have taken several days with a sys-
tems programmer as intermediary.
Nevertheless, these systems have signifi-
cant limitations that prevent their extension
from natural language interfaces into
more general interactive decision-support
and problem-solving systems.

■ Advances in systems’ ability to generate
well-formed, understandable natural lan-
guage texts that explain an expert sys-
tem’s conclusions 49 50 or define terms
found in the data base domain.51

■ Initial forays into the realm of modeling
users, including attempts to represent
users in terms of their previous knowl-
edge, so as to present only as much infor-
mation as they need and can understand
in a comprehensible form. Attempts have
also been made to model users in terms
of their plans and goals, so as to under-
stand and respond to their needs. 52

These user models correspond to those that
people develop and use in their interac-
tions with each other. In fact, many of
the pragmatic conventions of human-
human interaction rely on such model-
ing, and normal interactions would go
awry without it. Thus, user modeling is seen
as a valuable addition to human-computer
interaction.

Principal impediments to progress
Difficulties with current interfaces to medical
data and knowledge exist at several levels.
The most obvious problem is that interfaces
are not integrated into the work environment;
the physical equipment that could provide an
interface with needed medical data or knowl-
edge is at present rarely located at the decision-
maker’s side at the point of decision making.

Another problem is that medical information
systems are not integrated with each other.
That is, knowledge is commonly distributed
so widely through a host of mutually mute
subsystems that an inordinate amount of
effort is needed to jump back and forth
among them, using awkward access methods
to pick up the dispersed bits of information
one needs. As noted earlier, where there is
only a limited set of options, pointing devices
provide a rapid way of stating one’s needs.
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With many options (e.g., in specifying symp-
toms, treatment methods, drugs, etc.), typing
at a keyboard is still the only way. For many
medical personnel, this- is awkward, frustrat-
ing, and prone to error. Speech recognition is
still not at a stage where spoken input—quick,
direct, and natural—is possible.

Negative reactions to problems like lack of
proximity and integration, as well as slow and
awkward access methods, confirm the validity
of what might be called the inertial theory of
information: the use made of any piece of
information is inversely proportional to the
effort needed to get it. Even with vast
improvements in the quality and range of
medical information that can be provided
through advances in knowledge representa-
tion and decision-support tools, this informa-
tion will not be incorporated into daily deci-
sion making unless it is rapidly and easily
accessible.

Difficulties with interfaces to medical data
and medical knowledge also appear at the
level of communication channels. These are
problems of size; medical decision making in
many areas requires simultaneous visual
access to large amounts of information and
the bodies, joints, and other objects of
interest in medical decision making are
complex and detailed and so require large
amounts of information to be represented,
manipulated, and displayed. Current hard-
ware devices and software systems are not yet
able to manage this information inexpensively,
in real time.

An additional impediment to progress in
interfaces for medical informatics systems is
that much of the efficiency and effectiveness
of human-human interaction (particularly,
problem-solving or advisory interactions)
come from two poorly understood aspects of
natural language communication. First, some
conventions of natural language use allow a
large amount of information to be communi-
cated implicitly. Second, a rich functionality

allows both parties in the transaction to
verify that they have understood one another;
to recognize when they have not, and to
effect a repair; to understand the boundaries
of the current situation by positing hypotheti-
cal changes to it; and to ask for and receive
appropriate explanations and justifications.
Solutions to these problems depend upon
successes in cognitive science, artificial intel-
ligence (natural language processing), and
linguistics.

Summary of research needs
Our recommendations for support of inter-
face research focus on both HMI (human-
machine interactions) and cognitive aspects
of interaction. The improved integration of
interfaces into the work environment involves
the investment of both time and money into
the design of specialty-related workstations
and another large investment to bring them
as close as possible to the medical decision
maker and as easy to use as the nearest
telephone.

Solutions to the problem of integrating sub-
systems with each other are appearing in
specialized settings, as in clusters of consumer-
oriented PCs or researcher-oriented work-
stations, but these have not yet found their
way into systems used by practicing medical
personnel. Improvements have taken place in
intersystem communication to facilitate inter-
changes: these include terminal connections,
file transfers, remote data base queries, and
cooperative computing to share tasks. Special
medically oriented solutions to such problems
are appropriate areas for NLM-supported
research.
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The problem of providing simultaneous user
access to large quantities of information (e.g.,
combining image data, graphics, and text)
requires the development of larger high-resolu-
tion displays than are currently available.
This is especially true in areas like radiology,
where one must be able to simultaneously
view many complex images, and in areas like
medical expert systems, where one may want
to simultaneously view multiple aspects of
the system’s decision-making activities. On
the other hand, large displays have the same
management problems as large collections of
paper and pictures: how to move easily and
flexibly among individual items in order to
relate or compare them to others.53 One
needs to be able to focus on the information
that is needed and to be able to select addi-
tional pages if necessary without shunting
others out of visible memory. Research is
accordingly needed in the area of intelligent
display management, in line with advances in
display technology.

Research is also needed on the representa-
tion, manipulation, and display of all kinds of
3-D objects of interest to medical decision
makers. For this purpose, decision makers
must be able to visualize and interact in real
time with representations of objects, includ-
ing the ability to request 3-D information in
a natural manner (e,g., the anatomical corre-
lates of penetrating wounds or complete
views of 3-D objects), 54 the ability to model
nonrigid bodies in a semantically significant
manner (e.g., modeling the distribution of
organs within the torso), and the ability to
modify displays of 3-D objects in real time
(e.g., for surgical planning).55

A great deal of research and development
will be needed to equip machines with the
capacity to deal competently with natural lan-
guage, both when input by human users and
output to them, for use when simpler graphi-
cal interaction techniques are inadequate.
Expert systems for diagnosis or patient-
management advice should be able not only

to produce the correct recommendations but
also to explain them. An ideal system would
recognize and correct user misconceptions as
they were revealed in the course of human-
machine interactions, much as a good human
tutor or consultant does. Computer programs
that can let users verify their understanding
of the system’s advice, and do so in natural
language, would be a significant step for-
ward, as would techniques for giving users
more leeway in responding to the machine’s
requests for information. A valuable model
for understanding some of the requirements
of question answering in medicine has been
described.56

Research is needed on speech understanding
and speech production, both of which will
have important uses in medical informatics.
Several commercial systems now can recog-
nize and respond to spoken commands and
can produce recognizable spoken letters,
numbers, and words or short phrases. But
these systems have not yet achieved vocabu-
laries of adequate size nor easy use for con-
tinuous speech recognition or production in
natural language patterns. Research in this
area will be difficult and lengthy, but will
lead to more flexible and natural interfaces to
medical information systems.

Finally, research is needed in the area of user
modeling: studies should examine the kinds
of models needed for various aspects of inter-
face design, how those models can be set up
a priori or acquired interactively, and using
those models to improve users’ abilities to
get the information they need and under-
stand the information that they get.
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Strategies for future research
We recommend:

(1) The design of specialty-related work-
stations geared to the information needs
of particular medical specialties;

(2) Work on more effective integration of
workstations with other computing and
information resources;

(3) Development of even larger high-resolu-
tion displays for medical information and
of techniques for intelligent display
management;

(4) Development of real-time methods for
representing, manipulating, and display-
ing diverse 3-D objects;

(5) Development of natural language capabil-
ities to handle those aspects of interacting
with expert systems and decision-support
systems that cannot be carried out
through simple icon and pointer-based
interactions;

(6) Studies on the use of user models in
improving the quality of interactive sys-
tems; and

(7) Development of speech understanding
systems and voice-based information
delivery systems.

Information Storage and Retrieval

Rationale for research in the area
The explosion of biomedical knowledge has
compromised the ability of individuals to
keep up with new developments and discover-
ies in health science research and clinical
practice. To describe the growth in concrete
terms, the first volume of Index Medicus,
published in 1880, contained about 17,000
citations from 700 periodicals, while in 1986,
a volume for a single month has about
21,000 citations from more than 3,000 jour-
nals and publications.61 The current NLM
collection comprises approximately 2.15 x
1012 characters and the volume of the collec-
tion would require over 4,000 of today’s mag-
netic computer disk storage units to hold
it—and this does not include any of the clini-
cal and research laboratory data generated
each year.

The problem for medical informatics is how
to organize and structure knowledge, store
and retrieve it as needed, and apply it in an
efficient, efficacious, and cost-effective fash-
ion.s7 Historically, the biomedical knowledge
base has been organized in printed form at
five levels, each synthesizing and abstracting
the ones below it. These include raw research
or clinical data, journal articles or research
reports, review articles, specialized mono-
graphs, and textbooks. This traditional means
of organizing knowledge is becoming inade-
quate for several reasons. First, the growing
volume of information threatens to swamp
the established library mechanisms. Second,
it is increasingly difficult for investigators to
locate and retrieve relevant information from
other studies to integrate it with their own
work, and for reviews, monographs, and text-
books to adequately capture and synthesize
all the knowledge at the underlying levels.
And finally, the rapidly changing knowledge
base, coupled with the inherent time, effort,
and cost involved in updating information in
printed media, makes it increasingly difficult
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to keep the recorded knowledge base current.
New approaches are needed to the manage-
ment of this information, along with more
intelligent retrieval systems that will facilitate
access to these large data bases and draw
from them only the information needed for a
particular application.58

The library must move from being primarily
a warehouse of passive knowledge sources to
becoming an active collection of knowledge
sources—one in which the knowledge is
available for use by the inferential processes
of computer programs. We must develop new
hardware and software tools for the storage
and dynamic management of the full range
of medical information. This would facilitate
the synthesis of knowledge when and where
it was needed and would reduce the reliance
on prepackaged syntheses. It would increase
the richness, completeness, and relevance of
the information that could be applied to the
particular problem under investigation.
Research on these goals is squarely in line
with NLM’s mission in the management of
biomedical knowledge.

Recent accomplishments
NLM has been the leader in developing and
facilitating operational access to biomedical
bibliographic data bases. MEDLINE has
been in use since 1971 and provides online
query support from NLM machines and
several commercial data base services for
literature references from over 3,000 biomedi-
cal journals and publications. In addition to
offering free text searches, NLM pioneered
the development of a standard set of index
terms MeSH (Medical Subject Headings) to
facilitate the organization, indexing, and
retrieval of the broad knowledge base in
medical literature. The user interfaces for
retrieval systems are improving, in that they
no longer require the user to know the
details of the data base organization and
allow queries to be expressed in forms natu-

ral to the user rather than to the data base
system. As knowledge bases grow, more intel-
ligent interfaces will become essential to help
the user locate information from diverse sources
and subject areas relevant to research needs.

A significant amount of work has also been
done on the problems of automating the stor-
age and retrieval of patient medical records,
part of the raw data of medicine. This work
was largely directed toward solving the needs
of individual institutions or health-care
environments. Such systems offer investiga-
tors large data bases of patient information
on which to conduct both prospective and
retrospective studies. But because they repre-
sent mostly local collections of information,
such studies will be limited until the data
bases are linked nationally, providing the
foundation, for example, for broader scope
decision support systems. 59

A few efforts have attempted to link decision-
support systems to the literature base. In
nursing, the COMMES system uses knowl-
edge from selected undergraduate nursing
texts and articles to support decisions about
the usual nursing care of patients with com-
mon problems. The system differs from other
decision-support systems in not operating
from an extensive clinical data base, but
rather from limited patient data entered on
an ad hoc basis in an interactive consultation
mode. The system relates the data to the
literature base and offers suggestions about
care and references for further study.60 61

Other decision-support systems operate on a
specially constructed clinical data base and
cannot provide the user with ties to the
broad literature.62
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The literature base itself is changing with
developments in electronic publishing. As
more of the literature is made available in
electronic form, the roles of the library in
providing it and the user in accessing it are
changing. 63 Libraries are evolving new roles
to deal with these new developments, which
will go beyond the passive warehousing of
printed information to a new dynamic role of
managing and facilitating information
access. 64 65

Much research is also underway to harness
new data-recording hardware technologies,
such as optical disks, for large-volume data
storage on computers. These systems should
become more practical in the next few years,
and will offer 100 to 1,000 times more stor-
age and support multiple media, including
text, graphics, gray-level images, and audio.

Principal impediments to progress
A key impediment to progress in the new
storage and retrieval methodologies is the
still incomplete development of effective com-
putational representations of medical infor-
mation in ways that capture the rich seman-
tic interrelationships. This topic is dealt with
in more detail in the earlier section on
knowledge representation. These representa-
tions provide the basis for the dynamic
acquisition and synthesis of new knowledge
and for the intelligent retrieval of relevant
information in the context of particular
health-care and research needs. The key will
be a canonical language system —describing
and relating knowledge about a myriad of
topics—from patients, to pathologies, to
biochemistry, to diagnostic and therapeutic
strategies, and to cost-recovery mechanisms.
Close behind is the enormous problem of
converting the current vast store of biomedi-
cal knowledge, mostly in printed media, to an
electronically accessible form.

Since much of the raw clinical and laboratory
data of biomedical research will be distrib-
uted among computer systems that support
individual groups, methods must be devel-
oped to describe the contents of these data
bases and capture all of the contextual infor-
mation that will make these data useful to
related research and decision-support activi-
ties. These methods must make it possible to
translate and communicate information among
systems. They will require research on very
large, distributed data base systems that will
flexibly facilitate the encoding of complex
semantic relationships and frequent updating.
They must also appropriately account for
protection of confidentiality and scientific
attribution. And at the lowest level, protocols
for accessing large data files must be devel-
oped that accommodate the diverse physical
and logical structures of the data files stored
in different machine environments.

Communication network connections, suita-
ble for data transfer and sharing, currently
exist among only very small parts of the bio-
medical research and health-care communi-
ties. The lack of such links makes it difficult
to collaborate scientifically or aggregate or
share electronic information. High-performance
network connections must be commonplace
throughout the broad biomedical community.

In the near term, ‘smarter’ retrieval systems
must be developed with interfaces that better
accommodate the background, context, and
needs of the biomedical user.
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Finally, significant progress is needed in the
development of mass storage hardware tech-
nology and the software to manage it effec-
tively for knowledge-based storage and
retrieval systems. The technology routinely
available today requires thousands of units to
handle the large data files involved; it is
clearly inadequate. Although it is unlikely
that all of these data will be stored centrally,
even distributed systems will require storage
capabilities that are several orders of magni-
tude greater than those available at present.

Summary of research needs
This summary of needed research is organized
into two areas, software and hardware. Al-
though these areas are listed separately, they
must be pursued in parallel to address the
research goals of storage and retrieval technology.

Software Development:

■ Develop representation and description
methodologies for the large volumes of
biomedical data and knowledge so that
they can be stored in computational
structures that facilitate the addition of
new information, the resynthesis of exist-
ing knowledge with new information, and
the retrieval of application-relevant infor-
mation and knowledge.

■ Define a data description language and
extend communication protocols to facili-
tate communication, translation, and
sharing of distributed data bases.

■ Develop means to convert current data
bases into forms usable in new storage
media and retrieval system environments.
In order to make use of information
already available, there needs to be a way
to bridge between the old systems to the
new. The existing data cannot simply be
retyped in.

Hardware Development:

■ Develop higher capacity mass-storage
devices that are able to manage the large
volumes of raw data, including text,
graphics, multidimensional images, and
audio, and to facilitate the indexing,
search, and retrieval of relevant informa-
tion under software control.

■ Adapt more powerful computers as
needed to handle the large volume data
bases and to run the intelligent search
and information management software
systems. This will probably require
research in distributed and parallel com-
putation to meet the needs of these
applications.

Strategies for future research
Recommendations for reaching the research
goals in this area include:

■ Fund individual research efforts focusing
on the underlying basic issues of bio-
medical knowledge representation,
description, and storage. At appropriate
points, efforts should be made to convert
portions of existing information bases to
new representation schemes.

■ Fund prototype projects to investigate the
integration of diverse information data
base systems for specific application
areas, such as clinical decision-support
research. These should include compo-
nents for data base management, use,
and extension among diverse and
geographically distributed user communi-
ties.
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■ Fund centers to investigate the develop-
ment and integration of new hardware
and software technologies important to
large-volume biomedical information stor-
age and management. This should
include documenting the long-term hard-
ware and software requirements of bio-
medical information storage and retrieval
to stimulate industry and allied research
activities.

■ Establish electronic network communica-
tions through the biomedical research
and health-care communities so that
information dissemination and scientific
collaborations can take place rapidly and
conveniently.

■ As the new methodologies permit, fund
efforts to transfer the large volume of ex-
isting information bases into the new elec
tronic storage and retrieval environments.

Technology Transfer and
Dissemination
Rationale for research in the area
The need for transfer and dissemination
touches all facets of medical informatics
research and applications. In the develop-
ment of medical information systems, we
need the ability to transfer and share knowl-
edge bases and problem-solving methodolo-
gies among research groups, so that they can
compare alternative approaches and cooper-
ate on the development of knowledge bases
per se. It is equally important to disseminate
integrated application systems within the bio-
medical community for further development,
evaluation, and use. Finally, we need to trans-
fer knowledge about the science of medical
informatics itself to train new generations of
researchers and users of these systems.

Attempts to transfer prototype systems to new
operational environments are often frustrated
by current incompatibilities among computer
systems. A program that loads and runs on
one computer cannot be loaded or run on
another unless it is compatible with the new
hardware and operating system. These inter-
system transfer problems are further con-
founded by differences in the communication
protocols in use on various vendor networks
that link workstations among themselves and
to other computing resources.

Just as de facto standards for compatibility
seem to be developing—as reflected in the
number of different manufacturers that claim
IBM PC or UNIX compatibility for their
machines—we need to begin to evolve stan-
dards for applications and equipment in
medical informatics. One means of moving in
this direction is to gain a consensus among
funding agencies and researchers for generic
standards for the types of operations and
interfaces expected of machines and operat-
ing system environments, programs, and com-
munication links among sites. Such standards
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need not impose constraints on the systems
being developed by individual researchers,
other than to establish protocols by which
they can communicate their work in working
form to other sites and machines. A simple
example is the use of the ASCII (American
Standard Code for Information Interchange)
representation of textual information that
enables several authors to collaborate on a
common document (such as this one) using
different word processing packages on differ-
ent computer systems, even though the inter-
nal representation of text may be very differ-
ent on each of the systems. Another example
is the ability of modems to connect with each
other, even though manufactured by different
vendors. The standards define a common
interface for exchange of data through which
each individual machine “knows” how to
communicate.

At a higher level, biomedical knowledge
bases will accumulate over time and methods
will be needed by which knowledge bases at
various development sites can be interrelated
and assimilated into larger sets of knowledge
and shared among larger groups. This allows
more development of medical knowledge
bases to be distributed better and, it is
hoped, more efficiently. It also allows researchers
in several sites to study the efficacy of differ-
ent decision-support and problem-solving
approaches using the same putative knowledge.

This process actually happens in stages.
When research on a particular application
system is young and exploratory, it is quite
appropriate that a prototype not be dissemi-
nated for wide use. As the work matures, it
becomes desirable to transfer problem-solving
strategies and knowledge bases to sites other
than the primary development site in order
to gain insights and critiques from other
researchers to generalize the results. As the
application matures further, transfer is neces-
sary for field evaluation and validation and,
finally, for wide dissemination of the work to

the larger biomedical community and possi-
bly the commercial sector. Routine methodol-
ogies for these kinds of disseminations must
he developed to encourage essential cross fer-
tilization of work, ideas, and training.

Recent accomplishments
Dissemination efforts to date have success-
fully experimented with three alternative
approaches: shared access to systems on cen-
tral machines, duplication of the hardware
and software environments needed to run sys-
tems at other sites, and implementation of
systems in languages that facilitate portabil-
ity among different machines. There are
numerous examples of nationally shared cen-
tral hosts, such as MEDLINE, the PROPHET
system for pharmacokinetic studies, the
SUMEX-AIM system for artificial intelligence
in medicine, the Chemical Information Serv-
ice for chemical structure analysis, the Gen-
Bank system for molecular biology data
bases, and the BIONET resource for sym-
bolic computation in molecular biology.
These systems are typically operated on
mainframe systems at a major development
or contract operations site, are connected to
one or more of the national communication
networks (e.g., ARPANET, TYMNET, CSNET,
BITNET, TELENET, or UNINET), and offer
time-shared computer access to the facility
services. Many more such central systems
provide more local support to university med-
ical centers or regional communities.
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Dissemination efforts on compatible hard-
ware have been difficult and expensive until
recently, especially for systems that require
large mainframes. Still, long-standing exam-
ples of this approach exist, such as the SECS
system for chemical synthesis and the
PROMIS hospital information system. With
the recent rapid fall in hardware costs, sys-
tems that run on commonly available equip-
ment can be exported to remote groups.
Other systems that are able to run on even
less expensive personal workstations are even
more easily exportable, at least within local
communities. For example, the INTERNIST-1
knowledge base for internal medicine, cou-
pled with a simple search program, is being
moved to an IBM PC for easy export to
other groups having the commonly available
PC. Similarly, the HELP system for decision
support and the ONCOCIN system for can-
cer chemotherapy protocol management are
being developed on workstations.

Finally, some systems are written in languages
that can be implementated on several hard-
ware systems. For example, the DENDRAL
chemical structure elucidation programs were
rewritten from Lisp into BCPL to achieve
portability to many hardware systems. Simi-
larly, the Rutgers EXPERT system was written
in FORTRAN for portability and others are
written in PASCAL or C for the same reason.

Principal impediments to progress
There are a number of principal impediments
to transfer and dissemination of the products of
medical informaticsresearch and development:

■ Lack of standardization in programming
languages and computing environments
now in use by developers. Current proto-
types are developed in a wide range of
languages, on a wide variety of machines,
and with generally idiosyncratic inter-
faces, greatly inhibiting dissemination. Of
course, the promulgation of standards is
in many ways an anathema to independent
researchers, and one must be careful that
standards are not created too early, freez-
ing development and constraining neces-
sary creativity and innovation.

■ Lack of widely available networking
among application sites. The ability to
access expertise, knowledge bases, and
machines across multiple sites for system
development, applications tailoring, and
consultation is needed to greatly hasten
dissemination of programs.

■ Lack of standardized interfaces with pre-
existing clinical records systems. Most
sophisticated applications (e.g., HELP,
ONCOCIN) are highly integrated with a
hospital or clinic-based records system.
Exporting these to new sites requires
similar integration at the new site, where
the existing records system is usually
incompatible. Wide dissemination of
most systems for decision support will
depend on development of a standardized
method for interfacing with hospital and
clinic information systems.
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■ Lack of evaluation standards for testing
systems prior to dissemination. Many sys-
tems currently under development are
diagnostic systems whose goal is either to
improve on expert clinicians’ abilities or
to replicate the ability of expert clinicians
to make diagnoses. Since many diagnos-
tic areas have no ultimate criteria of
diagnostic correctness, the current stan-
dard of validity is expert opinion—and
experts often disagree. As long as agree-
ment with experts is the standard of
evaluation, there will be room for
improved methodologies to assess the
impact of such systems.

■ A lack of research and development man-
power and training for researchers and
end-product users in medical informatics.
There are simply too few trained researchers
in the field, and most now are devoted to
working on system development. Creative
and trained personnel are greatly needed
to attack problems in the transfer of this
technology. At the same time, sufficiently
trained individuals are needed to create a
target pool of applications managers —

persons who can organize and support
clinician-users at institutions that are not
primarily involved in systems research.

■ Lack of glamor and incentives in transfer
and dissemination problems, compared to
working on initial system design and
development. The best way to attract
researchers to these problems may be to
target program funds to these activities
and reward publications in this area.

Summary of research needs
The research needs to facilitate transfer and
dissemination of medical information systems
derive from the barriers identified in the prior
section. They can be classified in two groups,
theoretical and technological infrastructure.

Significant progress toward the goals of
designing effective knowledge-representation
methodologies must be made (see the section
on knowledge representation). This will lead
to ways of describing the contents of knowl-
edge bases to facilitate their incremental
development at different sites. It will also
facilitate interfacing and evaluating them
with decision-support and other problem-
solving systems for which they were not
initially intended.

Better evaluation frameworks must be developed
to measure the impact of medical information
systems of various sorts on medical care.

A consensus is needed on appropriate stan-
dards for implementation languages, user
interfaces, network communications protocols,
data base descriptions, and other elements,
consistent with standards of other agencies
and vendor groups, to facilitate system
transfer.

An infrastructure of computer networking
among health-care institutions needs to be
developed to facilitate scientific collaboration,
data and knowledge base development, and
system sharing. This is a major resource
commitment, but a necessary one. This is not
to suggest the independent development and
operation of a network by NLM, but rather
to actively encourage cooperation with other
agencies in connecting the biomedical com-
munity to selected Federal and commercial
network systems that can provide needed
linkages and support prototype developments
to demonstrate the capabilities, resource
requirements, and interface protocols needed
for dissemination and use of medical infor-
matics applications.
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Strategies for future research
To promote transfer and dissemination of
work in medical informatics, the following
high-priority areas are identified and should
be supported:

(1) Research efforts on knowledge representa-
tion must be aggressively supported, as
should efforts to apply these results to
promote distributed knowledge-base
development and use.

(2) Research efforts should be supported to
define appropriate evaluation methodolo-
gies for various types of medical informa-
tion systems, such as diagnostic and
decision-support systems and to apply the
resulting tools to assess the impact of sup-
port systems on delivery of health care.

(3) Steering groups should be established to
develop appropriate standards for medical
informatics applications.

(4) The broad-based connection of medical
informatics research groups to local area
and national network systems should be
supported.

(5) NLM’s ongoing training program should
be expanded to assure adequately trained
medical personnel for the development
and dissemination of medical information
systems.

Supporting Technologies and
Enabling Activities
Rationale for research in the area
A powerful, highly integrated, and widely
available armamentarium of technological
and human resources is essential to achieve
the 20-year vision of medical information
science applications described in the previ-
ous section, A Vision of the Future. New
hardware and software computing resources
are needed to collect, store, manipulate, and
display the diverse kinds of information used
in biomedicine and to develop and run the
intelligent programs that will assist with
patient care, research, library retrieval, clini-
cal and laboratory instrument management,
scientific communications, administration
and financial management, and more. Exten-
sive communication systems are needed to
uniformly link health-care personnel to each
other and to the diverse equipment and
information resources that are becoming
essential parts of their professional lives.
Additional well-trained human resources are
needed to develop, adapt, and employ these
technologies for biomedical use.

For many years, medical informatics research
has taken advantage of the rapid evolution in
computing and communications technol-
ogies66 67 68 69—making available to all bio-
medical scientists more powerful, compact,
and inexpensive hardware and guiding the
development of more intelligent and effective
biomedical software and communications sys-
tems. There are many diverse elements in the
technology base that power medical informa-
tion systems, ranging from semiconductor
materials science, to computer architectures,
to natural language understanding and
knowledge-based systems.
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Industry projections forecast continued
reductions in the cost and increases in per-
formance of microelectronics. 70 71 72 73 Dur-
ing the foreseeable future, for example, for
constant performance, one can expect sub-
system costs to decrease approximately 40
percent per year for memory, 35 percent per
year for central processing, 25 percent per
year for disk storage, and 10 percent per year
for communications, while power and pack-
aging costs remain constant. These hardware
improvements, however, are only part of the
picture. Software development is equally
important, and a great deal of work has been
done on academic research systems and,
more recently, on commercially supported
systems to assist with some aspects of the
construction of large information manage-
ment and problem-solving systems. The
development of more and more capable hard-
ware and software tools makes it clear that
even more powerful systems will become
available for medical research and practice
each year.

As in the past, most of the basic computing
technology needed for medical information
systems will continue to develop outside of
biomedicine, through support by the Depart-
ment of Defense or industry. In some areas,
however, external priorities for developing
required technologies will not coincide with
the needs of biomedical applications. For
example, the military is funding research and
development for problems such as battlefield
management and aircraft automation, and
industry is targeting product development for
identified large marketplaces (e.g,, IBM PC
equivalents). In other technology areas, prog-
ress simply will be too slow, and in still
others, help cannot be expected from outside
sources at all, because the technology is
specialized to biomedical application needs.
This is particularly true in such areas as nat-
ural language processing, large knowledge-
base representation and management, and
medical problem-solving methodologies.

Special technological development will also
be needed in the processes of importing,
adapting, and making available technologies
for specific biomedical purposes, such as
nuclear magnetic resonance image enhance-
ment and interpretation, physician/computer
interfaces, clinical decision-support methodol-
ogies, knowledge-based medical library query
systems, and the pervasive electronic commu-
nication links needed between computing
systems and hospital, clinic, laboratory, and
library information sources.

Finally, biomedical resources must be allo-
cated to alleviate the substantial shortage of
personnel—physicians, nurses, medical staff,
librarians, and computer science and
engineering professionals—who must be
trained in the interdisciplinary technologies
needed so they can lead and carry out the
development of new medical information sys-
tem applications.

Consequently, an effective program is
required to provide essential supporting tech-
nologies to meet the needs of medical infor-
mation system research and dissemination.
NLM must play an active leadership and
funding role in this effort. The goals of this
effort are to help develop, adapt, and harness
important technologies for use in research on
medical information systems and to assure
that the computing, communication, and
manpower resources required for biomedical
applications are available as needed. Given
its limited budget, the focus of NLM’s sup-
port must be clearly defined within the near-
and long-term requirements of its research
goals and balanced with the scope of support
in place from other agencies and industry. In
addition to enabling basic medical informa-
tion system research, such support will ulti-
mately stimulate commercial investment in
further development.
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Recent accomplishments
Much has been accomplished in adapting
computing technology for biomedical
research and health care, and NLM has
played a leading role in this work. Computers
help with tasks such as laboratory instrument
control; data collection, storage, display, and
interpretation; decision support and therapy
planning; record keeping and data bases;
financial management; mathematical model-
ing and statistical analysis; bibliographic
search; text preparation and scientific publi-
cations; and collaborative communications
and information sharing.66 74 75 76 This work
has also demonstrated the power of electronic
communication tools to facilitate scientific
collaboration and interpersonal communica-
tions, information and software sharing, and
intermachine communications and central-
ized resource sharing. And the training pro-
grams in medical informatics supported by
NLM have been the only manpower training
programs in this area.

Until the middle 1970’5, most medical infor-
mation systems were built on mainframe
computers, such as MEDLINE, PROPHET,
and SUMEX-AIM. Following the introduction
of laboratory minicomputers and the earliest
personal computer workstations,70 an increas-
ing number of medical applications have
moved onto such dedicated systems. Today,
powerful individual user workstations are rou-
tinely and affordably available and dramati-
cally affect all fields of scientific endeavor.
They offer the medical practitioner and
researcher an interactive computing capacity
with graphics available only on expensive
mainframes a few years ago. For example, sys-
tems like HELP and INTERNIST-1 run on
IRM-PC-like workstations and the ONCOCIN
cancer chemotherapy advisor now runs on a
stand-alone Lisp workstation. At the same
time, mainframe computers (with both serial
and parallel architectures 71 and peripheral
devices 77) have become more powerful for
large-scale numeric computations, data base
storage and retrieval, and general shared use.

Together, distributed workstation and central
mainframe systems, coupled with high-
performance local-area and national commu-
nication networks, offer an effective and
essential set of computing resources for bio-
medical research and clinical practice.

Principal impediments to progress
There are a number of underlying technolog-
ical impediments to making progress toward
the long-term goals of medical informatics.
First, scientific workstations lack needed
capabilities and are still too bulky, noisy, and
expensive. For example, we envision the work-
station of the future to be a system that is
the size of a clipboard or notebook, with 10
or more times the central processor speed
and memory size of today’s workstations,
costing only about $l,OOO, and offering an
effective and comfortable human interface.
The least expensive workstations of today are
very limited in processing power and mem-
ory. The most powerful workstations still cost
from $50,000 to over $lOO,OOO, and even
these run the most complex of today’s programs
with intolerable delays. With approaching
limits of serial machines, even in high-per-
formance, very-large-scale integrated circuit
implementations, it is likely that parallel com-
putation will be needed to achieve the comput-
ing capacities required for future systems—

and very little is known about how to exploit
large-scale concurrency in computer systems.
Most of the current workstations have dis-
play/keyboard systems that are far from com-
pact and portable. The operating system and
software tools available still require expert
computer knowledge on the part of the user
and the modalities of interaction—speech,
touch, vision, and multi-dimensional graphics
displays—are very limited.
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Second, only small segments of the biomedi-
cal research community have access to the
integrated computing and network communi-
cations services that are essential to future
medical information systems. A growing number
of groups have modem access to networks
like TYMNET, UNINET, CSNET, or BITNET
that allow some terminal connections and
simple electronic mail services. But these do
not have high enough bandwidths or have
the protocols in place needed for large file or
data base transfer or for more sophisticated
machine-to-machine interactions characteris-
tic of a distributed computing environment.
Also, few medical research and health-care
groups are hosts, or providers of information
services, on such networks. More capable
research networks such as ARPANET or local
area Ethernets also support file transfers, dis-
tributed file access, remote procedure calls,
and other information exchange services that
significantly facilitate research work and com-
munication among computing and informa-
tion resources on similar networks. But
because they generally support computer
science research activities, such networks lack
connections with many of the information
sources essential to medical information sys-
tems. Almost nowhere are hospital informa-
tion, clinical laboratory, diagnostic and ther-
apy specialty groups, library, research, and
other biomedical resources conveniently and
uniformly accessible by electronic means—

locally, much less nationally. As these addi-
tional information resources become accessi-
ble by network, much higher data transfer
and interaction speeds will be needed than
are supported on existing high-performance
networks.

Third, we have limited tools for the develop-
ment, verification, and maintenance of large
computer programs and knowledge bases
such as are involved in medical information
and decision-support systems. Today, these
systems are developed with time-consuming
hand crafting at all stages, from system con-
ceptualization to design, implementation,
debugging, and verification. We have very
limited methodologies to verify that the
implementation of a system conforms to the
design intent or to the standards of expert
medical practice. And changes to these sys-
tems become progressively more difficult as
they are extended. The language systems
used for today’s software are often special-
ized to particular hardware and operating
system environments, so that portability and
sharing of programs and information bases is
difficult and again, manpower intensive.

Finally, there is severe shortage of well-qualified
personnel for the necessary development and
dissemination of medical information sys-
tems. This shortage applies across all disci-
plines in which computer technology is being
applied to the intelligent management of
information. But the shortage is especially a
problem in medicine because the needed
cross-disciplinary training is so specialized
and difficult. Physicians, nurses, other health-
care professionals, and medical librarians
must be trained in medical informatics. At
the same time, computer science and engineer-
ing professionals must be trained to under-
stand the unique requirements of biomedical
information system applications. It is often
easier for young engineering graduates to
become established in a field directly allied
with their engineering training (e,g, system
design in military or industrial applications)
than it is for them to become knowledgeable
in medicine and address the difficult scien-
tific, social, legal, and funding problems
involved in biomedical applications research.



Summary of research needs
In general, the development of the technol-
ogy base for medical information systems
should be driven by the requirements for
such systems as derived from experimental
research and development and prototype
evaluation. The principal areas requiring
continued research include:

■ Hardware. The development of more
effective computer workstations for the
broad range of medical information sys-
tem applications must be encouraged.
Future workstations must be faster, have
larger memory, be more compact, have
improved modalities for human interac-
tion and information display, and be
much less expensive than current
machines. Hardware designs should antic-
ipate that these systems will be übiqui-
tous and coupled to each other and to
shared resources over many communica-
tions paths, often cooperating with each
other through parallel processing. Cost-
effective and high-performance systems are
required for the storage, retrieval, and
display of large amounts of diverse infor-
mation, including text, speech, graphics,
instrument data, multidimensional
images, etc.

■ Software. The development of improved
methodologies for designing, implement-
ing, and verifying large software systems
is essential. For systems of the scale rele-
vant to biomedicine, formal methods of
program generation and correctness
verification will likely prove intractable in
the near term. Rather, the program
development process is itself a knowledge-
based activity, and expert systems to help
manage large software systems will be
needed. Improved higher-level languages
for expressing and manipulating knowl-
edge and solving problems must be
developed. And finally, improved system
software is needed that provides a more
convenient and intelligent user interface

to computing environment resources,
remote graphics access to medical infor-
mation systems, and efficient distributed
and concurrent processing among work-
station systems.

■ Communications. Widely disseminated
medical information systems will require
high-bandwidth communications to allow
access to the computational, data, and
information resources needed for health
care and research. These must include all
of the broad range of resources involved,
including hospital, clinic, laboratory, bib-
liographic, managerial, and research serv-
ices. The software tools supporting these
communication links must facilitate effec-
tive interactions among health-care
providers and researchers and the computing
environments that enable their work. Cur-
rent communications networks, like the
ARPANET, connect many computer
science research groups together and
could link biomedical resources as well,
but only a limited effort has been made
to do so. Such national communications
systems, coupled with higher-performance
local networks, will provide the essential
‘glue’ that binds together the various por-
tions of the medical information science
and biomedical research community.

■ Training. The development of medical
information systems, from the underlying
basic technology to the actual application
systems, and finally to their dissemina-
tion into health-care practice and
research, will require substantial increases
in the personnel trained to work in this
highly specialized area. Increases are
essential across the board in the numbers
of physicians, nurses, medical librarians, and
other biomedical, computer science, and
engineering professionals with appropri-
ate interdisciplinary training to meet the
needs of academic research and teaching
and eventually, to support industrial
development of commercial medical
information systems.
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Strategies for future research
NLM’s mission in medical informatics makes
it a logical leader in the development of sup-
porting computing technologies, but in very
real terms, its budget is extremely modest in
comparison with those of most defense agen-
cies. Thus, NLM should be active in support-
ing the basic research that will fuel the
development and dissemination of medical
information systems over the next 20 years,
but it must adopt a careful strategy to max-
imize the relevant return for its limited
investment. The recommended approach
includes:

(1) Adopt a “top down” approach, funding
prototype efforts to develop, evaluate, and
understand the detailed requirements for
medical information systems and make
these known to academic and industrial
groups in biomedicine, computer science,
and engineering research and develop-
ment. These efforts should focus on the
problems surrounding the design, imple-
mentation, dissemination, interface and
integration, and maintenance of large
medical information systems.

(2) Fund centers of excellence to monitor
hardware, software, system, and communi-
cations developments, deciding opportun-
istically where strategic investments in
basic developments would most benefit
NLM programs. These centers should act
as technology bridges to work being sup-
ported by other agencies, so that new and
relevant technology can be quickly imported,
adapted, and integrated for biomedical
use where possible.

(3) Within available resources, fund basic
computer science and engineering
research relating to the design, implemen-
tation, verification, dissemination, and
maintenance of large medical information
systems. Candidate software research
areas include software engineering tools;
distributed concurrent system capabilities;
and basic artificial intelligence research
on knowledge acquisition, representation,
problem solving, explanation, and natural
language. Hardware areas include multi-
modality user interface devices, compact
workstations, 3-D displays, and peripheral
equipment for the storage and display of
diverse large-volume information in forms
such as text, speech, image data, instru-
ment data, and graphics.

(4) Seek to establish standards, where benefi-
cial, for medical information systems, in
such areas as human interfaces, program-
ming languages, data and knowledge-
representation descriptions, and commu-
nication and information-transfer proto-
cols to achieve better portability, commu-
nication, and synergy between research
efforts.

(5) Ensure that supported medical informa-
tion science research groups have access
to state-of-the-art computing resources
and to the software and communication
tools necessary for effective work and col-
laboration. This should include establish-
ment and support of communication and
information-sharing networks among
medical informatics researchers; other
members of the biomedical research, clin-
ical, and computer technology communi-
ties; and the diverse information resources
needed for medical information systems.

(6) Continue active support of student train-
ing programs to increase the number of
personnel—both medical and computer
professional—available to develop and
disseminate medical information systems.



62

Observations and
Recommendations

In the preceding sections, the Panel identi-
fied key research themes and goals, as well as
specific recommendations for the medical
informatics field in the years ahead. It is
evident that there is much overlap among the
issues and strategies that were the focus of
those sections. In this chapter, the Panel
summarizes overall recommendations that
follow from a synthesis of the topics discussed.
The Panel believes that development of the
medical information capabilities it has outlined
is attainable through a national research pro-
gram. The Library is a natural and appropri-
ate locus for leading and sponsoring such an
effort. It will lead other libraries through an
evolutionary change from passive storehouses
to partners in knowledge management.

Although the scenario in section three
presented a 20-year goal, the Panel believes
that the detailed mechanisms for reaching
that level of performance are best expressed
in terms of more short-term goals, albeit ones
that are clearly aimed at the more distant
goals outlined earlier. Thus, this chapter
identifies specific goals not for 2006 but for
1996. It then describes the means to attain
them and suggests desirable roles for the
Library to adopt or maintain in support of
those means.

The Panel has attempted to relate these
recommendations to the financial resources
needed to carry them out. These are expressed
in terms of projects or activities, with dollar
amounts roughly based on fiscal year 1985
costs. Intramural NLM costs were difficult to
estimate; here, the Panel tried to express its
resource estimates in terms of the time and
effort required.

Institutional Responsibility
Goal
As a goal for 1996, NLM will become recog-
nized as the principal national institutional
locus for research and related matters that
concern the organization and accessibility of
biomedical information. This enhanced
understanding of NLM and its role will reach
all health-care professionals, biomedical
researchers, NIH colleagues, and the public.
NLM will accordingly be recognized and
supported as the primary NIH institute for
medical informatics research. It will be the
NIH lead institute for agency-wide tasks and
projects regarding medical knowledge issues
(including both organization and distribution
of such knowledge). It will serve DHHS and
the health community as the coordinating
headquarters of a unified system for medical
terminology and hence for enhanced commu-
nication regarding medical data and knowledge.

Means to the Goal
As a means to achieving this goal, NLM
must increase its intramural and extramural
research. NLM’s current authorization makes
possible a full range ofresearch and develop-
ment activities, including support of demon-
stration projects. There is, therefore, no
impediment to taking advantage of many
opportunities, some of which may be in very
applied domains. To remain in the vanguard,
however, is a major institutional responsibility
that requires a strong posture at the theoreti-
cal or cutting edge of the field. The field as
a whole must be wary of confining itself to
empirical problem solving, important though
this is. To gain and enhance credibility as a
scientific discipline, medical informatics
workers must always keep the larger, more
general considerations in mind. There must
be a universal expectation of scientific rigor
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in projects, presentations, and papers of every
kind, and medical informatics research should
be reported not only in medical journals, but
in general science publications as well.

Encouragement of young investigators and
sponsorship of their professional development
is an institutional responsibility that concerns
NLM, professional medical informatics socie-
ties, and academic medicine. Sponsorship of
training is a specific Panel recommendation
outlined below, but related to it are many
activities that give the field visibility and
make it attractive to young talent.

To achieve major advances, there is a need
for a consistently maintained infrastructure,
both intellectual and technological. The
intellectual infrastructure is the identification
and communication of biomedical knowledge-
management techniques and representation
methods. The development, validation, and
management of a unified system for encod-
ing biomedical text and knowledge is a key
example of such an activity. A unified lan-
guage system will require an institutional
base of credibility and coordination.

The technological infrastructure for such
advances will be a computer-based communi-
cations network, as recommended in another
section of this report. This will make possible
a new dimension of collaborative research
and collegial activity, not only for medical
informatics but eventually for general infor-
mation exchange in biomedicine. Once
initiated, such a network must be maintained
and administered.

NLM’s role is to accept the responsibility for
leadership. Formal identification as the
‘National Institute for Medical Informatics’
would be a highly desirable subtitle for the
Library (at least one Panelist dissents from
this recommendation, feeling it is tactically
unwise at the present time). Leadership, how-
ever, must be shared; the well-accepted
apparatus of peer group consultation must be
expanded so that opportunities for consensus
seeking are realized, and groups with related
interests and objectives are both consulted
and brought together. To arrive at consensus,
achieve higher visibility, and identify new
research opportunities and results, NLM
should sponsor and support an ongoing
series of conferences, colloquia, workshops,
and symposia. Although NLM should
vigorously exploit its own impressive labora-
tory and meeting facilities, sponsorship of
similar meetings in other parts of the coun-
try should not be neglected. Joint sponsor-
ship and cost sharing with other NIH agen-
cies or foundations should be sought, in part
to increase the circle of interest in the field
and understanding of its scientific goals and
content. The results of these meetings should
be recorded and published in appropriate
ways; innovative reports using video disk or
videotape should be explored.

Carrying out these institutional responsibili-
ties will inevitably involve a greater level of
operational effort than at present. Up to
three FTE positions may be needed. If NLM
itself holds three meetings a year, internal
operational funds will be required. Additional
new funds will be needed to support publica-
tion of results, sponsorship of meetings (or
activities) elsewhere, and support of joint
activities with relevant professional societies
or colleges.
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Specific Recommendations
In order to assume responsibility while estab-
lishing itself as the national center for medi-
cal informatics activities, the Library should
do the following:

(1) Seek a formally recognized subtitle as
‘The National Institute for Medical Informa-
tics’ to be reflected on NLM publications,
letterhead, and other communications.

(2) Expand and maintain its Learning
Demonstration Center for providing the
public (and those appropriate parts of the
Federal Government) with information
regarding basic and applied activities in
medical informatics research.

(3) Seek to interface broadly in an advisory
capacity with other NIH institutes.

(4) Expand its activities in support of young
investigators through its training pro-
grams, New Investigator Awards, and
Research Career Development Awards.

(5) Introduce a formal in-house sabbatical
program that would bring medical infor-
matics investigators and trainees to NLM
for periods of 3, 6, or 12 months.

(6) Hold two to three workshops and small
conferences annually in targeted areas of
high relevance to medical informatics.

(7) Sponsor additional workshops and small
conferences through an external grants
program that encourages joint support
from other Federal agencies or private
foundations.

(8) Establish and maintain a communications
network for NLM grantees and others
doing research in medical informatics,
thereby gaining experience and insights
that can in time lead to a national bio-
medical communications network.

Unified Medical Language
System
Goal
The goal for the next decade is to attain
professional acceptance by the national bio-
medical research and health-care communi-
ties of a standardized nosology and terminol-
ogy for medical language, with a defined
structure and syntax. By 1996, the elabora-
tion of this Unified Medical Language Sys-
tem will be at the stage where numerous
efforts to implement it in clinical settings are
well underway, together with exploration of
effective representation options.

Means to the Goal
Achieving this goal will require both coordi-
nation and ongoing basic research. The coor-
dination task will emphasize creation of a
highly committed medical community,
organized into commissions and panels
representing all the health professions.
Cooperation and coordination will call for
sensitive organizational leadership on the
part of Federal programs, such as NLM,
NIH, and DHHS, as well as national health
organizations and major foundations. These
efforts must be complemented by fundamen-
tal research. Research issues include better
understanding of the inherent structure and
organization of medical knowledge and infor-
mation, building on the substantial insights
already gained through NLM’s work in
developing the well-accepted and standard-
ized MeSH system. Other issues include the
development of effective computer-based
representations of knowledge and enhanced
understanding of the linguistic features in
medical terminology. The research must be
accompanied by the iterative development of
terminologies and nomenclatures, with
related development of electronic dictionaries
and thesauri linked through computer-based
indexing technologies.
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NLM’s role will include major responsibility
for coordination and communication among
the professional societies and institutions
concerned. In cooperation with NIH, the
Public Health Service, and relevant profes-
sional bodies, NLM should establish an over-
sight group to plan the development and
eventual implementation of a unified and
standardized medical language system. NLM
should also support research in language
attributes, terminology, representation, and
refinement of computational tools for testing
and implementing the results of these labors.
Intramurally, the research effort should be a
major program of high priority, directed in
large part to interface with bibliographic sys-
tems and other activities in the library com-
munity. Extramurally, there should be defined
linkages with centers of excellence in medical
informatics.

Specific Recommendations
NLM should undertake the following activities
in support of the development of a Unified
Medical Language System:

(1) Serve as integrator for cross-professional
activities to arrive at specifications for an
acceptable unified language system.

(2) Establish high-priority intramural research
activities in medical language, knowledge
representation, and computer-based
encoding schemes.

(3) Complement intramural research activi-
ties with targeted contracts to external
research groups.

(4) Institute an extramural grants program in
medical language system development to
support approximately eight investigator-
initiated basic research projects.

Communications Network

Goal
By the end of the next decade, there will be
a national computer network for use by the
entire biomedical community, both clinical
and research professionals. The network will
have advanced electronic mail features, as
well as capabilities for large file transfer,
remote computer log-in, and transmitted
graphics protocols. It will either be part of a
larger national network of scientists or will
have gateways to other federally sponsored
networks.

Means to the Goal
To achieve this goal, Federal sponsorship,
direction, and funding are necessary. There
are several possible approaches, keeping in
mind the demanding specifications of the
10-year goal. Reliance on a simple electronic
exchange with electronic bulletin boards will
not suffice. Design and implementation of a
totally new communication network would
assure the most advanced system possible,
but it would require a large amount of initial
capital. Participation in an already estab-
lished network would undoubtedly be more
cost-effective, but such participation or
cosponsorship would depend on successful
negotiation among executive departments. Of
the established networks, the ARPANET sys-
tem most closely meets the needs of the health
community, having all the capabilities de-
scribed above. Although even that technology
is aging and likely to change substantially in
the next decade, it still serves as a useful
model for the kind of performance that
would be desirable. ARPANET is well accep-
ted by its national scientific community, and
its users already include artificial-intelligence-
in-medicine investigators. The Department of
Energy is one of its cosponsors.
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The Panel believes that a medical communi-
cations network should grow incrementally,
with steady expansion based on improvement
through experience. Biomedical research
computers, as well as hospital- and clinic-
based machines, should gradually be added
to permit access via local nodes that meet
local needs. Such growth will depend partly
on demonstrating and publicizing the advan-
tages of such facilities to the health profes-
sions and partly on the availability of techni-
cal support for local problem solving.

In describing a specific role for NLM, the
Panel realizes that what is proposed is also
an NIH issue and should be recognized as
such from the beginning. NLM, however,
should serve as the NIH lead institute for
exploring prospects for cosponsorship or par-
ticipation with DARPA. The network should
begin on a small scale, starting with NLM’s
medical informatics awardees, advancing to
the medical informatics community as a
whole, to the academic medical library com-
munity, then to medical research investiga-
tors, and, eventually, to all health providers.
NLM should also assume the responsibility
for organizing user advisory groups, deter-
mining specific medical information pro-
tocols, and exchanging information models
among users.

Specific Recommendations
To achieve the 10-year goal of a national bio-
medical communications network, NLM
should do the following:

(1) Immediately begin to explore the commu-
nication options available via existing
Federal and commercial networks.

(2) Establish a coordinated network for medi-
cal informatics researchers, using the
mechanism selected in the evaluation
phase, providing expertise to assist with
joining the network as well as centralized
coordination of the communications tasks
involved.

(3) Move cautiously to increase the size of
the network and the kinds of users served,
establishing educational and public rela-
tions programs as appropriate.

(4) Work with the medical informatics com-
munity to establish standards and develop
specialized software tools for knowledge
and data exchange over such a network.

(5) Encourage costs for adding new machines
to the network to be borne locally, but
permit requests for grants to bring key
machines online as appropriate.
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Centers of Excellence

Goal
By the end of the next decade, there will be
approximately 15 national centers of excel-
lence in medical informatics, located at
major academic medical centers. The empha-
sis in these centers will be on academic
activities; the research carried out under
their auspices will provide the organizing
focus for defining the entire field. This
research, rigorous in its scientific scholarship,
will be coupled with numerous research train-
ing activities.

Means to the Goal
The establishment of productive, well-
supported centers of excellence conducting
basic research and training in the fundamen-
tal problems of medical informatics is crucial
to the growth of the field as a respected, con-
tributing scientific discipline. This goal can
be achieved only through a commitment of
national resources over a sustained period of
time. The growth of the field and its poten-
tial contributions have been impeded by past
uncertainties of support. The field has also
suffered from unrealistic expectations about
the length of time needed to produce and
demonstrate research results. Center grants
would provide stable sources of basic support
for top research and training institutions,
while permitting encouragement of focused
centers in subareas of the medical infor-
matics field. Five-year center grants would be
supplemented by investigator-initiated grants
supporting specific research projects.

NLM’s role should be to accord high priority
to support of such centers through its
extramural research program. The center
grant, a funding mechanism used by other
NIH institutes, would be an appropriate cate-
gory of award to achieve these goals. NLM
should also provide, concurrently, innovative
opportunities for exchange efforts among the
centers it supports and its own intramural
laboratories. NLM’s Lister Hill National Cen-
ter for Biomedical Communications should,
in fact, function as such a center and partici-
pate fully as a collegial member of this
emerging academic community.

Specific Recommendations
In order to encourage the development of
centers of excellence in medical informatics,
the NLM should do the following:

(1) Initiate six such centers as soon as possi-
ble through a competitive extramural
grants program that would assure a mini-
mum of five years’ support to grantees.

(2) Encourage ongoing applications for cen-
ter grants until there are 15 active centers
at the end of 10 years.

Training in Medical Informatics

Goal
By 1996 one fifth of American medical
schools will offer formal career training in
medical informatics, and all American health
science schools will offer training in medical
informatics as part of their curricula. Careers
in medical informatics will offer many oppor-
tunities. There will be a growing need for
research investigators in academic settings, as
well as in an evolving medical informatics
industry. Qualified persons will be needed to
teach other workers in the field, as well as
health professionals, to administer academic
departments and carry out informatics serv-
ices in health-care organizations of every kind.
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Means to the Goal
As a means to this ambitious goal, a first
step will be to define better the range and
nature of desirable educational programs.
Questions of curricular content, appropriate
degree (if any) to be earned by trainees with
different career goals, professional level (pre-
or postdoctoral), and job training standards
all need to be addressed, perhaps with alter-
native approaches being tried in experimen-
tal or pilot programs. The importance of this
field as a medical discipline must be brought
home to leaders in academic medicine.
Centers of excellence must be expected to
emphasize training and cultivate ties with
technical and graduate schools as appropri-
ate. Professional societies and foundations
can make a large contribution, particularly
valuable in the near future, by supporting
special informatics fellowships for clinicians
on sabbatical or other leave.

NLM’s role is to continue its successful grant
program for research career training in medi-
cal informatics, increasing the number of
trainees per institution to a minimum of six,
increasing the number of institutions to 10 as
soon as possible, and adding one more pro-
gram each year over the next 10 years. In
directing the growth of its grant awards,
NLM should consider, with advice of
appropriate consultants, what modifications
or new directions might be usefully adopted.
The training offered, however, should be aca-
demic in character; support for vocational
training should be sought from other sources.
Training ought also to be offered at NLM on
a short-term basis or as an in-house sabbati-
cal for an academic year.

Specific Recommendations
To enrich the quality and impact of its sup-
port for medical informatics training, NLM
should do the following;

(1) Increase immediately the number of
NLM-funded training programs, each
supporting a minimum of six trainees,
from 5 to 10 institutions.

(2) Gradually increase the number of train-
ing grants, by an increment of approxi-
mately one per year, until 20 institutions
are receiving NLM support at the end of
the next decade.

(3) Establish stipends to support five in-
house sabbaticals annually at NLM for
mid-career professionals.

Cognition and Decision Support
Goal
By 1996, commercially marketed decision-
support systems for limited, narrow domains
of medicine will be generally accepted by
professional users and widely available.
Methods for broadening their coverage and
impact will be generally recognized and close
to the implementation stage. Developing sys-
tems will use information displays that are
sensitive to cognitive principles that have
been delineated through ongoing research
regarding human-machine interaction.

Curricula and textbooks for teaching medical
decision making will be available in health
professions schools; courses will exist at all
institutions. In medical schools, decision-
making principles will be integrated into
regular clerkships. A working knowledge of
principles of decision making will be pre-
sumed to be part of what it means to be a
health professional. There will be enough
qualified, trained medical decision-science
experts to teach these courses at most profes-
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sional schools on an advanced level. Ongoing
research in the cognitive disciplines, such as
decision making, will be underway in numer-
ous academic medical centers, and certainly
in all those held in esteem for the quantity
and quality of their biomedical research.

Means to the Goal
As a means to this goal, research, particu-
larly on fundamental issues, needs far more
emphasis and support than it receives at pres-
ent. In addition to research, orientation to deci-
sion sciences and related cognitive disciplines
must be offered to clinical faculty as part of
their continuing professional development.

The research agenda in this area is substan-
tial. There is a need for more work on cogni-
tive processes, particularly a better under-
standing of problem formulation. There is a
similar need for work on values, preferences,
and utilities. Mathematical modeling tech-
niques also require urgent attention. The
function of nonverbal information in decision
making is not well understood and warrants
study. Models of system users and of the
nature of human-machine interaction are
needed, particularly for optimizing effective
displays of medical information and develop-
ing user tools for individual workstations.
There is also a continuing need for descrip-
tive studies of normative behaviors in all the
health professions. The organization and use
of knowledge from diverse sources must also
be better understood. Such research provides
important background for investigation in
other areas of medical informatics, such as
system evaluation and the development of a
Unified Medical Language System. The
integration of such concepts in a coherent
research agenda is most likely to occur in the
centers of excellence, as recommended earlier.

Faculty development is a significant concern
if decision-making training is to become a
standard element in the formation of health
professionals. One mechanism is to make
available a wide range of orientation and
training activities. These could range from
postdoctoral training programs for clinical
faculty to sabbaticals at informatics centers
of excellence, summer residencies or semi-
nars, short-term workshops, and sessions at
national or regional meetings of professional
societies. There is a particularly good oppor-
tunity here for significant contributions by
professional societies and foundations.

NLM’s role in this area should be to support
and encourage both research and faculty
development. In doing so, NLM should seek
and stress cooperation and coordination with
other appropriate sources, such as founda-
tions and societies. Some of these activities
overlap with interests of other programs and
agencies, so possibilities of joint support
ought to be sought. Those programs whose
aim is the improvement or provision of bio-
medical research resources also ought to
become involved. In the research it supports,
NLM should emphasize basic issues and fun-
damental work, but with testing in real
environments. Awardees should be expected
to make contributions to science, not just
adapt an existing technique to a new
problem.
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Specific Recommendations
To achieve the goals for progress in cognitive
science and decision support outlined above,
NLM should do the following:

(1) Immediately increase the extramural sup-
port for research in this area to a mini-
mum of eight researcher-initiated grants
per year, with an additional 50 percent
increment annually for five years.

(2) Encourage research activities in this area
through targeted programs mentioned in
earlier sections: centers of excellence,
NLM-sponsored workshops, New Investi-
gator Awards, and Research Career
Development Awards.

(3) Actively encourage co-funding or research
with other appropriate Federal agencies,
particularly at NIH.

(4) Promote faculty development programs in
medical decision making by sponsoring
workshops, symposia, and NLM sabbati-
cals, particularly seeking joint funding or
sponsorship with foundations or profes-
sional societies.

Knowledge Bases and Data Bases
Goal
By 1996, medical libraries will serve as gate-
ways and promoters for many new forms of
biomedical information exchange. The medi-
cal literature will largely be available elec-
tronically in full text, with print-on-paper as
an option. The literature will also be availa-
ble universally and rapidly, with easy accessi-
bility at nearly every point of health care.
“Smart” retrieval systems will exist, at least
in prototype form.

A wide variety of clinical and research data
bases will be used increasingly as knowledge
sources. Validated methods, in prototype
form, will exist for extracting knowledge from
such data bases semi-automatically. Elec-
tronic networks, which permit the functional
distribution of work as a joint exercise
among geographically distant persons and
institutions, will be used routinely for
knowledge-base organization, validation, and
maintenance. These knowledge bases will
form an essential software component for
increasingly important decision-support sys-
tems. Integrated knowledge bases will include
nonverbal as well as verbal information. They
will use sophisticated technology for han-
dling pictures and other signals and will
often be able to store, organize, and retrieve
not only the images or signals themselves,
but also their informational content. Labora-
tory scientists will depend on large national
data bases for management of large bodies
of research data and analysis capabilities that
could not realistically be provided locally
(e.g., gene sequence data bases for use by
molecular biologists).



71

Means to the Goal
As a means toward these goals, research is
needed on a variety of representation issues
for all biomedical knowledge. Significant
issues that are beginning to be addressed
include the representation of time-dependent
phenomena, the difficulty of describing proc-
ess in data bases, and the role of taxonomies
and classifications as they affect medical lan-
guage. More must be known about the con-
text of dependent circumstances in represen-
tation of biomedical knowledge of every kind.
Automatic indexing systems must be devel-
oped and made cost-effective; efficient knowl-
edge base editing and updating methods
must be perfected, and useful tools developed

NLM’s role, as the central institution for
medical informatics research, is to sponsor
this kind of research in its extramural pro-
grams. When appropriate, NLM should also
develop or contribute to specialized research
data bases, such as the Genßank system
already in use by the molecular biology com-
munity. In NLM’s intramural activities, there
should be a concentration on the language,
full-text representation, and indexing research
activities now well underway. NLM and its
Regional Medical Libraries should continue
to serve as major nodes in a larger medical
communications network (see discussion of
communications network above). Sabbaticals
at NLM for health professions faculty should
be encouraged because of the unique labora-
tory aspect of its indexing and retrieval
experiments. In these ways, NLM can per-
form an invaluable service by promoting the
unification and sharing of medical knowl-
edge bases.

Specific Recommendations
In order to promote the development of
innovative knowledge bases and data bases of
use to health professionals and biomedical
researchers, NLM should do the following:

(1) Immediately double the extramural sup-
port for research in this area to approxi-
mately eight researcher-initiated grants,
with an additional 50 percent increment
annually for five years.

(2) Encourage research activities in this area
through targeted programs mentioned in
earlier sections: centers of excellence,
NLM-sponsored workshops, New Investi-
gator Awards, and Research Career
Development Awards.

(3) Actively encourage co-funding or research
with other appropriate Federal agencies,
particularly at NIH. This involves analyz-
ing current NIH and NLM programs to
identify those that are highly appropriate
for joint funding in terms of major posi-
tive impact in both the field of primary
study and the medical informatics field.

(4) Continue an active intramural research
program in the areas cited, but increase
the investment by at least 50 percent in
the first year.

(5) Expand the activities of the Regional
Medical Libraries in coordinating the
development and linkages of national
shared knowledge and data bases.
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Supporting Technologies

Goal
By 1996, there will be generally available
specialty-oriented computer workstations for
those in many professional specialties and
research disciplines. As a rule, these work-
stations will be integrated via networks with
hospital information systems, and many of
these systems and workstations will provide
decision-support capabilities. Voice query sys-
tems will be readily available and easy to use.
Complexities of operating systems, network
connections, and related computer science
technologies, at present so bedeviling to the
naive amateur, should become nearly trans-
parent to the health professional.

Means to the Goal
The means by which these supporting tech-
nologies will be significantly advanced or
perfected will be a variety of research and
development activities now being pursued on
a large scale in academic institutions and
industry. Industrial development is currently
oriented towards general scientific work-
stations; thus, cultivating the establishment of
a medical informatics industry will depend
on the perceived usefulness and desirability
of specialized software or hardware tools on
the part of both health professionals who use
such systems and their employers.

NLM’s role should be to support the medi-
cally significant portion of this developmental
work as part of its research programs. The
task is much too large for NLM to attempt to
assume it all. There should be a continuing
willingness to support work where the rele-
vance of these technologies to biomedical
domains can be explored or exploited. For
example, a specialized workstation for medi-
cal librarians would be a particularly
appropriate intramural development project.
Features might include decision-support soft-
ware to assist with cataloging, or specialized

devices for accessing diverse, geographically
distributed data bases and teaching their use
to health personnel.

It will be important to cultivate and maintain
ties with academic computer science depart-
ments, as well as with industrial concerns. At
least some of the centers of excellence that
NLM will support should become known for
these computer science/industrial connec-
tions. These connections should take place in
a research context; examples of potential ben-
efit are in the areas of enhanced information
storage devices and improved interfaces for
graphical images and knowledge-base exami-
nation. Related exploratory work is especially
appropriate for NLM’s intramural laboratory
activities. The amount of activity should
probably remain at current levels, with the
exception of a new effort to develop a cus-
tomized workstation for use by medical
librarians.

Specific Recommendations
To contribute to the development of support-
ing technologies customized for use by bio-
medical professionals, NLM should do the
following;

(1) Continue the intramural development of
demonstration projects in specialized
informatics hardware, adding as a specific
task the development of software, and
hardware if needed, for a specialized
workstation for medical librarians.

(2) Announce a willingness to support
innovative research in the use of new
informatics technologies to support
specific biomedical needs, and fund three
to five awards annually in this area (in
addition to such work being undertaken
in the centers of excellence).
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Evaluation

Goal
At present, informatics research is both
helped and hampered by problems of evalua-
tion design. The design of formal evaluation
has its own disciplinary apparatus and meth-
odology, but incorporating these techniques
for the validation of informatics technologies
has often been difficult, both conceptually
and in practice. Particularly difficult has
been the determination of acceptable levels
of performance in areas where there is often
disagreement among professionals, even
among experts with similar training and
experience. Within 10 years, there will be a
more adequate theory and technique,
accepted by the medical informatics commu-
nity and health science professionals. It is
especially important that appropriate evalua-
tion guidelines be developed for the valida-
tion of medical knowledge bases and
decision-support systems.

Means to the Goal
As a means to this end, multidisciplinary
research should be pursued that will involve
full collaboration and participation of the
medical informatics community with social
and behavioral scientists, as well as with
domain experts in clinical specialities and
health professions. The research must be
augmented by the focused attention of
professional societies and academic medical
institutions. There should be consensus as to
when evaluation is needed and appropriate,
where it should fit in advanced informatics
research, and how it best responds to practi-
tioners’ straightforward but vital concerns
with safety and usefulness.

NLM’s role should be to keep the issues of
evaluation design visible and support some
research into theory and methodology.
NLM’s consultants, reviewers, and program
staffs should constantly be reminded that a
major issue is to determine when evaluation
is relevant and helpful, and to avoid making
sophisticated evaluation design a requirement
when such efforts would be premature. Spon-
sorship of occasional consensus conferences
on the status of evaluation methodology rele-
vant to medical informatics would benefit all
concerned. An appropriate topic for a
specialized workshop, for example, would be
the exploration of avenues to provide develop-
ment grants or other mechanisms that could
help carry the products of medical infor-
matics research closer to commercial viability.

Specific Recommendations
To encourage the emergence of improved
methods for evaluating the products of medi-
cal informatics research, as well as the
development of well-validated systems them-
selves, NLM should do the following:

(1) Support three or four investigator-
initiated projects in the area of evaluation
research.

(2) Encourage in its extramural grants pro-
gram the inclusion of appropriate evalua-
tion studies {when such validation experi-
ments are appropriate and not a
distraction from the basic research activi-
ties that often precede the development
of working prototypes suitable for study).

(3) Sponsor workshops and consensus confer-
ences in the area of medical informatics
technology evaluation and transfer, ideally
achieving joint sponsorship with other
agencies that have an interest in technol-
ogy assessment and dissemination.
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Priorities
and Summary

Priorities on the
Recommendations
After the Panel had developed the specific
recommendations outlined in the previous
chapter, it sought to develop priorities to
guide the implementation process. This type
of prioritization was difficult for two reasons.
First, there is substantial interdependency
among the recommended actions, and these
relationships make it difficult to identify any
one direction to pursue at the expense of the
others. Second, and related to the first, there
was general recognition of the need for a
broad mandate, one that acknowledges the
need for the full range of tools—centers of
excellence, grants, training, workshops, com-
munications, etc. The future of the research
arm of the Library, and indeed of medical
informatics as a discipline in the United
States, is intimately tied to the full comple-
ment of activities and the broad base of sup-
port that has been proposed.

With these caveats, we present here the rela-
tive priorities on the items outlined in sec-
tion five. The recommendations fall into five
priority groupings, but it should be empha-
sized that the item in the fifth group is by no
means of low priority—it simply came last
when the Panelists were forced to choose.

The priority groups are as follows:

(1) Institutional Responsibility: It was uni-
formly agreed that the other recommen-
dations hinge in large part on NLM suc-
cessfully establishing itself as the national
focus for medical informatics activities.
The dollar amounts required are relatively
low, but the potential for influence is
great. The specific recommendations out-
lined under this item in section five are
given the greatest priority.

(2) There are three major categories of
activity that fall in the second priority
group:

■ Centers of excellence
■ Medical informatics training
■ Unified Medical Language System

(3) The third priority group includes another
three categories of recommendation:

■ Communications network: This was
the only category for which the pri-
oritization process showed disagree-
ment among the Panelists. Several
individuals, generally those who have
had extensive personal experience
with electronic communication net-
works, felt that NLM’s role in
promoting an integrated network for
the biomedical community was of
especially high priority as an ena-
bling activity for all the other recom-
mendations.

■ Cognition and decision support
■ Knowledge bases and data bases
■ Evaluation
■ Supporting technologies

With this list providing a general sense of
priorities for proceeding with the ambitious
research and development agenda proposed,
we summarize in the next section the Panel’s
recommendations for developing an infra-
structure and then promoting innovative
research.
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Summary of the
Recommendations
The Planning Panel on Medical Informatics
Research has been guided by an effort to
anticipate future health-care and research
needs and the role that information and com-
munication technologies can play in respond-
ing to them. It has developed a scenario for
the future (section three), parts of which may
be achieved in 20 years or so if research and
logistical resources are properly applied. It
has reviewed the state of the art in medical
informatics research (section four) and has
proposed strategies for guiding current
research toward the future goals it has identi-
fied. Finally, it has made specific recommen-
dations to the Library (section five), identify-
ing how that agency can catalyze the further
emergence of a medical informatics dis-
cipline and help disseminate its research
results in the years ahead.

We summarize the Panel’s recommendations
here in two categories: (1) enabling mechan-
isms for improving research productivity and
bringing its results to the biomedical
research and health-care communities, and
(2) research topics that must be supported
and pursued if our 20-year view of the future
is to be achieved.

Enabling and Logistical Activities
Medical informatics research has already
made enormous strides, but the problems of
technology transfer continue to hinder its full
impact in the health-care setting. NLM is
encouraged to work with the research com-
munity to develop the infrastructure needed
for more effective sharing of research results,
their improved evaluation, and their facili-
tated dissemination. Specific issues include:

■ Identification of NLM as the central
Government organization for the medical
informatics field, one that works closely
with the rest of NIH and complements
the information dissemination and
knowledge-management activities of the
other institutes;

■ Sponsorship of workshops and confer-
ences, especially in areas that are hinder-
ing the dissemination of 1980’s technol-
ogy (e.g., evaluation methodologies, legal
barriers, lack of data, and terminology
standards);

■ Establishment of a national communica-
tions network, initially for NLM grantees,
then for biomedical researchers, and ulti-
mately for the entire biomedical
community;

■ Creation of centers of excellence in medi-
cal informatics research and training;

■ Support of training programs in medical
informatics, complemented by training
opportunities at NLM itself and strong
programs in Research Career Develop-
ment and New Investigator Awards; and

■ Continuation of strong intramural
research programs in medical informatics
and support for investigator-initiated
grants in the field.



76

Research Priorities
Research priorities in medical informatics are
guided by our need to acquire, structure, pro-
vide access to, and teach the knowledge of
medicine and health.

■ We must accumulate and synthesize med-
ical expertise so that it is easily accessi-
ble to the next generation, as well as to
individuals in the present generation.
This requires an understanding of the
semantic structure in data and knowledge
and the development of effective methods
for encoding medical information. Our
enthusiasm to develop a unified support-
ing system for medical language must be
tempered by the realization that tomor-
row’s knowledge may not mesh well with
today’s framework; novel techniques to
assure flexibility are therefore mandatory.

■ We must deliver knowledge and relevant
data, providing them more reliably, more
cheaply, and with greater selectivity than
is possible with present methods (books,
journals, consultants, and today’s
computer-based resources).

■ We must teach the knowledge of medi-
cine and health in new ways that are both
sensitive to the limitations of human
memory and traditional classroom
approaches and guided by emerging
technologies for instruction and self-
study.

These goals require focused research in
several key areas of medical informatics.
High priority is placed on research in cogni-
tion and decision support, on the develop-
ment and use of knowledge and data bases,
on the creation of a Unified Medical Lan-
guage System, and on the development of
new methodologies for evaluating the results
of medical informatics research.

Conclusion

It is a humbling experience to try to antici-
pate the future as we have done in this
report. The world is radically different from
what any of us would have predicted two
decades ago, and there is little reason to
believe we will be any more correct in trying
to anticipate what lies 20 years in the future.
Yet it is in the attempt to do so that progress
is made, for views of what ought to be or
what might be are sources of inspiration and
can subsequently affect decisions regarding
resource commitment. The program proposed
here has resulted from an effort to anticipate
what could and should be done; we
encourage the commitment of resources that
will allow progress in medical informatics to
take its course. The health care of the Nation
has much to benefit when the stated goals
are achieved.
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Appendix A;
NLM Planning Process

In January, 1985 the Board of Regents of the
National Library of Medicine resolved to
develop a long range plan to guide the Library
in wisely using its human, physical, and finan-
cial resources to fulfill its mission. The Board
recognized the need for a well-formulated plan
because of rapidly evolving information technol-
ogy, continued growth in the literature of
biomedicine, and the need to make informed
choices of intermediate objectives that would
lead NLM toward its strategic, long range goals.
Not only would a good plan generate goals and
checkpoints for management, actually a map of
program directions, but it would also inform the
various constituencies among the Library’s
users about the future it sought and could help
to enlist their support in achieving that future.

At the Board’s direction, a broadly based proc-
ess was begun involving the participation of
librarians, physicians, nurses, and other health
professionals; biomedical scientists; computer
scientists; and others whose interests are inter-
twined with the Library’s. A total of 77 experts
in various fields accepted invitations to serve on
one of the five planning panels. Each panel
addressed the future in one of the five domains
that encompass NLM’s current programs and
activities. The domains, which provided the
panels, a framework for thinking about the
future are:

1. Building and organizing the Library’s
collection

2. Locating and gaining access to medical and
scientific literature

3. Obtaining factual information from data
bases

4. Medical informatics

5. Assisting health professions education
through information technology

agencies. NLM has a major role to play in
achieving the goal and must plan its part. Sec-
ond, while the 20-year goals are indistinct, there
are opportunities for and impediments to
achieving them. The opportunities and impedi-
ments can be more clearly envisioned because
they appear to lie roughly 10 years away. Third,
the specific steps that should be taken to
remove the impediments and take advantage of
the opportunities should be programmed for
3 to 5 years.

The planning process also involved participation
within the Library. The Director provided his ver-
sion of the future in the form of a “Scenario:
2005,” which was distributed to panel members
and Library staff. NLM staff prepared back-
ground documents that reported NLM achieve-
ments in the five domains, and reviewed current
planning. Senior NLM staff members also acted
as resource persons to the planning panels.

At the end of the planning process, each panel
formulated recommendations and priorities for
future NLM programs and activities in the
domain under its purview. The five panel reports
were reviewed by the Board of Regents in June
1986. The Board then asked the NLM staff to

analyze and reconcile their findings, eliminating
any duplications and consolidating the recom-
mendations. Together with the planning panel
reports, this synthesized plan presents the official
Long Range Plan of the Board of Regents of the
National Library of Medicine.

The Library chose a planning model with three
components. First, it incorporates a general,
somewhat indistinct vision of the future 20 years
from now in medicine, library and information
science, and computer-communications technol-
ogy. That environment cannot be forecast pre-
cisely, but we can speak of a “distant” goal.
That goal is seen as a societal objective whose
attainment involves many organizations and
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Director, NIH, the Warren G. Magnuson
Clinical Center, and the National In-
stitute on Aging), the Uniformed Serv-
ices University of the Health Sciences,
the World Health Organization, and
William A. Yasnoff, M.D., Ph. D..
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